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CHAPTER 1
Cell Culture

INTRODUCTION

ell biology traces its roots to the introduction of the concept of “cells” by Robert

Hooke in the second half of the 17th century. However, not until nearly halfway
through the 20th century were techniques for the culture of cells developed. In fact, 1998
marked the golden anniversary of the first continuous mammalian cell line. Cell culture
has become such an integral part of cell biology that it is somewhat difficult to imagine
the field in the B.C. (“Before Culture”) era. Cell culture also represents the primary way
in which cell biology reaches into related disciplines, since the maintenance and propa-
gation of cells has become an important component of biochemistry, biophysics, genetics,
immunology, physiology, molecular biology, and neuroscience. Accordingly, it is alto-
gether fitting that the first chapter of Current Protocols in Cell Biology should present
methods related to the culture of cells.

The immediate aim of cell culture is to maintain or expand a population of cells, and the
single most important consideration is cell viability. Determining the number of cells and
their viability is important in standardizing culture and experimental conditions. As viable
cells replicate in culture, passaging of the cells allows their number to be expanded to
meet experimental needs. The ability to freeze, store, and recover cells provides an
essential safeguard against losing a cell line to contamination, incubator malfunction, or
an error on the part of the investigator. In addition to preserving the cells, maintenance of
a frozen stock is desirable to avoid cellular senescence and genetic drift. Chapter 1
therefore begins with protocols for passaging cells, freezing and thawing cells, and
determining cell number and viability (UNIT 1.1).

Success in cell culture is highly dependent on the choice of a medium. At minimum, a
medium must provide the nutritional requirements of the cells as well as any required
growth factors, and maintain pH and osmolarity compatible with survival. The historical
development of a wide variety of culture media has influenced significantly the types of
cells that can be studied experimentally, since cell lines that proliferate in a particular
environment are always selected at the expense of those that do not. The second unit of
Chapter 1 therefore focuses on media used in culturing cells and provides descriptions of
standard, serum-free, and selective media, as well as the use of soft agar for anchorage-
independent growth (UNIT 1.2).

The next three units of this chapter deal with microbial contamination of cell cultures.
UNIT 1.3 describes basic aseptic techniques and the laminar flow hoods that are the main
weapons in the constant battle against contamination. UNIT 1.4 provides protocols related
to sterilization, namely filtration and heat sterilization (e.g., autoclaving), as well as the
use of disinfectants. uniT 1.5 describes methods for detecting microbial contaminants
(bacteria, fungi, and mycoplasmas). While the best way to deal with such contamination
may well be to review the previous unit on autoclaving and faithfully apply its precepts,
situations do arise where an attempt to salvage a contaminated culture is warranted. UNIT
1.5 details the use of antibiotics for this purpose.

Of course there are cell biologists who do not see the growth of fungi as an annoying
contamination of their mammalian cell cultures but as a desirable goal. For scientists who
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wish to propagate yeast, UNIT 1.6 provides recipes for media and descriptions of some basic
culture methodologies.

unT 1.7 represents the first unit of Chapter 1 dealing with culture of plants cells, specifically
the culture and transformation of BY-2 cells derived from tobacco. BY-2 cells have been
described as the HeLa cell of higher plants.

Future units in Chapter 1 will cover specialized systems for cell culture (e.g., cell cloning,
polarized cells, and three-dimensional cultures), as well as additional units on the
propagation of plant cells, cells from other so-called simpler organisms, and viruses.

For additional information on mammalian cell culture, readers are directed to Freshney
(1993).

LITERATURE CITED
Freshney, R.I. 1993. Culture of Animal Cells. A Manual of Basic Techniques, 3rd ed. Wiley-Liss, New York.

Joe B. Harford
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Basic Techniques for Mammalian Cell
Tissue Culture

Tissue culture technology has found wide application in the field of cell biology. Cell
cultures are utilized in cytogenetic, biochemical, and molecular laboratories for diagnos-
tic as well as research studies. In most cases, cells or tissues must be grown in culture for
days or weeks to obtain sufficient numbers of cells for analysis. Maintenance of cells in
long-term culture requires strict adherence to aseptic technique to avoid contamination
and potential loss of valuable cell lines (see UNIT 1.3).

Animportant factor influencing the growth of cells in culture is the choice of tissue culture
medium. Many different recipes for tissue culture media are available and each laboratory
must determine which medium best suits their needs. Individual laboratories may elect
to use commercially prepared medium or prepare their own. Commercially available
medium can be obtained as a sterile and ready-to-use liquid, in a concentrated liquid form,
or in a powdered form. Besides providing nutrients for growing cells, medium is generally
supplemented with antibiotics, fungicides, or both to inhibit contamination. Medium
preparation is discussed in unIT 1.2.

As cells reach confluency, they must be subcultured or passaged. Failure to subculture
confluent cells results in reduced mitotic index and eventually cell death. The first step
in subculturing monolayers is to detach cells from the surface of the primary culture vessel
by trypsinization or mechanical means. The resultant cell suspension is then subdivided,
or reseeded, into fresh cultures. Secondary cultures are checked for growth, fed peri-
odically, and may be subsequently subcultured to produce tertiary cultures, etc. The time
between passaging cells depends on the growth rate and varies with the cell line.

The Basic Protocol describes subculturing of a monolayer culture grown in petri plates
or flasks; the Alternate Protocol 1 describes passaging of suspension cultures. Support
Protocols describe freezing of monolayer cells, thawing and recovery of cells, counting
cells using a hemacytometer, and preparing cells for transport. Alternate Protocol 2
describes freezing of suspension cells.

CAUTION: When working with human blood, cells, or infectious agents, appropriate
biosafety practices must be followed.

NOTE: All solutions and equipment coming into contact with living cells must be sterile,
and aseptic technique should be used accordingly.

TRYPSINIZING AND SUBCULTURING CELLS FROM A MONOLAYER

A primary culture is grown to confluency in a 60-mm petri plate or 25-cm? tissue culture
flask containing 5 ml tissue culture medium. Cells are dispersed by trypsin treatment and
then reseeded into secondary cultures. The process of removing cells from the primary
culture and transferring them to secondary cultures constitutes a passage, or subculture.

Materials

Primary cultures of cells

HBSS (4PPENDIX 24) without Ca** and Mg**, 37°C

Trypsin/EDTA solution (see recipe), 37°C

Complete medium with serum: e.g., supplemented DMEM (AprENDIX 24) with 10%
to 15% (v/v) FBS (complete DMEM-10 or -15), 37°C

Contributed by Mary C. Phelan
Current Protocols in Cell Biology (1998) 1.1.1-1.1.10
Copyright © 1998 by John Wiley & Sons, Inc.
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Sterile Pasteur pipets

37°C warming tray or incubator

Tissue culture plasticware or glassware including pipets and 25-cm? flasks
or 60-mm petri plates, sterile

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO,
incubator unless otherwise specified. Some media (e.g., DMEM) may require altered
levels of CO, to maintain pH 7.4.

1.

Remove all medium from primary culture with a sterile Pasteur pipet. Wash adhering
cell monolayer once or twice with a small volume of 37°C HBSS without Ca®* and
Mg?** to remove any residual FBS that may inhibit the action of trypsin.

Use a buffered salt solution that is Ca®* and Mg** free to wash cells. Ca** and Mg** in the
salt solution can cause cells to stick together.

If this is the first medium change, rather than discarding medium that is removed from
primary culture, put it into a fresh dish or flask. The medium contains unattached cells that
may attach and grow, thereby providing a backup culture.

Add enough 37°C trypsin/EDTA solution to culture to cover adhering cell layer.

Place plate on a 37°C warming tray 1 to 2 min. Tap bottom of plate on the countertop
to dislodge cells. Check culture with an inverted microscope to be sure that cells are
rounded up and detached from the surface.

If cells are not sufficiently detached, return plate to warming tray for an additional minute
or two.

Add 2 ml 37°C complete medium. Draw cell suspension into a Pasteur pipet and rinse
cell layer two or three times to dissociate cells and to dislodge any remaining adherent
cells. As soon as cells are detached, add serum or medium containing serum to inhibit
further trypsin activity that might damage cells.

If cultures are to be split 1/3 or 1/4 rather than 1/2, add sufficient medium such that 1 ml
of cell suspension can be transferred into each fresh culture vessel.

Add an equal volume of cell suspension to fresh plates or flasks that have been
appropriately labeled.

Alternatively, cells can be counted using a hemacytometer or Coulter counter and diluted
to the desired density so a specific number of cells can be added to each culture vessel. A
final concentration of ~5 x 10% cells/ml is appropriate for most subcultures.

For primary cultures and early subcultures, 60-mm petri plates or 25-cm? flasks are generally
used; larger vessels (e.g., 150-mm plates or 75-cm® flasks) may be used for later subcultures.

Cultures should be labeled with date of subculture and passage number.

Add 4 ml fresh medium to each new culture. Incubate in a humidified 37°C, 5% CO,
incubator.

If using 75-cm? culture flasks, add 9 ml medium per flask.

Some labs now use incubators with 5% CO, and 4% O,. The low oxygen concentration is
thought to simulate the in vivo environment of cells and to enhance cell growth.

For some media it is necessary to adjust the CO, to a higher or lower level to maintain the
pHat74.

If necessary, feed subconfluent cultures after 3 or 4 days by removing old medium
and adding fresh 37°C medium.

Passage secondary culture when it becomes confluent by repeating steps 1 to 7, and
continue to passage as necessary.

Current Protocols in Cell Biology



PASSAGING CELLS IN SUSPENSION CULTURE

A suspension culture is grown in culture flasks in a humidified 37°C, 5% CO, incubator.
Passaging of suspension cultures is somewhat less complicated than passaging of mono-
layer cultures. Because the cells are suspended in medium rather than attached to a surface,
it is not necessary to disperse them enzymatically before passaging. However, before
passaging, cells must be maintained in culture by feeding every 2 to 3 days until they
reach confluency (i.e., until the cells clump together in the suspension and the medium
appears turbid when the flask is swirled).

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO,
incubator unless otherwise specified. Some media (e.g., DMEM) may require altered
levels of CO, to maintain pH 7.4.

1. Feed cells as follows every 2 to 3 days until the cultures are confluent:

a. Remove flask of suspension cells from incubator, taking care not to disturb those
that have settled to the flask bottom.

b. Aseptically remove and discard about one-third of the medium from flask and
replace with an equal volume of prewarmed (37°C) medium. If the cells are
growing rapidly, add an additional 10% medium by volume in order to maintain
optimum concentration of 1 x 10° cells/ml. Gently swirl flask to resuspend cells.

c. Return flask to incubator. If there is <15 ml of medium in the flask, incubate flask
in horizontal position to enhance cell/medium contact.

At higher volumes of medium the flask can be incubated in the vertical position.
Ifusing a 25-cm? flask, there should be 20 to 30 ml of medium in the flask at confluency.

2. On the days cultures are not being fed, check them by swirling flask to resuspend
cells and observing color changes in the medium that indicate good metabolic growth.

3. When cultures are confluent (~2.5 x 10° cells/ml), passage culture as follows:

a. Remove flask from incubator and swirl flask so that cells are evenly distributed in
the medium.

b. Aseptically remove half of the volume of cell suspension and place into a fresh
flask.

c. Feed each flask with 7 to 10 ml prewarmed medium and return flask to incubator.

Some labs prefer to split the cells 1:3 or 1:4, although increasing the split ratio will
result in a longer interval before subcultures reach confluency.

FREEZING HUMAN CELLS GROWN IN MONOLAYER CULTURES

It is sometimes desirable to store cell lines for future study. To preserve cells, avoid
senescence, reduce the risk of contamination, and minimize effects of genetic drift, cell
lines may be frozen for long-term storage. Without the use of a cryoprotective agent
freezing would be lethal to the cells in most cases. Generally, a cryoprotective substance
such as dimethylsulfoxide (DMSO) is used in conjunction with complete medium for
preserving cells at =70°C or lower. DMSO acts to reduce the freezing point and allows a
slower cooling rate. Gradual freezing reduces the risk of ice crystal formation and cell
damage.
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Materials

Log-phase monolayer culture of cells in petri plate
Complete medium (e.g., supplemented DMEM, APPENDIX 24)

Freezing medium: complete medium supplemented with 10% to 20% (v/v)
FBS and 5% to 10% (v/v) DMSO, 4°C

Benchtop clinical centrifuge (e.g., Fisher Centrific or Clay Adams Dynac)
with 45°C fixed-angle or swinging-bucket rotor

1. Trypsinize cells from plate (see Basic Protocol, steps 1 to 4).
It is best to use cells in log-phase growth for cryopreservation.

2. Transfer cell suspension to a sterile centrifuge tube and add 2 ml complete medium
with serum. Centrifuge 5 min at 300 to 350 X g (~1500 rpm in Fisher Centrific rotor),
room temperature.

Cells from three or more dishes from the same subculture of the same source can be
combined in one tube.

3. Remove supernatant and add 1 ml of 4°C freezing medium. Resuspend pellet.
4. Add 4 ml of 4°C freezing medium, mix cells thoroughly, and place on wet ice.

5. Count cells using a hemacytometer (see Support Protocol 3). Dilute with more
freezing medium as necessary to get a final cell concentration of 10° or 107 cells/ml.

To freeze cells from a nearly confluent 25-cm? flask, resuspend in ~3 ml freezing medium.

6. Pipet 1-ml aliquots of cell suspension into labeled 2-ml cryovials. Tighten caps on
vials.

7. Place vials 1 hr to overnight in a—70°C freezer, then transfer to liquid nitrogen storage
freezer.

Alternatively, freeze cells in a freezing chamber in the neck of a Dewar flask according to
manufacturer’s instructions. Some laboratories place vials directly into the liquid nitrogen
freezer, omitting the gradual temperature drop. Although this is contrary to the general
recommendation to gradually reduce the temperature, laboratories that routinely use a
direct-freezing technique report no loss of cell viability on recovery.

Keep accurate records of the identity and location of cells stored in liquid nitrogen freezers.
Cells may be stored for many years and proper information is imperative for locating a
particular line for future use.

FREEZING CELLS GROWN IN SUSPENSION CULTURE

Freezing cells from suspension culture is similar in principle to freezing cells from
monolayer. The major difference is that suspension cultures need not be trypsinized.

1. Transfer cell suspension to a centrifuge tube and spin 10 min at 300 to 350 X g (~1500
rpm in Fisher Centrific centrifuge), room temperature.

2. Remove supernatant and resuspend pellet in 4°C freezing medium at a density of 10°
to 107 cells/ml.

Some laboratories freeze lymphoblastoid lines at the higher cell density because they plan
to recover them in a larger volume of medium and because there may be a greater loss of
cell viability upon recovery as compared to other types of cells (e.g., fibroblasts).

3. Transfer 1-ml aliquots of cell suspension into cryovials and freeze as for monolayer
cultures.
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THAWING AND RECOVERING HUMAN CELLS

When cryopreserved cells are needed for study, they should be thawed rapidly and plated
at high density to optimize recovery.

CAUTION: Protective clothing, particularly insulated gloves and goggles, should be worn
when removing frozen vials or ampules from the liquid nitrogen freezer. The room
containing the liquid nitrogen freezer should be well-ventilated. Care should be taken not
to spill liquid nitrogen on the skin.

Additional Materials (also see Basic Protocol)

70% (v/v) ethanol
Complete medium/20% FBS (e.g., supplemented DMEM-20, ApPENDIX 24), 37°C

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO,
incubator unless otherwise specified. Some media (e.g., DMEM) may require altered
levels of CO, to maintain pH 7.4.

1. Remove vial from liquid nitrogen freezer and immediately place it into a 37°C water
bath. Agitate vial continuously until medium is thawed.
The medium usually thaws in <60 sec.
Cells should be thawed as quickly as possible to prevent formation of ice crystals that can

cause cell lysis. Try to avoid getting water around the cap of the vial.

2. Wipe top of vial with 70% ethanol before opening.

Some labs prefer to submerge the vial in 70% ethanol and air dry before opening.

3. Transfer thawed cell suspension into a sterile centrifuge tube containing 2 ml warm
complete medium/20% FBS. Centrifuge 10 min at 150 to 200 X g (~1000 rpm in
Fisher Centrific), room temperature. Discard supernatant.

Cells are washed with fresh medium to remove residual DMSO.

4. Gently resuspend cell pellet in small amount (~1 ml) of complete medium/20% FBS
and transfer to properly labeled culture plate containing the appropriate amount of
medium.

Cultures are reestablished at a higher cell density than that used for original cultures
because there is some cell death associated with freezing. Generally, I ml of cell suspension
is reseeded in 5 to 20 ml medium.

5. Check cultures after ~24 hr to ensure that cells have attached to the plate.

6. Change medium after 5 to 7 days or when pH indicator (e.g., phenol red) in medium
changes color. Keep cultures in medium with 20% FBS until cell line is reestablished.

If recovery rate is extremely low, only a subpopulation of the original culture may be
growing; be especially careful of this when working with cell lines known to be mosaic.

DETERMINING CELL NUMBER AND VIABILITY WITH A
HEMACYTOMETER AND TRYPAN BLUE STAINING

Determining the number of cells in culture is important in standardization of culture
conditions and in performing accurate quantitation experiments. A hemacytometer is a
thick glass slide with a central area designed as a counting chamber.

The exact design of the hemacytometer may vary; the one described here is the Improved
Neubauer from Baxter Scientific (Fig. 1.1.1). The central portion of the slide is the
counting platform which is bordered by a 1-mm groove. The central platform is divided
into two counting chambers by a transverse groove. Each counting chamber consists of
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a silver footplate on which is etched a 3 x 3—-mm grid. This grid is divided into nine
secondary squares, each 1 X 1 mm. The four corner squares and the central square are
used for determining the cell count. The corner squares are further divided into 16 tertiary
squares and the central square into 25 tertiary squares to aid in cell counting.

Accompanying the hemacytometer slide is a thick, even-surfaced coverslip. Ordinary
coverslips may have uneven surfaces that can introduce errors in cell counting; therefore,
it is imperative that the coverslip provided with the hemacytometer is used in determining
cell number.

Cell suspension is applied to a defined area and counted so cell density can be calculated.

Y
coverslip
-
grid f
load cell
suspension
1mm
f
S 1mm
I -
|
\
\‘ '/

Figure 1.1.1 Hemacytometer slide (Improved Neubauer) and coverslip. Coverslip is applied to
slide and cell suspension is added to counting chamber using a Pasteur pipet. Each counting
chamber has a 3 x 3—-mm grid (enlarged). The four corner squares (1, 2, 4, and 5) and the central
square (3) are counted on each side of the hemacytometer (numbers added).
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Materials

70% (v/v) ethanol
Cell suspension
0.4% (w/v) trypan blue or 0.4% (w/v) nigrosin prepared in HBSS (aPPENDIX 24)

Hemacytometer with coverslip (Improved Neubauer, Baxter Scientific)
Hand-held counter

Prepare hemacytometer
1. Clean surface of hemacytometer slide and coverslip with 70% alcohol.

Coverslip and slide should be clean, dry, and free from lint, fingerprints, and watermarks.

2. Wetedge of coverslip slightly with tap water and press over grooves on hemacytome-
ter. The coverslip should rest evenly over the silver counting area.

Prepare cell suspension
3. For cells grown in monolayer cultures, detach cells from surface of dish using trypsin
(see Basic Protocol, steps 1 to 4).

4. Dilute cells as needed to obtain a uniform suspension. Disperse any clumps.

When using the hemacytometer, a maximum cell count of 20 to 50 cells per 1 X I-mm square
is recommended.

Load hemacytometer
5. Use a sterile Pasteur pipet to transfer cell suspension to edge of hemacytometer
counting chamber. Hold tip of pipet under the coverslip and dispense one drop of
suspension.

Suspension will be drawn under the coverslip by capillary action.

The hemacytometer should be considered nonsterile. If cell suspension is to be used for
cultures, do not reuse the pipet and do not return any excess cell suspension in the pipet to
the original suspension.

6. Fill second counting chamber.

Count cells
7. Allow cells to settle for a few minutes before beginning to count. Blot off excess
liquid.

8. View slide on microscope with 100x magnification.

A 10X ocular with a 10X objective = 100X magnification.

Position slide to view the large central area of the grid (section 3 in Fig. 1.1.1); this area
is bordered by a set of three parallel lines. The central area of the grid should almost fill
the microscope field. Subdivisions within the large central area are also bordered by three
parallel lines and each subdivision is divided into sixteen smaller squares by single lines.
Cells within this area should be evenly distributed without clumping. If cells are not evenly
distributed, wash and reload hemacytometer.

9. Use a hand-held counter to count cells in each of the four corner and central squares
(Fig. 1.1.1, squares numbered 1 to 5). Repeat counts for other counting chamber.

Five squares (four corner and one center) are counted from each of the two counting
chambers for a total of ten squares counted.

Count cells touching the middle line of the triple line on the top and left of the squares. Do
not count cells touching the middle line of the triple lines on the bottom or right side of the
square.
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Calculate cell number
10. Determine cells per milliliter by the following calculations:

cells/ml = average count per square X dilution factor x 10*

total cells = cells/ml X total original volume of cell suspension
from which sample was taken.

The number 10% is the volume correction factor for the hemacytometer: each square is 1 X
1 mm and the depth is 0.1 mm.

Stain cells with trypan blue to determine cell viability

11. Determine number of viable cells by adding 0.5 ml of 0.4% trypan blue, 0.3 ml HBSS,
and 0.1 ml cell suspension to a small tube. Mix thoroughly and let stand 5 min before
loading hemacytometer.

Either 0.4% trypan blue or 0.4% nigrosin can be used to determine the viable cell number.
Nonviable cells will take up the dye, while live cells will be impermeable to dye.

12. Count total number of cells and total number of viable (unstained) cells. Calculate
percent viable cells as follows:

. number of unstained cells
% viable cells = x 100

total number of cells

13. Decontaminate coverslip and hemacytometer by rinsing with 70% ethanol and then
deionized water. Air dry and store for future use.

PREPARING CELLS FOR TRANSPORT

Both monolayer and suspension cultures can easily be shipped in 25-cm? tissue culture
flasks. Cells are grown to near confluency in a monolayer or to desired density in
suspension. Medium is removed from monolayer cultures and the flask is filled with fresh
medium. Fresh medium is added to suspension cultures to fill the flask. It is essential that
the flasks be completely filled with medium to protect cells from drying if flasks are
inverted during transport. The cap is tightened and taped securely in place. The flask is
sealed in a leak-proof plastic bag or other leak-proof container designed to prevent spillage
in the event that the flask should become damaged. The primary container is then placed
in a secondary insulated container to protect it from extreme temperatures during
transport. A biohazard label is affixed to the outside of the package. Generally, cultures
are transported by same-day or overnight courier.

Cells can also be shipped frozen. The vial containing frozen cells is removed from the
liquid nitrogen freezer and placed immediately on dry ice in an insulated container to
prevent thawing during transport.
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REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Trypsin/EDTA solution

Prepare in sterile HBSS or 0.9% (w/v) NaCl:

0.25% (w/v) trypsin
0.2% (w/v) EDTA
Store <1 year (until needed) at —20°C

Specific applications may require different concentrations of trypsin; the appropriate pro-

tocols should be consulted for details.

Trypsin/EDTA solution is available in various concentrations including 10X, IX, and 0.25%
(w/v). It is received frozen from the manufacturer and can be thawed and aseptically divided
into smaller volumes. Preparing trypsin/EDTA from powdered stocks may reduce its cost;
however, most laboratories prefer commercially prepared solutions for convenience.

EDTA (disodium ethylenediamine tetraacetic acid) is added as a chelating agent to bind
Ca’* and Mg?* ions that can interfere with the action of trypsin.

COMMENTARY

Background Information

At its inception in the early twentieth cen-
tury, tissue culture was applied to the study of
tissue fragments in culture. New growth in
culture was limited to cells that migrated out
from the initial tissue fragment. Tissue culture
techniques evolved rapidly, and since the 1950s
culture methods have allowed the growth and
study of dispersed cells in culture (Freshney,
1993). Cells dispersed from the original tissue
can be grown and passaged repeatedly to give
rise to a relatively stable cell line.

Four distinct growth stages have been de-
scribed for primary cells maintained in culture.
First, cells adapt to the in vitro environment.
Second, cells undergo an exponential growth
phase lasting through ~30 passages. Third, the
growth rate of cells slows, leading to a progres-
sively longer generation time. Finally, after 40
or 50 passages, cells begin to senesce and die
(Lee, 1991). It may be desirable to study a
particular cell line over several months or years,
so cultures can be preserved to retain the integ-
rity of the cell line. Aliquots of early-passage
cell suspensions are frozen, then thawed and
cultures reestablished as needed. Freezing cul-
tures prevents changes due to genetic drift and
avoids loss of cultures due to senescence or
accidental contamination (Freshney, 1993).

Cell lines are commercially available from
a number of sources, including the American
Type Culture Collection (ATCC) and the Hu-
man Genetic Mutant Cell Repository at the
Coriell Cell Repository (CCR; sUPPLIERS APPEN-
pix). These cell repositories are a valuable re-
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source for researchers who do not have access
to suitable patient populations.

Critical Parameters

Use of aseptic technique is essential for
successful tissue culture. Cell cultures can be
contaminated at any time during handling, so
precautions must be taken to minimize the
chance of contamination. All supplies and re-
agents that come into contact with cultures
must be sterile and all work surfaces should be
kept clean and free from clutter.

Cultures should be 75% to 100% confluent
when selected for subculture. Growth in culture
will be adversely affected if cells are allowed
to become overgrown. Passaging cells too early
will result in a longer lag time before subcul-
tures are established. Following dissociation of
the monolayer by trypsinization, serum or me-
dium containing serum should be added to the
cell suspension to stop further action by trypsin
that might be harmful to cells.

When subculturing cells, add a sufficient
number of cells to give a final concentration of
~5 x 10* cells/ml in each new culture. Cells
plated at too low a density may be inhibited or
delayed in entry into growth stage. Cells plated
at too high a density may reach confluence
before the next scheduled subculturing; this
could lead to cell loss and/or cessation of pro-
liferation. The growth characteristics for differ-
ent cell lines vary. A lower cell concentration
(10* cells/ml) may be used to initiate subcul-
tures of rapidly growing cells, and a higher cell
concentration (10° cells/ml) may be used to
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initiate subcultures of more slowly growing
cells. Adjusting the initial cell concentration
permits establishment of a regular, convenient
schedule for subculturing—e.g., once or twice
a week (Freshney, 1993).

Cells in culture will undergo changes in
growth, morphology, and genetic charac-
teristics over time. Such changes can adversely
affect reproducibility of laboratory results.
Nontransformed cells will undergo senescence
and eventual death if passaged indefinitely. The
time of senescence will vary with cell line, but
generally at between 40 and 50 population
doublings fibroblast cell lines begin to senesce.
Cryopreservation of cell lines will protect
against these adverse changes and will provide
a backup in case of contamination.

Cultures selected for cryopreservation
should be in log-phase growth and free from
contamination. Cells should be frozen at a con-
centration of 109 to 107 cells/ml. Cells should
be frozen gradually and thawed rapidly to pre-
vent formation of ice crystals that may cause
cells to lyse. Cell lines can be thawed and
recovered after long-term storage in liquid ni-
trogen. The top of the freezing vial should be
cleaned with 70% alcohol before opening to
prevent introduction of contaminants. To aid in
recovery of cultures, thawed cells should be
reseeded at a higher concentration than that
used for initiating primary cultures. Careful
records regarding identity and characteristics
of frozen cells as well as their location in the
freezer should be maintained to allow for easy
retrieval.

For accurate cell counting, the hemacytome-
ter slide should be clean, dry, and free from lint,
scratches, fingerprints, and watermarks. The
coverslip supplied with the hemacytometer
should always be used because it has an even
surface and is specially designed for use with
the counting chamber. Use of an ordinary
coverslip may introduce errors in cell counting.
If the cell suspension is too dense or the cells
are clumped, inaccurate counts will be ob-
tained. If the cell suspension is not evenly
distributed over the counting chamber, the he-
macytometer should be washed and reloaded.

Anticipated Results

Confluent cell lines can be successfully sub-
cultured in the vast majority of cases. The yield
of cells derived from a monolayer culture is
directly dependent on the available surface area

of the culture vessel (Freshney, 1993). Overly
confluent cultures or senescent cells may be
difficult to trypsinize, but increasing the time
of trypsin exposure will help dissociate resis-
tant cells. Cell lines can be propagated to get
sufficient cell populations for cytogenetic, bio-
chemical, and molecular analyses.

It is well accepted that anyone can success-
fully freeze cultured cells; it is thawing and
recovering the cultures that presents the prob-
lem. Cultures that are healthy and free from
contamination can be frozen and stored indefi-
nitely. Cells stored in liquid nitrogen can be
successfully thawed and recovered in >95% of
cases. Several aliquots of each cell line should
be stored to increase the chance of recovery.
Cells should be frozen gradually, with a tem-
perature drop of ~1°C per minute, but thawed
rapidly. Gradual freezing and rapid thawing
prevents formation of ice crystals that might
cause cell lysis.

Accurate cell counts can be obtained using
the hemacytometer if cells are evenly dispersed
in suspension and free from clumps. Determin-
ing the proportion of viable cells in a population
will aid in standardization of experimental con-
ditions.

Time Considerations

Establishment and maintenance of mam-
malian cell cultures require a regular routine for
preparation of media and feeding and passaging
of cells. Cultures should be inspected regularly
for signs of contamination and to determine if
the culture needs feeding or passaging.
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Media for Culture of Mammalian Cells

In culturing mammalian cells in vitro, one attempts to reproduce in a culture vessel the
physiological environment and characteristic responses of individual cell types. This
simple idea is not easily realized because the physiological environments of most cells
are not yet completely characterized, and because the complex regulatory interactions
between neighboring cells within tissues are still being elucidated. However, a body of
knowledge about the survival and growth requirements of cells has been empirically
derived over the past 90 years, making it possible to maintain and to propagate a variety
of normal, immortalized, and transformed cell types in vitro. This received knowledge
has directly influenced the compositions of culture media and culture substrata that are
in use today, and it continues to evolve as the requirements of individual cell types become
more explicitly defined. Part of this evolution may be founded on the ongoing discovery
of novel growth factors, growth mediators, and survival factors that comes about as the
range of specialized cells that can be propagated in vitro is extended. It may be further
shaped by advances in understanding of the signaling mechanisms by which culture
substrata and other external stimuli influence cells to proliferate, differentiate, become
quiescent, or die.

At a minimum, the fluid medium in which cells are cultured must provide for their
nutritional requirements, provide an energy source, maintain pH, and provide a level of
osmolarity compatible with cell viability. In addition, the environment in which cultures
are kept, typically a water-jacketed CO, incubator, must provide a constant temperature,
humidity to prevent evaporation of medium, O, for respiration, and CO, for maintenance
of the pH of bicarbonate-buffered medium. Culture media commonly used today consist
of two parts: a basal nutrient medium and supplements. The basal nutrient medium, such
as Dulbecco’s modified Eagle’s medium (DMEM; also known as Dulbecco’s minimal

Table 1.2.1 Tissue Culture Products and Suggested Suppliers®

Supplier Culture-related products

Bayer Fatty acid—free BSA

Becton Dickinson Labware Growth factors, hormones, Matrigel

Cell Systems Specialized serum-free media

Chemicon International Low-density lipoprotein

Clonetics Specialized serum-free media

Corning Costar Filter-sterilization apparatus, tissue culture vessles

Difco Laboratories Agar

Gelman Sciences Filter-sterilization apparatus

Life Technologies Basal nutrient media, antibiotics

Hyclone Laboratories Sera

J.T. Baker Chemicals

Millipore Water-purification system

Nalgene Filter-sterilization apparatus

Research Organics HEPES

Sigma Chemical Inorganic and organic chemicals, BSA fraction V, FBS, sterols,
antibiotics, growth factors, hormones, tissue culture vessels

Steraloids Sterols

Upstate Biotechnology Inc.  Insulin, transferrin, FBS, type I collagen, growth factors,
(UBI) hormones

“See SUPPLIERS APPENDIX for suppliers’ addresses.

Contributed by J. Denry Sato and Mikio Kan
Current Protocols in Cell Biology (1998) 1.2.1-1.2.15
Copyright © 1998 by John Wiley & Sons, Inc.
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Eagle’s medium), RPMI 1640, or Ham’s F-12, is a buffered aqueous solution of inorganic
salts, vitamins, amino acids and other anabolic precursors, energy sources such as glucose
and glutamine, and trace elements. Supplements are either undefined, such as fetal bovine
serum (FBS), tissue extracts, and conditioned medium, or defined, such as hormones and
growth factors, transport proteins, and attachment factors. The compositions of basal
nutrient media and medium supplements may vary considerably; however, both compo-
nents of the complete medium are necessary for support of cell viability and proliferation.

The basic protocols in this unit describe the preparation of serum-supplemented medium
(see Basic Protocol 1); serum-reduced or serum-free medium (see Basic Protocol 2);
selective medium, such as HAT (see Basic Protocol 3) or cholesterol- and serum-free
medium (see Alternate Protocol); and soft agar for anchorage-independent growth (see
Basic Protocol 4). The support protocols discuss the use of pH buffers (see Support
Protocol 1) and antibiotics (see Support Protocol 2) in culture media. Suppliers for culture
products are listed in Table 1.2.1.

NOTE: For all solutions and media, use water purified using a reverse osmosis system
(e.g., Milli-Q system from Millipore) and vessels that are thoroughly rinsed with water
after use but never washed with detergent.

NOTE: All reagents and equipment coming into contact with live cells must be sterile,
and aseptic technique should be used accordingly.

PREPARATION OF SERUM-CONTAINING MEDIA

Many cell types, especially fibroblasts and transformed cells, survive and proliferate to
some extent when cultured in a basal nutrient medium supplemented with 5% to 20%
(v/v) serum. The degree of cell proliferation achieved under these nonoptimized condi-
tions may be sufficient for the goals of the experiment as long as the cellular properties
of interest are not lost. It is worth remembering that if tissue samples consisting of more
than one cell type are cultured, this culture environment may confer a growth advantage
to fibroblasts. In addition, the medium may select against the propagation of some types
of cells: a number of epithelial cell types cease proliferating and differentiate in the
“physiological” Ca®* concentrations of commonly used serum-supplemented basal me-
dia. Finally, a serum-supplemented nutrient solution does not approximate a physiological
environment for any cells except those in a healing wound.

Materials

Basal nutrient medium, such as DMEM, Ham’s F-12, or RPMI 1640 (APPENDIX 2B;
see Critical Parameters for discussion of medium selection)

HEPES (e.g., Research Organics)

Sodium bicarbonate (e.g., J.T. Baker)

Glutamine and pyruvic acid (e.g., Sigma)

Penicillin G and streptomycin sulfate (e.g., Sigma)

5 N NaOH (e.g., J.T. Baker)

Serum (e.g., Hyclone, Sigma, UBI; see Critical Parameters for discussion of fetal
bovine serum)

Filter sterilization units (e.g., Nalge Nunc, Corning, Gelman)
0.2-um-pore-size filters (e.g., Nalge Nunc, Corning, Gelman)

Additional reagents and equipment for culture of mammalian cells (unIT 1.1)

1. Dissolve powdered medium with constant stirring in a 0.8x to 0.9x volume of water.

If a commercially prepared liquid medium is being used, add penicillin and streptomycin
from commercial stock solutions and proceed to step 8.
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2. Add an amount of HEPES that yields a concentration of 15 mM in the final volume
of medium.

Omit this step if the powdered medium is formulated with HEPES.

3. Add the amount of sodium bicarbonate recommended by the medium supplier for
use in a CO,-controlled atmosphere (e.g., 14 to 36 mM in 5% CO, atmosphere).

Omit this step if the powdered medium contains sodium bicarbonate.

4. Add glutamine to give a final concentration of 2 mM and pyruvic acid to give a final
concentration of 0.01% (w/v).

5. Add penicillin G to give a final concentration of 100 IU/ml and streptomycin to give
a final concentration of 50 pg/ml.

Other antibacterial agents or antifungal agents should not be routinely included in culture
medium. Gentamicin at a final concentration of 50 ug/ml or kanamycin at 100 ug/ml may
be useful in eliminating gram-positive and gram-negative bacteria from primary cultures
or from irreplaceable cultures, but it is best to discard any cultures that are contaminated
with bacteria, yeast, or fungi.

6. Adjust the pH of the medium to 7.4 with 5 N NaOH, and add water to achieve the
final (1X) volume. Readjust the pH of the medium to 7.4, if necessary.

7. Sterilize the medium by filtration through a 0.2-um filter. Store the medium at 4°C
in the dark.

Vacuum-operated filtering units or bottle-top filters are useful for small volumes of medium
(0.1 to 2 liters), whereas filter capsules (2 to 5 liters) or filter stands (> 10 liters) that are
used under positive pressure are more suitable for larger volumes.

8. Add serum to the desired final concentration at the time of use.

Basal nutrient medium and the serum supplement should be stored individually at 4°C,
and the complete medium should be made up at the time of use and only in the volume
necessary. Working volumes of serum should be stored at 4°C and used within several
weeks. Serum should not be subjected to repeated freezing and thawing, but it can be stored
for at least 2 years at —20°C with little deterioration in growth-promoting activity. In this
way, medium components are not wasted, and the chances of detecting, isolating, and
eliminating contamination with minimal losses are increased.

PREPARING MEDIA FOR REDUCED-SERUM OR SERUM-FREE GROWTH

The most obvious advantages of serum-free cell culture are that it costs less and it
simplifies the purification of cell products. However, it is in the increased knowledge of
cell physiology that the real value of serum-free medium lies. Both reduced-serum and
serum-free media are intermediates in a continuum between completely undefined
mixtures of biological fluids and chemically defined, protein-free medium. Although
mixtures of biological fluids and protein-free medium have useful applications, neither
extreme provides a suitable environment for studies of cellular physiology. At the current
time, the most physiologically relevant culture medium for an isolated cell type is a
defined, protein-supplemented medium consisting of required components at optimal
concentrations and extracellular matrix constituents. This set of conditions can be
approached for an increasing number of cell types, but for some cell types, a reduced-se-
rum medium is the best that can be achieved. This state of affairs reflects incomplete
knowledge of cell growth requirements, and it suggests that there are novel mediators of
cell proliferation and differentiation that remain to be discovered.
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Table 1.2.2 Components of Reduced-Serum and Serum-Free Medium*

Component Final concentration Stock concentration ~ Suggested supplier(s)
Undefined supplements
Sera® 5% to 20% (v/v) 100% (v/v) Hyclone, Sigma, or UBI

Pituitary extract
Conditioned medium

Energy sources
Glucose
Glutamine

Attachment factors
Collagen type I
Fibronectin
Vitronectin

Hormone
Insulin

Carrier proteins
Transferrin
BSA, fatty acid—free

Trace element

Selenium, sodium salt

5 to 100 pg/ml
5% to 50% (v/v)

1 to 4.5 g/liter
1to2 mM

10 to 50 pg/ml
1 to 10 ug/ml
1 to 10 ug/ml

1 to 10 pg/ml

5 to 30 ug/ml
0.5 to 4 mg/ml

1 to 20 nM

Lipids and lipid precursors

Ethanolamine
Fraction V BSA

Unsaturated fatty acids

Sterols

Low-density lipoprotein

1 to 20 uM
0.05 to 5 mg/ml
1 to 10 ug/ml

1 to 20 ug/ml

1 to 20 ug/ml

1 to 2 mg/ml
100% (v/v)

None
None

3 to 4 mg/ml
0.5 to 1 mg/ml
0.5 to 1 mg/ml

1 mg/ml

1 mg/ml
50 mg/ml

2 uM

2mM

50 mg/ml

20 to 50 mg/ml
2 to 4 mg/ml

1 to 2 mg/ml

UBI, Clonetics
Not commercially available¢

Sigma
Sigma

UBI, Sigma
Sigma
Sigma

Sigma, UBI

Sigma, UBI
Bayer

Sigma

Sigma

Sigma

Sigma

Steraloids, Sigma
Chemicon International

“Nonsterile stock solutions should be sterilized by filtration. Add glucose and glutamine as dry powder (or frozen aliquots that have
been thawed) to reconstituted powdered medium.

bSee Critical Parameters for discussion of FBS.

“Conditioned medium must be made in the investigator’s laboratory, and the choice of cells used depends on the investigator’s purpose.

Materials

Basal nutrient medium, such as DMEM, Ham’s F-12, or RPMI 1640 (APPENDIX 2B;
see Critical Parameters for discussion of medium selection)

Nutrients: inorganic salts, amino acids, and vitamins (e.g., Sigma)

Trace elements (e.g., Sigma)

Supplements: growth factors and hormones (e.g., Sigma, UBI, Becton Dickinson
Labware) and other assorted medium components (Table 1.2.2)

Optimize nutrient medium
1. Starting with a complete medium empirically determined to best support the growth

If all the growth requirements of the cells of interest can be satisfied, the undefined
medium supplement can be completely eliminated. The limitation of this approach is that
not all of the cell growth regulators operating within tissues have been discovered. As the
variety of cell types that can be cultured in vito for extended periods expands, new growth
activities may be identified and novel growth factors purified.

Additional reagents and equipment for culture of mammalian cells (UnIT 1.1)

Media for Culture . . .
of Mammalian of the cells of interest, reduce the concentration of the undefined medium supplement
Cells until cell proliferation is suboptimal but cell viability remains high.
1.24
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2. Vary the concentrations of individual components of the nutrient medium in a cell
proliferation assay. Vary the concentrations of components in the following group-
ings, which have been found to be limiting for proliferation of at least one cell type:

a. energy sources (glucose and glutamine);

b. trace elements and electrolytes (Na*, CI-, K*, Ca**, Mg*, Zn*, Cu?*, Fe**,
selenium, H,PO,~, and HCO;");

¢. amino acids (glutamine, cystine, cysteine, histidine);
d. vitamins (biotin, vitamin B ,);

e. lipids and lipid precursors (oleic acid, linoleic acid, or cholesterol conjugated to
fatty acid—free BSA; undefined lipids bound to fraction V BSA; low-density
lipoprotein; ethanolamine or phosphoethanolamine).

Determine the optimal concentration range for the most limiting factor, and fix its
concentration in the center of that range. Repeat the growth assays to sequentially
identify and optimize each limiting factor.

Concentrations of 0.1X, 1X, and 10X those listed in the chosen medium formulation are
initially useful to determine which components are limiting factors for proliferation.

3. Lower the concentration of the undefined supplement and repeat the optimization
procedure. Continue optimizing the nutrient medium until reductions in the concen-
tration of the undefined medium supplement can no longer be compensated for.

Each new supplement concentration is tested on an individual culture for a finite period
(3 to 10 days). The best concentration, supporting the most cell growth, is incorporated
into the next round of testing on new cultures.

Optimize medium supplements
4. Optimize medium supplements such as growth factors, hormones, transport proteins,
and attachment factors either independently of or in conjunction with the nutrient
medium components.

The set of defined supplements that are required for an individual cell type may be less
complex in the presence of an optimized nutrient medium. If an optimized nutrient medium
is not being used, then a nutrient-rich basal medium such as DMEM/F-12 (see recipe) is
recommended for supplement optimization (see Critical Parameters). As with nutrient
optimization, the strategy is to decrease the concentration of an undefined supplement to
give suboptimal growth with high cell viability and then to restore proliferation with
optimized concentrations of defined supplements.

PREPARATION OF SELECTIVE MEDIA: HAT MEDIUM

Culture medium can be used to intentionally select mammalian cells with desired
properties from a mixed population of cells. This strategy is founded on the proven
effectiveness of selective media in selecting strains of mutant microorganisms that, for
example, cannot grow in minimal media but thrive in a medium supplemented with one
particular nutrient. Although mammalian cells with desired characteristics proliferate in
selective media, in this case selective pressure is applied to inhibit or, preferably, to kill
cells that do not possess those characteristics. Thus, the efficacy of a selective medium
depends on the efficiency with which it eliminates unwanted cells and on the degree to
which the selected phenotypic trait is expressed. Because monoclonal antibodies are
commonly used reagents in cell and molecular biology, the use of selective media that
target differences in metabolic pathways is illustrated with two protocols for selecting
hybridomas (see Background Information for further discussion). In both protocols,
unfused spleen cells do not survive 7 to 10 days.
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Materials

Spleen cell X myeloma fusion products (10:1)

RD medium (Life Technologies) with 10% FBS (Hyclone; see recipe)

4 x 107> M aminopterin (A solution; 100X stock in 0.1 N NaOH)

1 X 10 M hypoxanthine/1.6 X 10~ M thymidine in water (HT solution; 100X
stock)

HAT medium: RD/10% FBS/1x A solution/1x HT solution

96-well tissue culture plates

Additional reagents and equipment for culture of mammalian cells (UnIT 1.1)

1. Resuspend the fusion products in RD/10% FBS at a concentration of 1 X 10° myeloma
cells per ml. Add 0.01x volumes of A and HT solutions to the cell suspension to make
HAT selection medium.

2. Plate 0.1 ml of cell suspension per well into 96-well plates. Incubate the plates in a
humidified 37°C, 5% CO, incubator.

3. Every 2 or 3 days, remove half the existing medium from the wells by aspiration and
replace with fresh HAT medium.

4. After 21 days, screen hybridoma supernatants for the presence of the antibodies of
interest.

5. Wean hybridomas stepwise from HAT medium by transferring them to HT-supple-
mented medium and then to RD/10% FBS over a 2-week period. Replace 50% of the
medium with HT medium four times at 3-day intervals. Replace 50% of the medium
with RD/10% FBS at 3-day intervals.

Aminopterin is toxic, so it is advisable to wean hybridomas from HAT medium as soon as
possible.

PREPARATION OF SELECTIVE MEDIA: CHOLESTEROL-FREE,
SERUM-FREE MEDIUM

Most of the mouse myeloma cell lines survive in serum-supplemented medium, but they
die in the absence of cholesterol (see Background Information for explanation). This
conditional lethal defect has been exploited to create an alternative selection process for
hybridomas using cholesterol-free medium. Because they are produced by fusion with
spleen cells capable of producing cholesterol, NS-1 hybridomas survive in cholesterol-free
medium, but the parent NS-1 myeloma cells are selected against. This selective medium
allows for the outgrowth of up to 10 times as many hybridomas as HAT medium. This
procedure can be used with any myeloma cell line that is unable to synthesize cholestrol.

Materials

Spleen cell x NS-1 myeloma fusion products (10:1)

RD medium with 5F supplement (see recipes)

100x BSA—oleic acid conjugate solution: fatty acid—free BSA (e.g., Bayer; 50
mg/ml) conjugated with oleic acid (e.g., Sigma; 500 pug/ml) in PBS

96-well tissue culture plates

Additional reagents and equipment for culture of mammalian cells (unIT 1.1)

1. Make complete RD/SF medium by adding appropriate volumes of the stock solutions
of insulin, transferrin, ethanolamine, 2-mercaptoethanol, and sodium selenite (e.g.,
Sigma) to RD medium. Supplement the medium with 1/100 vol of 100x BSA—oleic
acid conjugate.

BSA-oleic acid acid conjugate is available from Sigma. For a protocol, see Kawamoto et
al. (1983).
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2. Resuspend fusion products at 2 or 3 x 10° NS-1 cells per milliliter of medium.

3. Plate 0.1 ml of cell suspension per well in 96-well plates. Incubate the plates in a
humidified 37°C, 5% CO, incubator.

4. Add 0.5% volume of fresh medium to the wells every 2 or 3 days after removing half
the existing medium by aspiration.

5. Screen hybridoma supernatants for antibodies of interest after 10 to 14 days. Maintain
hybridomes in RD/SF medium supplemented with BSA—oleic acid.

GROWTH OF TRANSFORMED CELLS IN SOFT AGAR

Malignantly transformed cells can differ from their normal counterparts in a number of
respects. Chief among these differences are a loss of contact-inhibited growth, the
acquisition of an infinite life span, and the ability to form tumors in animal hosts.
Freedman and Shin (1974) found that there was a general correlation between the tumorigenic
potential of transformed cells in vivo and their ability to grow in an anchorage-inde-
pendent manner in vitro. Although this generalization does not hold for every transformed
cell, growth in soft agar can be used as a surrogate in vitro assay for transformation and
tumorigenicity. The advantages of this method are that it is relatively easy, it may take
much less time than an in vivo tumorigenesis assay, and it does not require the maintenance
and care of experimental animals. However, if growth in soft agar is used as a measure of
transformation of cells that have been manipulated in vitro, an in vivo tumorigenesis assay
is required to determine whether the cells are malignantly transformed.

Materials

2% (w/v) agar (e.g., Difco; see recipe)

Basal nutrient medium, such as DMEM, Ham’s F-12, or RPMI 1640 (APPENDIX 2B;
see Critical Parameters for discussion of medium selection), with 24.6% and
20% FBS

Single-cell suspension

12-well culture plates (e.g., Corning Costar)

15-ml polycarbonate conical centrifuge tubes (e.g., Sarstadt), sterile

1. For each set of replicate wells, add 2.25 ml of 2% agar solution to 9.75 ml of medium
containing 24.6% FBS to give a solution of 0.375% agar in 20% FBS. Dispense 2-ml
aliquots into five sterile 15-ml polypropylene conical tubes and incubate at 45°C.

2. Toseparate tubes, add 50, 100, 200, 500, or 1000 cells to a final volume of 0.5 ml medium
with 20% FBS. Prepare an additional set of tubes for each set of replicate cultures.

3. Add each cell suspension to an aliquot of agar solution, mix, and quickly pour into a
well of a 12-well plate.

4. Incubate the plate at 37°C in a humid atmosphere of 5% CO, until cell colonies appear.

5. Count colonies >32 cells (five doublings) under phase contrast with an inverted
microscope, and calculate colony formation efficiency (percentage of plated cells that
formed colonies).

To prevent any cell attachment to the plastic substratum, cells in 0.3% agar can be overlaid
on a preformed layer of 0.5 ml of 0.5% agar in medium supplemented with 20% FBS.
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pH CONTROL IN MEDIA

Most cell lines proliferate in medium with a pH of 7.4, and they exhibit decreased viability
and rates of proliferation as the medium becomes progressively more acidic or more basic
(Eagle, 1973). Culture media must buffer the CO, and lactic acid produced as cells
metabolize glucose and glutamine. Historically, bicarbonate, HCO;™, in conjunction with
atmospheric CO,, has been used as a buffering system. Each basal medium formulation
has a recommended concentration for sodium bicarbonate, usually 20 to 40 mM, to
maintain pH and osmolarity. Media that are to be incubated in an elevated CO, atmosphere
contain higher concentrations of bicarbonate than those designed to be used at ambient
CO, levels. Most cell culture media require an atmosphere of 5% CO, to maintain pH 7.4.
However, certain media contain levels of bicarbonate that require different amounts of
CO,. For example, DMEM containing 3700 mg/liter of sodium bicarbonate equilibrates
to ~pH 7.6 in a 5% CO, environment and requires 10% CO, to maintain pH 7.4. The low
pK, of bicarbonate (pK, = 6.1) makes it a poor buffer around pH 7.4, and, in the absence
of atmospheric CO,, the breakdown of H,CO; formed from bicarbonate releases CO, that
comes out of solution, causing a rise in pH. With the development of Good buffers (Good
et al., 1966), nontoxic buffering agents effective in the pH range of 6 to 8, such as PIPES
(pK, = 6.8), MOPS (pK, = 7.2), TES (N-tris[hydroxymethyl]Jmethyl-2-aminoethanesul-
fonic acid; pK, = 7.5), and HEPES (pK, = 7.55), became available to the research
community. HEPES in a concentration range of 10 mM to 25 mM has become a standard
buffer in serum-free medium, but it is used in addition to and not in place of the bicarbonate
and CO, system. Phenol red is an indicator dye that is commonly added to medium to
provide a visual assessment of pH. Red at pH 7.4, it becomes orange (pH 7.0) and then
yellow (pH 6.5) as the pH decreases; it turns violet (pH 7.6) and purple (pH 7.8) as the
pH rises. Culture medium should generally be replaced as the phenol red changes from
orange to yellow, which reflects the accumulation of lactic acid.

Materials

Powdered medium without NaHCO; or HEPES
HEPES (e.g., Research Organics)
NaHCO; (e.g., J.T. Baker)

1. Dissolve powdered medium in water with gentle stirring.

2. Add HEPES (mol. wt. 238.3) to give a final concentration of 15 mM, and stir until
dissolved.

3. Add NaHCO; to the recommended concentration for the basal nutrient medium being
used and stir.

4. Add other medium components, and adjust the pH to 7.4 (see Basic Protocol 1).
5. Filter sterilize the medium (see Basic Protocol 1, step 7).

Filtering medium under vacuum may cause the pH to increase slightly. A small change in
PH need not be compensated because other factors such as medium supplements, tempera-
ture, atmospheric pressure, and atmospheric CO, levels can also affect pH.

6. Check the pH of the complete medium after it has equilibrated with incubator
temperature and CO, atmosphere.
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USE OF ANTIBIOTICS IN MEDIA

Antibiotics can be added to culture media to eliminate microbial contaminants (Perlman,
1979). The most common contaminants encountered are bacteria, yeast, other fungi, and
mycoplasma, and the most common routes of contamination are operator error and
nonsterile medium components. Of the common microbial contaminants, yeast and other
fungi are very difficult to eradicate, and it is recommended that all heavily contaminated
cultures be discarded unless the cells cannot be replaced. Thus, it is wise to maintain
duplicate cultures of important cells and to cryopreserve cell lines as soon as possible.
Penicillin and streptomycin are broad-spectrum antibacterial agents that are often added
to culture media (see Basic Protocol 1 and Table 1.2.3). However, the routine use of
antibiotics in media is not recommended, because when used to compensate for poor
aseptic technique, they may select for antibiotic-resistant strains of microorganisms.
Antibiotics may be used to best effect in primary cultures of cells for which the sterility
of the tissue samples is in doubt. The antifungal agent amphotericin B should be used
sparingly, as it is toxic to mammalian cells (Perlman, 1979), and it may select for the
property of cholesterol auxotrophy (Sato et al., 1987). Mycoplasma and viruses are too
small to be retained by 0.2-um sterilization filters; mycoplasma can be treated with
gentamicin or kanamycin, but viruses cannot be treated with antibiotics. There is no
reliable method for eliminating viral contaminants from cell cultures.

To be effective in culture, antibiotics must have the following characteristics: they must
completely eliminate the microbial contaminant; they must not affect the viability or
metabolism of mammalian cells; and they must be compatible with medium components
in an aqueous environment. In addition, because the identity of a contaminating species
is usually unknown, antibiotics should act on a broad spectrum of mircoorganisms. A list
of antibiotics commonly used in culture media is provided in Table 1.2.3.

Materials
Antibiotic
Sterile solvent
0.2-um-pore-size sterilizing filter

1. Dissolve the antibiotic at a 100X or greater concentration in an appropriate sterile
solvent. If it is highly soluble in an aqueous solvent, use water or PBS.

2. If the antibiotic was not obtained in a sterile form, filter the solution through a 0.2-um
filter.

3. Store the antibiotic solution at 4°C prior to use or at —20°C for long-term storage.

4. Add the antibiotic to medium immediately prior to use.

Table 1.2.3 Some Antibiotics Used in Culture Media and Their Microbial Targets

Antibiotic Concentration Microbial targets

Amphotericin B 2.5 nug/ml Yeast and other fungi

Ampicillin 100 pg/ml Gram-positive and -negative bacteria
Chloramphenicol 5 pg/ml Gram-negative bacteria

Gentamicin 50 pug/ml Gram-positive and -negative bacteria, mycoplasma
Kanamycin 100 pg/ml Gram-positive and -negative bacteria, mycoplasma
Penicillin G 100 TU/ml Gram-positive bacteria

Streptomycin 100 pg/ml Gram-positive and -negative bacteria

Tetracycline 10 pg/ml Gram-positive and -negative bacteria, mycoplasma
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REAGENTS AND SOLUTIONS

Use Milli-Q-purified water or equivalent in all recipes and protocol steps. For common stock solutions,
see APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Agar

Dissolve 2% (w/v) agar (e.g., Difco) in water by boiling it or heating it in a

microwave. Maintain soft agar at 45°C.

DMEM/F 12 medium, supplemented

Make 1:1 (v/v) mixture of DMEM and F-12. Filter sterilize the medium and store
at 4°C. Add the appropriate volume of serum at the time of use.

Five factors (5F) supplement

Make the following 200 stock solutions:

2 mg/ml insulin in 10 mM HCl

2 mg/ml transferrin in PBS

2 mM ethanolamine in water

2 mM 2-mercaptoethanol in water
2 UM sodium selenite in water

Filter sterilize the stock solution and store at 4°C prior to use
Add 0.5 ml of each stock solution per 100 ml of medium

RD medium, supplemented

Make 1:1 (v/v) mixture of RPMI 1640 and DMEM. Add glutamine to 2 mM,
penicillin G to 100 IU/ml, and streptomycin to 50 pLg/ml. Filter sterilize the medium
and store at 4°C. Add the appropriate volume of serum at the time of use.

COMMENTARY

Background Information

Itis beyond the scope of this unit to describe
all of the medium formulations that have been
developed for mammalian cell culture. The
following references, which provide surveys of
media and conditions that have been used suc-
cessfully to culture numerous cell lines and a
variety of cell types, are recommended as
sources of this information: Bottenstein et al.
(1979); Jacoby and Pastan (1979); Barnes et al.
(1984); Freshney (1987, 1992); Baserga (1989);
Davis (1994); and Sato et al. (1994).

Because the immediate aim of the cell cul-
turist is to maintain or expand a population of
cells, culture media have been developed with
an emphasis on maintaining cell viability and
stimulating cell proliferation. These goals have
necessarily led to culture media and culture
conditions that select for cells that can prolif-
erate at the expense of those that cannot. Thus,
the choice of culture medium and the culture
conditions used affect the properties and types
of cells that can be studied in vitro. As an
example of selection, normal rodent cells cul-
tured on a plastic substratum in the presence of
fetal bovine serum often go through a period of
“crisis” in which a minority population of ane-

uploid cells survive and proliferate as immor-
talized but not completely transformed cells.
Another example of unintentional selection
through in vitro cell culture is the outgrowth of
basal keratinocytes from cultured epidermal
cells; this occurs because keratinocytes in the
suprabasal layers of the epidermis differentiate
and lose the ability to proliferate.

Conversely, for some applications, culture
media have been developed to deliberately se-
lect for the survival of specific cell types of
interest. Low-calcium, serum-free media de-
veloped for many epithelial cell types (Sato et
al., 1994) are selective in that they promote the
proliferation of epithelial cells but inhibit the
outgrowth of fibroblasts in primary cultures;
surviving fibroblasts are eliminated by dilution
as the cultures are repeatedly passaged (unir1.1).
Selective media are generally designed to ex-
ploit differences in susceptibility to metabolic
inhibitors or differences in metabolic pathways.
Anexample of ametabolic inhibitor as a selection
agent is the use of the antibiotic G418 (geneticin)
to kill nontransfected mammalian cells while
allowing the growth of transfectants containing
the bacterial gene for aminoglycoside phospho-
transferase (neo”; Southern and Berg, 1982).
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Endogenous synthesis of purines and
pyrimidines, which are essential components
of nucleosides and nucleotides, can be blocked
in mammalian cells by the folic acid analogue
aminopterin (A). Such a block is circumvented
in normal cells by salvage pathways that use
hypoxanthine (H) and thymidine (T). However,
cells deficient in the salvage pathway enzymes
hypoxanthine-guanine phosphoribosyltrans-
ferase (HGPRT") and thymidine kinase (TK")
cannot produce purines or pyrimidines by
means of the salvage pathways in the presence
of aminopterin, and die. Thus, HAT medium
(Littlefield, 1964) selects for cells that contain
functional HGPRT and TK enzymes, and it
selects against cells that are HGPRT~ or TK™.
This selection system has been made applicable
to the selection of hybridomas by the genera-
tion of HGPRT~ mouse myeloma cell lines.
When these cells are fused with HGPRT*
spleen cells from an immunized mouse, the
resulting HGPRT* hybridomas survive in HAT
medium, and the parental myeloma cells die.

Another example of the use of selective
media takes advantage of cell line deficiencies.
Most of the mouse myeloma cell lines that are
commonly used to generate hybridomas (P3-
X63-Ag8, NS-1-Ag4-1, X63-Ag8.653, and
NS-0) are clonally derived from the MOPC21
tumor cell line P3 (Horibata and Harris, 1970),
and they are all unable to synthesize cholesterol
(Sato et al., 1984, 1987), which is an essential
component of the plasma membrane. This trait
is not a common characteristic of murine lym-
phoid cells or of mammalian cells in general,
and it may have arisen from prolonged expo-
sure to the antifungal agent amphotericin B
(Sato et al., 1987). In all of these related
myeloma cell lines, the defect in cholesterol
biosynthesis has been traced to the enzyme
3-ketosteroid reductase (Sato et al., 1988). In
cholesterol-free medium, NS-1 hybridomas are
selected for while the cholesterol auxotrophic
NS-1 parent cells are selected against (Myoken
et al., 1989).

One must bear in mind that it is usually only
after a population of cells has been expanded
in culture that they can be characterized with
respect to their physiological or differentiated
properties. At one time it was thought that cells
normally dedifferentiated in vitro and that cul-
ture techniques could not be used to study
differentiated cellular functions. Subsequently,
it was found that the dedifferentiation phe-
nomenon resulted from the overgrowth of dif-
ferentiated cells by contaminating fibroblasts.
Once this problem was recognized, the first
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differentiated animal cell lines were established
(Buonassisietal., 1962; Yasumura et al., 1966).
Thus, it is incumbent upon the cell culturist to
choose culture media and culture conditions
that not only support the viability and prolif-
eration, if possible, of the cells of interest, but
that allow those cells to manifest some or all of
their differentiated properties in vitro.

From a historical viewpoint, it is of interest
that early culture media consisted of undefined
mixtures of biological fluids, tissue extracts,
and simple salt solutions. The first continuous
mammalian cell line, the mouse L cell fi-
broblast line (Sanford et al., 1948), was estab-
lished from 20-methylcholanthrene-treated
C3H mouse tissue explants grown in chicken
plasma clots in 40% horse serum, 20% chick
embryo extract, and 40% saline. The first con-
tinuous human cell line, the HelLa cervical
adenocarcinoma line (Gey et al., 1952), was
isolated in a mixture of chicken plasma, bovine
embryo extract, and human placental cord se-
rum. At about the same time, attempts were
being made to make culture media more de-
fined by creating synthetic nutrient media and
by determining the nutritional requirements of
cells in culture. An early synthetic nutrient
medium, medium 199 (Morgan et al., 1950),
was created to increase the longevity of primary
chicken muscle cell cultures that were started
as tissue explants in Earle’s salt solution with
40% horse serum and 1% chick embryo extract.
Medium 199 consisted of a salt solution with
amino acids, vitamins, purines, pyrimidines,
pentose sugars, adenosine triphosphate (ATP),
adenylic acid, Tween 80 as a source of oleic
acid, cholesterol, antioxidants, and iron in the
form of ferric nitrate. Although medium 199
promoted the outgrowth of “large, flat and
spindle-shaped” cells from the original tissue
fragments, none of the medium components
except glutamine clearly enhanced the life span
of the cultures. The pioneering work of Eagle
(Eagle, 1955) showed that L cells and HeLa
cells had similar, demonstrable nutritional re-
quirements for the thirteen essential amino ac-
ids, seven vitamins, glucose or other carbohy-
drates, and electrolytes. Strikingly, neither L
cells nor HeLa cells would grow under these
minimal essential conditions without the fur-
ther addition of a small amount of dialyzed
serum protein. Nonetheless, this research
marked the beginning of concerted efforts to
optimize basal nutrient media and to determine
the growth requirements of cells in vitro.

Culture media for a number of normal, im-
mortalized, and transformed cells have been
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improved through the application of two com-
plementary strategies. The approach of Ham
and his colleagues has been to optimize the
compositions of basal nutrient media for indi-
vidual cell lines or cell types (Ham and McKee-
han, 1979; Ham, 1984; Bettger and McKeehan,
1986) in the presence of ever-decreasing con-
centrations of dialyzed serum protein. These
efforts gave rise to Ham’s F-12 nutrient me-
dium and the MCDB media, which are com-
monly used today. MCDB media are optimized
basal media developed for specific call types
by R. Ham and colleagues. In studying hormon-
ally responsive cell lines in culture, Sato and
his colleagues realized that a major role of
serum in culture medium was to provide hor-
mones and hormone-like growth factors that
were required for cell proliferation and expres-
sion of differentiated functions (Bottenstein et
al., 1979; Barnes and Sato, 1980; Barnes,
1987). This understanding led them to replace
serum with purified hormones, growth factors,
transport proteins, and attachment factors as
supplements for preexisting nutrient media. In
combination, these two experimental ap-
proaches demonstrated (1) that basal nutrient
media could be optimized for individual cell
types, but optimal cell proliferation required
additional hormones or growth factors, trans-
port proteins, and attachment mediators in the
absence of serum, and (2) that the combinations
of purified medium supplements for individual
cell lines could be simplified when using an
optimized basal medium.

General conclusions that can be drawn from
the work of Ham and Sato are: (1) individual
cell types require quantitatively balanced sets
of nutrients, of which some are cell type spe-
cific; (2) cell proliferation and differentiated
properties are regulated by hormones, growth
factors, protein-bound nutrients, and attach-
ment factors, of which many are present in
serum and tissue extracts; (3) most cells in
culture are growth stimulated by the serum
components insulin and insulin-like growth
factors, the iron-transporting protein transfer-
rin, and unsaturated fatty acids or lipoproteins;
and (4) because different cell types have similar
but different growth requirements, it is unlikely
that a single medium formulation will prove
optimal for all cells.

Critical Parameters

‘When choosing or developing a cell culture
medium, the single most important parameter
is cell viability. This holds true whether the
medium is used to maintain a population of

differentiated cells, to stimulate cell prolifera-
tion, or to optimize the yield of a cellular prod-
uct. An adequate serum-containing, serum-re-
duced, or serum-free medium formulation
should promote a high degree of cell viability.
Conversely, poor cell viability is a good indi-
cation that the culture medium or culture envi-
ronment is deficient in one or more essential
components. Suggestions for improving cul-
ture media are provided in Basic Protocols 1
and 2, and the reader is referred to unir 1.1 for
methods of assessing cell viability. On occa-
sion, changes in culture conditions, such as a
switch from serum-supplemented to serum-
free medium, may cause the majority of cells
in a culture to die, followed by the outgrowth
of a surviving subpopulation of cells. Although
this phenomenon has been referred to in the
literature as adaptation or weaning, it is more
likely to be a selective process in which the
surviving cells differ phenotypically from the
parental population. The investigator can re-
duce the chances of phenotypic changes be-
coming fixed in a population of cells by main-
taining cells in culture medium that supports a
high level of viability, by using low split ratios
when passaging cells, and by periodically re-
turning to cryopreserved stocks of low-pas-
sage-number cells.

The first choice for a basal nutrient medium
should be one that other investigators have used
successfully to culture the cells of interest and
have reported in the literature. If for some
reason that medium is not adequate for the
purposes at hand, a number of basal media
should be tested for the ability to support the
proliferation of the cells of interest and to main-
tain their phenotypic properties. It is useful to
start with basal media that have been used with
similar or related cell types and in similar cul-
ture conditions (e.g., clonal or high-density
cultures), but basal media developed for unre-
lated cell types may also yield good results
(Ham, 1984). Commercially available basal
media commonly used for continuous cell lines
are DMEM; Ham’s F-12 medium; a 1:1 mixture
(v/v) of DMEM and Ham’s F-12 medium
(DMEM/F-12); and RPMI 1640, which was
originally developed for lymphoid cells. The
MCDB media were developed by Ham and his
colleagues for individual types of normal cells,
but they may also be effective on continuous
cell lines. Most of these basal media are quali-
tatively similar but differ quantitatively. The
basal medium selected based on empirical test-
ing can be used as a starting point for further
optimization. For excellent discussions on cel-
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lular nutrition and procedures for optimizing
basal nutrient medium see Ham and McKee-
han, 1979; Ham, 1984; and Bettger and
McKeehan, 1986.

The most commonly used serum supple-
ment is fetal bovine serum (FBS). Less expen-
sive alternatives to FBS are calf serum, new-
born calf serum, calf serum fortified with trans-
ferrin or growth factors (available from
Hyclone and Sigma), and horse serum. For
normal human lymphocytes, the use of com-
mercial human serum treated at 56°C for 30
min to inactivate complement may be appro-
priate. The most suitable serum supplement for
the cells of interest should be determined em-
pirically. Although variability in efficacy be-
tween batches of FBS owing to variations in
composition is not as problematic as it once
was, it is advisable to test batches of FBS at
several concentrations for the ability to support
the proliferation of cells of interest at low and
high densities. Clonal growth assays are the
most stringent tests of the efficacy of batches
of serum, but acceptable batches of serum
should also be able to support, at reasonable
concentrations, the viability of high-density
cultures.

A number of reduced-serum or serum-free
media have been developed for continuous cell
lines and nontransformed cells (Bottenstein et
al., 1979; Jacoby and Pastan, 1979; Barnes et
al., 1984; Freshney, 1987, 1992; Baserga, 1989;
Davis, 1994; Sato et al., 1994), and most are
optimized for a single cell line or cell type.
However, the similarities between media devel-
oped for related cells are increasing the under-
standing of the nutritional and growth factor
requirements of individual cell types, which in
turn is making the development of serum-free
medium a more rational process (Sato et al.,
1994). As in choosing a basal nutrient medium
for serum-supplemented medium, the best
choice for a reduced-serum or serum-free me-
dium is one that has been used by other inves-
tigators for the same or a related cell line or cell
type. Itis desirable to use a defined, serum-free
medium whenever possible, as this affords the
investigator the greatest degree of control over
an in vitro culture—based experiment.

Proprietary serum-free media for specific
cell types are commercially available from
companies such as Clonetics and Cell Systems
(see Table 1.2.1). If an optimized, preexisting
serum-free medium is not available, then a
serum-free or serum-supplemented medium
that supports cell viability and suboptimal pro-
liferation can be used as a starting point for
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further medium development. As described
above (see Background Information), two com-
plementary strategies for improving culture
media are to optimize the components of the
basal nutrient medium (Ham and McKeehan,
1979; Ham, 1984) and to replace serum or other
undefined medium components with defined,
purified protein and nonprotein supplements
(Bottenstein et al., 1979; Barnes and Sato,
1980; Barnes, 1987; Sato et al., 1994). Under
both strategies, concentrations of serum, dia-
lyzed serum, or other undefined supplements
are lowered stepwise to reduce the rate of cell
proliferation, and the concentrations of defined
medium components are individually manipu-
lated until cell proliferation is restored. A com-
pletely defined culture medium or a much re-
duced serum-supplemented medium should be
attained after a number of rounds of optimiza-
tion. See Basic Protocol 2 for description of
both these approaches.

Clues as to which defined supplements are
likely to be growth stimulatory for the cells of
interest are provided by the following sources:
hormones or growth factors that act on the cell
type of interest in vivo; autocrine factors that
the cells have been found to produce in vitro;
and defined supplements that have been in-
cluded in serum-free media developed for simi-
lar or related continuous cell lines or cell types.
Thus, the first place to search for potentially
useful supplements is the literature. The follow-
ing general suggestions are based on the serum-
free media that have been developed over the
past 20 years.

1. Most cells are growth stimulated by in-
sulin or insulin-like growth factor I and require
iron obtained by the iron-transporting protein
transferrin.

2. Fatty acid—free BSA is a useful carrier
protein for unsaturated fatty acids, sterols, and
steroid hormones, which are insoluble in an
aqueous solvent.

3. Cells of epithelial origin often respond
to epidermal growth factor (EGF), acidic fi-
broblast growth factor (aFGF or FGF-1), and
dexamethasone or hydrocortisone.

4. Mesenchymal cells respond to EGEF,
aFGF, basic FGF (bFGF or FGF-2), and plate-
let-derived growth factor (PDGF).

5. In the absence of serum-derived attach-
ment mediators, treating tissue culture plastic
with attachment factors, such as type I collagen
(unit 10.3), fibronectin, vitronectin, and laminin
(unit 10.2), or with an incompletely defined,
natural extracellular matrix (e.g., Matrigel,
from Becton Dickinson Labware; unit 10.2) may
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enhance the plating efficiencies and growth
rates of adherent cells.

It is important to use highly pure water in
preparing media and medium additives. Dou-
ble-distilled water was a standard ingredient in
medium for many years, but it has been super-
seded by purification systems that incorporate
reverse osmosis. In the Milli-Q system, locally
supplied water is subjected to deionization,
reverse osmosis, and filtration through acti-
vated charcoal and a sterilizing filter. Use a
vessel that is thoroughly rinsed with water after
use but never washed with detergent.

Anticipated Results

As the survival and growth requirements of
individual cell lines and cell types become
better understood, the routine culture condi-
tions for cells of interest become more defined.
When all of the growth requirements of cells of
interest are understood, any undefined medium
supplements that were previously required can
be completely eliminated. Defined culture con-
ditions afford the investigator the greatest de-
gree of control over in vitro culture experi-
ments, and they provide more accurate insights
into cellular physiology in vivo.

Time Considerations

Optimizing a basal nutrient medium or de-
veloping a serum-free medium formulation is
not a trivial undertaking, and it can be very
time-consuming with no guarantee of success.
Thus, the investigator should carefully consider
how important defined culture conditions are
to the experimental goals before taking on
either task. However, as optimized and defined
media are developed for a wider array of cell
types, it is becoming easier and less time-con-
suming to create defined media for additional
types of cells. The amount of time required to
mix and sterilize 5- to 20-liter batches of me-
dium should not exceed 2 to 4 hours.
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Aseptic Technique for Cell Culture

This unit describes some of the ways that a laboratory can deal with the constant threat
of microbial contamination in cell cultures. Microorganisms are ubiquitous. Bacteria can
be isolated from nearly any surface including inanimate objects and human skin. Fungal
spores and bits of vegetative hyphae drift into a laboratory from air conditioning ducts
and open doors. Mycoplasma infections most frequently originate from improperly
sterilized media or serum. At the risk of eliciting paranoia in the novice cell culture user
who has no training in microbiological techniques, the possibility for microbial contami-
nation exists everywhere. Inherent with successful manipulation of cell cultures is the
basic understanding that everything that comes into contact with the cells must be sterile
or noncontaminating. This includes media, glassware, and instruments, as well as the
environment to which the cultures are briefly exposed during transfer procedures. Because
cleaning up a contaminated culture is too frequently a disheartening and unsuccessful
experience, the best strategy is to employ procedures to prevent microbial contamination
from occurring in the first place.

This unit begins with a protocol on aseptic technique (see Basic Protocol 1). This catch-all
term universally appears in any set of instructions pertaining to procedures in which
noncontaminating conditions must be maintained. In reality, aseptic technique cannot be
presented in one easily outlined protocol, but rather encompasses all aspects of environ-
mental control, personal hygiene, equipment and media sterilization, and associated
quality control procedures needed to ensure that a procedure is, indeed, performed with
aseptic, noncontaminating technique. Although cell culture can theoretically be carried
out on an open bench in a low-traffic area, most cell culture work is carried out using a
horizontal laminar-flow clean bench (see Basic Protocol 2) or a vertical laminar-flow
biosafety cabinet (see Alternate Protocol). Subsequent units within this chapter address
these diverse considerations—e.g., sterilization and disinfection, use of antibiotics, and
quality control. Where applicable, use presterilized, disposable labware and other equip-
ment. The wide availability and reliability of these products has simplified cell culture,
particularly for small-scale laboratory needs.

ASEPTIC TECHNIQUE

This protocol describes basic procedures for aseptic technique for the novice in cell
culture technology. One basic concern for successful aseptic technique is personal
hygiene. The human skin harbors a naturally occurring and vigorous population of
bacterial and fungal inhabitants that shed microscopically and ubiquitously. Most unfor-
tunately for cell culture work, cell culture media and incubation conditions provide ideal
growth environments for these potential microbial contaminants. This procedure outlines
steps to prevent introduction of human skin flora during aseptic culture manipulations.

Every item that comes into contact with a culture must be sterile. This includes direct
contact (e.g., a pipet used to transfer cells) as well as indirect contact (e.g., flasks or
containers used to temporarily hold a sterile reagent prior to aliquoting the solution into
sterile media). Single-use, sterile disposable plastic items such as test tubes, culture flasks,
filters, and pipets are widely available and reliable alternatives to the laborious cleaning
and sterilization methods needed for recycling equivalent glass items. However, make
certain that sterility of plastic items distributed in multiunit packages is not compromised
by inadequate storage conditions once the package has been opened.

Contributed by Rosalie J. Coté
Current Protocols in Cell Biology (1998) 1.3.1-1.3.10
Copyright © 1998 by John Wiley & Sons, Inc.
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Ideally, all aseptic work should be conducted in a laminar cabinet (see Basic Protocol 2
and Alternate Protocol). However, work space preparation is essentially the same for
working at the bench. Flame sterilization is used as a direct, localized means of decon-
tamination in aseptic work at the open bench. It is most often used (1) to eliminate potential
contaminants from the exposed openings of media bottles, culture flasks, or test tubes
during transfers, (2) to sterilize small instruments such as forceps, or (3) to sterilize wire
inoculating loops and needles before and after transfers. Where possible, flame steriliza-
tion should be minimized in laminar-flow environments as the turbulence generated by
the flame can significantly disturb the sterile air stream.

Materials

Antibacterial soap
70% ethanol or other appropriate disinfectant
95% ethanol

Clean, cuffed laboratory coats or gowns

Latex surgical gloves

Clean, quiet work area

Shallow discard pans containing disinfectant

Bunsen burner or pilot-activated burner (e.g., Touch-o-Matic, VWR)

Take personal precautions
1. Just prior to aseptic manipulations, tie long hair back behind head. Vigorously scrub
hands and arms at least 2 min with an antibacterial soap.

Superficial lathering is more prone to loosening than removing flaking skin and microbial
contaminants. Loosely adhering skin flora easily dislodge and can potentially fall into
sterile containers.

2. Gown appropriately. For nonhazardous sterile-fill applications, wear clean, cuffed
laboratory coats and latex gloves.

Greater stringencies may be necessary depending upon laboratory regulatory require-
ments. Work with potentially hazardous agents certainly mandates additional considera-
tions for safety. Front-closing laboratory coats are not recommended for work with
hazardous biological agents. Safety glasses should be worn by laboratory personnel when
manipulating biological agents outside the confines of a biosafety cabinet.

3. Frequently disinfect gloved hands with 70% ethanol while doing aseptic work.

Although the gloves may initially have been sterile when first worn, they will no doubt have
contacted many nonsterile items while in use.

Note that 70% ethanol may not be an appropriate agent for latex glove disinfection when
working with cultures containing animal viruses, as studies have shown that ethanol
increases latex permeability, reducing protection for the wearer in the event of exposure.
In this case, quarternary ammonium compounds are more appropriate.

4. Dispose of gloves by autoclaving after use. Do not reuse. Bag and autoclave
single-use laboratory coats after use. Bag, autoclave (if necessary), and wash other
laboratory coats within the laboratory facility or send out for cleaning at a laundry
certified for handling biologically contaminated linens.

Never take laboratory clothing home for washing.

5. Thoroughly wash hands after removing protective gloves.
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Prepare and maintain the work area

6.

10.
11.

Perform all aseptic work in a clean work space, free from contaminating air currents
and drafts. For optimal environmental control, work in a laminar-flow cabinet (see
Basic Protocol 2 and Alternate Protocol).

Clear the work space of all items extraneous to the aseptic operation being performed.

Wipe down the work surface before and after use with 70% ethanol or other
appropriate disinfectant.

Wherever feasible, wipe down items with disinfectant as they are introduced into the
clean work space. Arrange necessary items in the work space in a logical pattern from
clean to dirty to avoid passing contaminated material (e.g., a pipet used to transfer
cultures) over clean items (e.g., flasks of sterile media).

Immediately dispose of any small contaminated items into a discard pan.

When the aseptic task has been completed, promptly remove any larger contaminated
items or other material meant for disposal (e.g., old culture material, spent media,
waste containers) from the work space and place in designated bags or pans for
autoclaving. Disinfect the work space as in step 8.

Flame sterilize the opening of a vessel

12.

13.

14.

15.

For a right-handed person, hold the vessel in the left hand at ~45° angle (or as much
as possible without spilling contents) and gently remove its closure. Do not permit
any part of the closure that directly comes in contact with the contents of the vessel
to touch any contaminating object (e.g., hands or work bench).

Ideally, and with practice, one should be able to hold the closure in the crook of the little
finger of the right hand while still being able to manipulate an inoculating loop or pipettor
with the other fingers of the hand.

Holding the vessel off the vertical while opening will prevent any airborne particulates
from entering the container.

Slowly pass the opening of the vessel over the top of (rather than through) a Bunsen
burner flame to burn off any contaminating matter.

Be careful when flaming containers of infectious material. Any liquid lodged in the threads
of a screw cap container will spatter as it is heated. Aerosols thus formed may actually
disseminate entrapped biological agents before the heat of the flame is hot enough to
inactivate them.

While still holding the vessel at a slant, use a sterile pipet and pipettor to slowly add
or remove aliquots to avoid aerosol formation.

Flame-sterilize again as in step 13, allow the container to cool slightly, and carefully
recap the vessel.

Flame sterilize small hand instruments

16.

Dip critical areas of the instrument (i.e., those that come into contact with the material
of concern) in 95% ethanol.

Make certain that the alcohol is in a container heavy enough to support the instrument
without tipping over.

CAUTION: 95% ethanol is flammable; keep the container at a safe distance from any open
flame.
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17. Remove the instrument from the alcohol, being careful not to touch the disinfected
parts of the instrument. Allow excess ethanol to drain off into the container.

18. Pass the alcohol-treated part of the instrument through the flame of a Bunsen burner
and allow residual alcohol to burn off.

19. Do not let the sterilized portion of the instrument contact any nonsterile material
before use. Let the heated part of the instrument cool for ~10 sec before use.

20. After use, return the instrument to the alcohol disinfectant until needed again.

Flame sterilize inoculating loops and needles

21. Hold the inoculating wire by its handle and begin in the center of the wire to slowly
heat the wire with the flame of a Bunsen burner. Proceed back and forth across the
wire’s full length until it glows orange.

22. While still holding the handle, allow the inoculating wire to cool back to room
temperature (~10 sec) before attempting any transfer of material.

If tranfers are made while the inoculating wire is hot, cells will be killed by the hot wire,
and aerosols created from spattering material can disperse biological material throughout
the work space.

23. After the transfer is made, reheat the inoculating wire as in step 21 to destroy any
remaining biological material. Let cool to room temperature before putting aside for
next use.

USE OF THE HORIZONTAL LAMINAR-FLOW CLEAN BENCH

Laminar-flow cabinets (hoods) are physical containment devices that act as primary
barriers either to protect the material being manipulated within the hood from worker-
generated or environmental sources of contamination, or to protect the laboratory worker
and laboratory environment from exposure to infectious or other hazardous materials that
are present within the hood. Cell culture applications utilize two types of laminar-flow
hoods: (a) the horizontal-flow clean bench (described here) and (b) the biological safety
cabinet (see Alternate Protocol). Both types of hoods use a high-efficiency particulate air
(HEPA) filter and blowers that generate a nonmixing stream of air.

The horizontal laminar-flow clean bench is used to provide a near-sterile environment for
the clean (i.e., noncontaminating) handling of nonhazardous material such as sterile media
or equipment. Because the air stream pattern directs the flow of air within the hood directly
back to the hood operator and the room (Fig. 1.3.1), horizontal flow hoods are never to
be used with infectious agents or toxic chemicals.

Materials

70% ethanol or other disinfectant

Horizontal laminar-flow hood, certified for use

Swabs (e.g., cheesecloth, paper towels)

Pilot light—activated Bunsen burner (e.g., Touch-o-Matic, VWR)

1. Completely clear the bench of the laminar-flow hood and disinfect the bench working
surface and the left and right sides of the hood with 70% ethanol or other disinfectant.
Do not spray the back (gridded) wall where the HEPA filter is housed.

Resist the urge to leave frequently used items (e.g., pipet canisters or a bag of disposable
plastic tissue culture flasks) in the hood between uses. Their presence makes thorough
disinfection of the work space difficult.
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2. Turn the hood blower and lights on and let the air circulate within the hood 10 min
before use.

3. Place items needed for the specific procedure into the hood, wiping each item with
70% ethanol or other disinfectant just before introducing it into the laminar environ-
ment.

Do not overcrowd the work space. For horizontal laminar-flow effectiveness, maintain a
clear path between the work area and the back wall of the cabinet where the HEPA filter
is located.

4. Wash hands well before working in the hood and wear a clean laboratory coat and
surgical gloves to further protect the work from shedding of skin flora that can
contaminant any product (see Basic Protocol 1).

5. While working in the hood, perform all work at least 4 in. back from the front opening,
and avoid rapid movements that might disrupt the laminar air flow. Avoid moving
materials or hands in and out of the cabinet as much as possible.

6. If flame sterilization is needed in the hood for a particular application, use a burner
that can be activated by a pilot light when needed, rather than one that burns
constantly.

The open flame of a Bunsen burner causes turbulence that disrupts the unidirectional
laminar air flow.

7. When work is completed, remove all material from the laminar work bench, clean
any spills, and disinfect the bench working surface by wiping with 70% ethanol or
other disinfectant.

8. Turn off hood blower and lights.

Cell Culture
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ALTERNATE USE OF THE VERTICAL LAMINAR-FLOW BIOSAFETY CABINET

PROTOCOL Biological safety cabinets provide a clean, safe environment for both the worker and the

product. The Class II, Type A biosafety cabinet (Fig. 1.3.2) is frequently encountered in
cell culture laboratories, and this protocol describes the use of this type of barrier device.
The Class IIA biosafety cabinet is suitable for work with low- to moderate-risk biological
agents in the absence of toxic or radioactive chemicals.

Materials (also see Basic Protocols I and 2)

Class II, Type A Biosafety Cabinet (BSC), certified for use

Pilot light—activated Bunsen burner (e.g., Touch-o-Matic, VWR) or electronic
incinerator (e.g., Bacti-Cinerator I1I, VWR)

Closed-front laboratory gowns (for personnel working with biological agents)

1. Turn the hood blower on and verify air flow by feeling (by hand) the current near the
front grill of the work surface. Turn the germicidal UV light off if it is on. Turn the
fluorescent light on.

Before use, the cabinet should already be empty and clean from prior activity. The view
window should be lowered to the proper operating height (normally 8 in.) or as specified
by the cabinet manufacturer.

UV light is effective only for decontaminating clean, solid surfaces with which it comes in
contact. It is not effective in decontaminating the cabinet air flow. UV light is not effective
against bacterial spores. UV germicidal light tubes should be replaced frequently (at least
every 6 months for biosafety cabinets in use on a daily basis) to assure that they are emitting
light at 254 nm and at an intensity appropriate for decontamination.

CAUTION: UV light is harmful to the eyes. Laboratory personnel should not be near the
cabinet or looking at the UV light when it is in use.

2. Wash and gown as required for the operation (see Basic Protocol 1, steps 1 to 5).

3. Wipe down the entire interior cabinet work surface area with 70% ethanol or other
appropriate disinfectant.

4. Let blower run for 10 min to filter the cabinet air of any particulates.

exhausted air

(30% of recycled air) Figure 1.3.2 Biological safety cabinet, Class
[f [f I, Type A. Note that filtered air is contami-
HEPA filters nated after passing through the work space,
and is filtered again whether it is recycled to
/4 the workspace (70%) or exhausted (30%).
Solid arrows, dirty (room/contaminated) air;
view open arrows, filtered air.
window
filtered air
(70% of
"/ recycled air)
]
O | blower
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10.

11.

Raise the front view window as needed to bring necessary items into the cabinet.
Wipe each item with 70% ethanol or other disinfectant as it is placed in the cabinet.

Do not crowd the work space and make sure no air vents are blocked by supplies or
equipment. Do not position material so that it obscures any of the air vents at the front
edges of the laminar hood. One frequent source of air flow restriction in biosafety cabinets
is “lost” paper towels that have been drawn into the air ducts at the back of the work
surface.

Organize the work surface for a clean-to-dirty work flow. Place clean pipets, flasks,
and sterile media bottles at one side of the cabinet; place discard pans, spent cultures,
and other wastes on the other side.

Return the view window to the 8-in. operating level. Wait ~10 min for the blowers to
filter the disturbed cabinet air before starting work.

While working, keep all material and perform work >4 in. back from the front opening
of the cabinet, and minimize rapid movements or activity. Keep the view window
opening as close to 8 in. as allows reasonable access to the work surface and
equipment.

These precautions assure that any drafts caused by arm movements will not disrupt air
flow or churn room air currents into the clean work area.

If direct flame sterilization of items within the cabinet is necessary, use an electric
burner or pilot light-activated flame burner located at the back of the work space.

A constant open flame in the cabinet can disturb the laminar air flow.

At the end of the procedure, enclose all contaminated materials. Clean the cabinet
work surface with 70% ethanol or other disinfectant, being especially careful to wipe
any spills of culture suspensions or media that can serve as future contamination
points. Clear all material from the cabinet.

Let the blower run for 210 min with no activity to remove any aerosols that were
generated. During this period, turn off the fluorescent light and turn on the germicidal

UV light. Allow the UV light to operate =30 min.

COMMENTARY

Background Information

Aseptic technique

The dictionary definition of asepsis simply
implies freedom from pathogenic organisms.
However, the practical definition of the term for
cell biologists, as well as other biotechnologists
working with pure cultures, has come to be
synonymous with sterile or noncontaminating
conditions. The successful manipulation of cell
cultures under any circumstance inherently
relies upon the ability to maintain rigorous
aseptic (i.e., noncontaminating) working con-
ditions. The concept of aseptic technique is
simple in theory: prevention of sterile or uncon-
taminated material and objects from coming
into contact with any nonsterile or contami-
nated material.

Practical application of the theory is often
illusive for beginning students. However,
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breaches in aseptic technique can also cause
significant problems for even well-experienced
laboratories, particularly when the source of
contamination is not readily evident. A single
incident of culture contamination is frustrating
in its own right, but repeated contamination
(particularly by the same type of organism)
invariably results in expensive losses and de-
lays until the localization and source are iden-
tified.

The critical areas of concern with respect to
successful aseptic technique include environ-
mental conditions (laboratory or work space),
source material (cell lines, media, and re-
agents), equipment (labware, instruments, and
apparatuses), sterilization procedures and
equipment (autoclave, dry heat, filtration), and
human (laboratory personnel) considerations.
Budgetary constraints aside, technological aids
exist to greatly simplify the hardware needed
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for aseptic work. Laminar-flow cabinets create
clean working environments (see below);
clean, certified cell lines are available from cell
repositories; media manufacturers and biotech-
nology supply companies provide sterile me-
dia, sera and reagents; and presterilized dispos-
able labware to satisfy most cell culture needs
is available from any large distributor of scien-
tific supplies.

Despite all the technological advances, the
one weak link remaining in successful labora-
tory applications of aseptic technique is the
human factor. Too frequently, contamination
occurs because of the desire to work a little too
quickly, the urge to eliminate an “unimportant”
step, or lapses in concentration during mundane
procedures. The only advice to offer as protec-
tion against the human factor is to work slowly
and deliberately when performing procedures
under aseptic conditions, don’t eliminate pro-
cedural steps, and pay attention! Establishing a
standard routine of procedures and of place-
ment of materials can help prevent the omission
of steps.

Laminar-flow cabinets

Laminar-flow cabinets or hoods have re-
placed the open laboratory bench for aseptic
work in almost all cell culture and microbiol-
ogy laboratories. Their effectiveness as physi-
cal barriers to contamination relies on a cabinet
design incorporating high-efficiency particu-
late air (HEPA) filters to trap airborne contami-
nants, and blowers to move the filtered air at
specified velocities and in a nonmixing (lami-
nar) stream across a work surface.

As noted in each protocol for the particular
type of laminar-flow application, the proper
choice of cabinet is imperative. Horizontal
laminar-flow cabinets are never used with bio-
logical or toxic chemical agents as they are not
containment devices but rather serve to provide
a strong stream of near-sterile air for particle-
free working conditions. As this air is blown
directly from the HEPA filter (at the back of the
cabinet) across the work surface and out of the
cabinet (directly into the operator’s face and the
room), the restricted use of the horizontal flow
cabinet to nonhazardous material is obvious.

The Class IIA biosafety cabinet is a laminar
containment device that (1) protects the mate-
rial being manipulated within the cabinet by
HEPA-filtered incoming air and (2) protects the
operator and room environment from poten-
tially hazardous material in the cabinet with an
air curtain at the front of the cabinet (the view
screen) and HEPA-filtered cabinet exhaust air.

As Class ITA biosafety cabinets are not totally
leak-proof, they cannot be used for high-risk
biological agents (see current Center for Dis-
ease Control and NIH guidelines for the status
of any biological material used in the labora-
tory; Richmond and McKinney, 1993). Be-
cause Class ITA cabinets operate with ~70%
recirculated air within the cabinet (Fig. 1.3.2),
the potential for accumulation of chemicals
within the laminar work space limits use to
low-level toxic or radioactive material.

Laminar-flow cabinets are not replacements
for good microbiological aseptic technique and
must be used in conjunction with standard con-
cerns for asepsis if full efficiency of the equip-
ment is expected. Similarly, there is a limit to
the protection a laminar cabinet can provide if
it is operated in an environment not conducive
to clean work conditions. The cabinets should
be installed and operated in a relatively clean,
quiet laboratory environment. Laboratory
doors should be kept closed while the cabinet
is in use to minimize strong room air currents
that could break the laminar air stream within
the cabinet. The units should not be located
directly near room air ducts or anywhere a
strong environmental air flow exists. Addition-
ally, air flow disturbance by personnel or equip-
ment, particularly within a few feet in front of
the cabinets, should be limited when the lami-
nar device is in use.

Because of the critical nature of their func-
tion (particularly for the biosafety laminar cabi-
net), these devices must be certified at installa-
tion by professional laminar flow technicians
in accordance with National Sanitation Foun-
dation Standard No. 49 for Class II (laminar
flow) Biohazard Cabinetry (NSF International,
1992) or other applicable regulatory and safety
guidelines. As HEPA filters are brittle and will
crack with normal usage of the unit, laminar
cabinets must also be recertified annually or
after 1000 hr use, and whenever they are moved.

Critical Parameters and
Troubleshooting

Human sources of contamination

As noted above, bacterial shedding from
human skin is a natural occurrence. However,
under times of physiological or psychological
stress, a human may shed so excessively that
routine gowning procedures are inadequate. A
clue to this condition can be the veteran tech-
nician who suddenly can’t seem to transfer
anything without contaminating it, especially
when contamination is repeatedly bacterial and
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by species of Staphylococcus, Micrococcus, or
coryneforms.

Alleviation of the problem may be achieved
by simply controlling the temperature of the
laboratory. Gowned personnel sweat in 27°C
(80°F) rooms, and people who sweat shed more
than people who don’t. Rigorous attention to
gowning details as well as liberal washing of
hands and arms with an antimicrobial soap just
prior to aseptic work may alleviate the situ-
ation. If the problem involves psychological
stress or physiological stress due to illness or
medication, more rigorous gowning proce-
dures may help. Use fresh, clean laboratory
coats for each round of aseptic work and make
sure laboratory coat sleeves are tucked inside
gloves to prevent exposed wrists. Use disinfec-
tants liberally. For worst-case incidences of
excessive shedding, the only recourse may be
to move the individual to nonaseptic proce-
dures until the condition clears.

Decontamination of a laminar-flow cabinet

Any mechanical failure of a laminar cabinet
must be evaluated by qualified, trained person-
nel. Increased incidences of microbial contami-
nation (particularly by the same organism)
could originate from (1) poor cleaning and
disinfection of the cabinet work space, (2) a
source of contamination lodged in the ducts
within the cabinet (e.g., media or culture mate-
rial spilled into the cabinet ducts), or (3) a crack
in the HEPA filter.

Disinfect the catch basin if culture material
has spilled through the vents in the work surface
into the catch basin below. Use a strong disin-
fectant (such as 5% to 10% bleach in a sufficient
volume to thoroughly contact the spilled mate-
rial) and allow the disinfectant to stay in contact
with the spill for 30 min. Drain the contents of
the catch basin into a container suitable for final
sterilization by autoclaving.

Visually inspect the working interior of the
laminar cabinet for evidence of dried culture
material or media, especially in the corners of
the cabinet. Clean the interior of the cabinet
with a laboratory detergent, rinse with water,
dry, and treat the area with an appropriate dis-
infectant. Be very careful not to wet the exposed
HEPA filter located on the back wall of hori-
zontal flow cabinets, as this can compromise
the filter integrity. Be careful not to let cleaning
solutions enter any vents of the cabinet.

After thorough cleaning of the cabinet work
surface, operate the cabinet (as detailed in Basic
Protocol 2 or Alternate Protocol) using a con-
trol procedure for localizing the source of any
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remaining contamination. This can be achieved
with a series of opened plates of trypticase soy
agar and Emmons’ modification of Sabour-
aud’s agar systematically coded and placed
across the work surface. Leave the media plates
open and the cabinet operating for 30 min.
Close the lids of the agar plates and incubate
them at 26°C for 5 days. If significant microbial
contamination appears in the plates, consult
with a qualified laminar technician. The reso-
lution to the problem will require either caulk-
ing leaks in the HEPA filter or sealing the
cabinet for total interior decontamination of
filter and ducts with formaldehyde gas.

A final source of frequent contamination in
alaminar working condition can be the “sterile”
equipment, labware, or solutions used. A poorly
filter-sterilized phosphate-buffered saline solu-
tion can give rise to significant numbers of
pseudomonad bacteria within weeks when
stored at room temperature. Insufficiently proc-
essed autoclaved or dry heat—sterilized labware
frequently results in contamination of cell cul-
ture material by spore-forming bacteria.

Anticipated Results

‘When proper aseptic techniques are used, it
should be possible to maintain cell cultures
without contamination.

Time Considerations

It takes ~1/2 hr to properly prepare oneself
and the cell culture area for culture procedures
and a similar amount of time to properly clean
up afterward.
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Sterilization and Filtration

This unit describes conditions and procedures for the use of the autoclave and the
convection or gravity oven for sterilization of heat-stable laboratory materials, for
depyrogenation by heat, and for decontamination of biological waste. Sterilization is not
an absolute but rather a probability function. Terminal sterilization processes such as
autoclaving or dry heat should have a 107 or less probability that an organism will survive
treatment. The proper choice of sterilization method, well-maintained equipment, vali-
dated procedures, and adherence to protocol are all necessary to keep the statistics in one’s
favor.

This unit includes protocols for a variety of sterilization and decontamination methods.
Moist-heat or steam sterilization is used for liquids, dry goods, and decontamination of
biological wastes. Dry heat or depyrogenation is used to sterilize laboratory glassware
and equipment. The efficacy of sterilization using these methods should be monitored
using biological indicators. Disinfectants such as ethanol, quaternary ammonium com-
pounds, and sodium hypochlorite are used for decontamination of facilities and equip-
ment, and for clean up of certain spills. Vacuum or positive-pressure filtration is an
alternative method for sterilization of liquids that do not withstand steam sterilization.

AUTOCLAVING LIQUIDS

The autoclave is used for sterilization by moist heat. The standard conditions for
moist-heat sterilization are exposure to saturated steam under pressure at 121°C for 15
min, although other temperature/time specifications can be utilized for specialized needs.
In general, materials suitable for autoclaving as a nondestructive sterilization process must
meet the following criteria: (1) stable to the temperature and time of the autoclave cycle,
(2) unaffected by moisture, (3) packaged to permit exposure to steam, and (4) hydrophilic,
if liquid. Materials are sterilized by autoclaving only if they are wetted with the steam;
thus, sealing gaskets on certain types of laboratory equipment may not be effectively
sterilized if tightened in place during the autoclave cycle. Materials can be decontami-
nated by autoclaving providing criteria (3) and (4) are met.

The autoclave cycle is based on the time it takes the material being sterilized to be in
contact with saturated steam at 121°C for 15 min, and not the time the autoclave itself
has been selected to run at that temperature. As autoclave efficiency is machine specific,
and steam penetration is container and volume dependent, autoclave cycles and load
configurations should ideally be validated to assure that sterilization conditions are
achieved. For many small laboratories, the purchase expense of temperature-monitoring
thermocouples might be prohibitive. However, frequent use of biological indicators to
monitor autoclave conditions (see Support Protocol 1) is strongly recommended for all
laboratories, particularly when the machine is used for decontamination of biological
waste. Table 1.4.1 lists suggested autoclave times for load configurations in an autoclave
with a 20 X 20 x 38—in. (51 X 51 X 97—cm) chamber.

Materials

Heat-resistant containers and vessels (e.g., borosilicate glass, high-grade stainless
steel, noncytotoxic plastic)

Liquid to be autoclaved

Moisture-resistant labels

Paper or aluminum foil

Autoclave indicator tape

Contributed by Rosalie J. Coté
Current Protocols in Cell Biology (1999) 1.4.1-1.4.21
Copyright © 1999 by John Wiley & Sons, Inc.
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Autoclave
Autoclavable discard pans

. Use a heat-resistant vessel that can hold twice the volume of the liquid to be
autoclaved to assure that boiling encountered during the heating and cooling periods
of the autoclave cycle do not result in a boil-over of the vessel contents.

The most frequent laboratory frustrations with autoclaves and sterilization of liquids are
boil-over of material or blow-off of closures. When volume-to-container relationships are
acceptable, and when the solution is not overly viscous, the problem most often occurs
because the autoclave’s slow exhaust or liquid cycle is not properly functioning and the
machine is exhausting the chamber pressure too quickly. Adjustments or repairs to the unit
should be made by qualified personnel.

. Fill the vessel to desired volume with liquid to be autoclaved. Indicate the contents
of the container with permanent ink and a moisture-resistant label.

. Loosely cover any opening to the vessel. Do not overtighten screw-cap closures, as
this prevents adequate pressure/steam exchange. Overwrap and secure cotton-
plugged flasks with paper or aluminum foil to prevent plugs from blowing off if the
autoclave is exhausted too rapidly.

. Affix a piece of autoclave indicator tape to each item or package, as a visual reference
(following the autoclave cycle) that the material has been processed.

The color change of autoclave tape indicates only that the tape has been exposedtoa 121°C
temperature, and not how long it has been held at that temperature. Thus, it is not an
indicator of successful sterilization.

. Load the autoclave with vessels of similar size, volume, and configuration. Place all
liquid-containing vessels inside autoclavable discard pans inside the autoclave. Close
and lock autoclave door.

The discard pans should be large enough to contain all fluid or glass in the event of boiling
over or breakage during autoclaving.

. Set autoclave controls for liquids or slow exhaust.

. Select and set autoclave controls for appropriate sterilization time (see Table 1.4.1).

Table 1.4.1 Suggested Autoclave Run Times and Configurations for 121°C Sterilization in
a 20 x 20 x 38—in. Autoclave®

Minimum time Maximum time

Vessel Size Volume (ml) (min)? (min)?
Test tubes 13 x 100 mm 4-6 18 20
16 x 125 mm 5-10 18 20
20 x 150 mm 12-20 18 20
Flasks 100 ml 25-50 20 26
250 ml 75-100 24 28
500 ml 250 26 30
1000 ml 500 28 32
2000 ml 1000 30 32
Media bottles 125 ml 50 20 )
500 ml 250-500 30 32
Empty glassware All All 35 90

“Chamber dimensions (metric equivalent, 51 x 51 X 97 cm).

bSterilization times indicated are actual autoclave timer settings. Material within the vessels will be exposed to
121°C for 15 min using these process times. See text for further explanantion.
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8. Start and run autoclave cycle to completion.

Any interruption in the cycle (e.g., a sudden drop in chamber pressure) invalidates the run,
and the sterilization cycle must be rerun to assure efficacy of the process. This is problem-
atical if the liquid has limited stability to prolonged or repeated autoclaving, such as the
microbiological media used for quality control in cell culture work. In such cases, it is best
to start over with new media.

9. Open the autoclave door only when chamber pressure registers 0 Ib/in* (100°C or
less).

CAUTION: Never stand in the path of escaping steam when opening an autoclave.
10. Remove flasks or containers only when all bubbling has stopped.

CAUTION: Superheated liquids can easily boil violently if even slightly jostled. Resulting
boil-over can badly scald laboratory personnel.

11. Cool vessels to ambient or other prescribed temperature in a relatively clean area not
subject to excessive air currents.

This helps avoid suctioning of heavily contaminated environmental air into the container,
which can sometimes occur when a vacuum forms within the container as the liquid cools.

AUTOCLAVING DRY GOODS

Heat-stable dry materials (including stainless steel instruments, glassware, fabrics, and
plasticware) can be effectively sterilized by autoclaving, providing all surfaces of the dry
material come in contact with the saturated steam at 121°C. This can become problem-
atical for small items (such as forceps) that must be packaged in an outer container or
wrapping that impedes the flow of steam, or for folded fabrics that tend to harbor pockets
of cooler air. For this reason, autoclaving times for dry goods sterilization often rely on
overkill, as these materials generally have much higher heat resistance. As noted above,
validation studies should be done to determine the most effective times and configurations
for a given autoclave. For further information on general autoclaving considerations, see
Basic Protocol 1 introduction. For default times for an autoclave with a 20 X 20 X 38—in.
(51 x 51 x 97—cm) chamber, see Table 1.4.1.

Additional Materials (also see Basic Protocol 1)

Items to be autoclaved
Shallow heat-resistant container

1. Loosely arrange small items in a shallow, heat-resistant outer container. Loosely
cover the outer container’s opening with paper or aluminum foil. If container has its
own lid, apply it loosely so that steam and pressure can penetrate. Cap larger items
such as bottles or flasks, making sure that all closures (e.g., screw caps) are loose
enough to permit penetration of pressurized steam.

Small items can also be individually wrapped in paper or foil.

2. Code each item or package with permanent ink and a moisture-resistant label
identifying its contents. Affix a piece of autoclave indicator tape to each item or
package as a visual reference (following the autoclave cycle) that the material has
been processed.

The color change of autoclave tape indicates only that the tape has been exposedto a 121°C
temperature, and not how long it has been held at that temperature. Thus, it is not an
indicator of successful sterilization.
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3. Where feasible, add a small amount of deionized or distilled water to the outer
container or the individual items to assure adequate moisture for effective steriliza-
tion.

4. Arrange material in the autoclave to avoid dense overpacking that will impede
effective sterilization. Where possible, arrange items to permit downward displace-
ment of cooler, heavier air (e.g., place empty bottles or flasks on their sides rather
than upright in the autoclave).

This prevents pockets of cool air from being trapped in the bottom of the containers as the
hot, pressurized steam flows into the vessels.

5. Set autoclave for a fast exhaust cycle.

If the sterilizer is so equipped, a drying cycle that removes moisture from the dry goods
under vacuum at the end of the timed sterilization run can also be used.

6. Select and set autoclave controls for appropriate sterilization time (see Table 1.4.1).
7. Start and run autoclave cycle to completion.

Note that any interruption in the cycle (e.g., a sudden drop in chamber pressure) invalidates
the run, and the sterilization cycle must be rerun to assure efficacy of the process.

8. Open the autoclave door to remove items only when chamber pressure registers 0
Ib/in? (100°C or less).

CAUTION: Never stand in the path of escaping steam when opening an autoclave.

AUTOCLAVING FOR DECONTAMINATION OF BIOLOGICAL WASTE

Biological laboratory waste is most frequently decontaminated by autoclaving unless it
contains hazardous chemical materials that can volatilize in the sterilization process. In
many mid- to large-sized laboratories, biological waste includes varying combinations of
spent media, discarded cultures, and solid material. An autoclave load size or configura-
tion can vary dramatically with each run. For this reason, autoclave cycles for decontami-
nation most often employ the overkill approach. Validation studies prior to actual-use
procedures must be performed to assure that selected operation procedures are adequate
to achieve the desired conditions for successful decontamination. For further information
on general autoclaving considerations, see Basic Protocol 1 introduction.

CAUTION: Do not dispose of biological material containing hazardous chemicals or
radioactive isotopes in the waste stream designated for autoclaving.

Additional Materials (also see Basic Protocol 1)

Items for decontamination
Plastic (polyethylene or polypropylene) autoclavable bags for biohazardous waste

1. Place items for decontamination into plastic autoclavable bags clearly labeled as
containing biohazardous material.

For greater ease with postautoclaving cleanup procedures, segregate plastic disposable
material from reusable labware in separate bags.

CAUTION: For the safety of laboratory personnel who sort the autoclaved waste for
washing or disposal, do not dispose of sharps or pipets as loose items in the bags. These
items must be segregated in their own containers (containing a disinfectant, if appropriate).

2. Add ~500 ml water to bags containing only dry items (such as empty glassware or
contaminated lab coats) to supply sufficient moisture for steam generation.
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3. Support bags by placing them in large, shallow, leak-proof, autoclave-resistant
discard pans to prevent tearing of the bags and release of contents.

For the safety of personnel carrying the discard pans, use a maximum weight limit of 25
b per pan.

4. Securely seal each bag to prevent leakage of material. Transport biological waste only
in closed containers.

5. Code each bag with permanent ink and a moisture-resistant label to permit general
identification of its contents or source-lab should an accident occur (e.g., mycoplasma
testing lab; QC lab).

6. Affix a piece of autoclave indicator tape to each item or package as a visual reference
(following the autoclave cycle) that the material has been processed.

The color change of autoclave tape indicates only that the tape has been exposedto a 121°C
temperature, but does not indicate the time held at that temperature. Thus, it is not an
indicator of successful sterilization.

7. Transport the waste using a sturdy laboratory cart or autoclave carriage and dolly.

8. Load the discard pans loosely into the autoclave to allow steam to flow over and
around the material. While loading, slit each individual bag open in several spots to
allow direct exposure of the contents of the bags to the steam from the autoclave.

Do not stack pans directly on top of each other.
9. Close and lock autoclave door.
10. Run autoclave cycle for 90 min at 121°C on a fast-exhaust, gravity cycle.

The cycle time listed here is for a large (24 X 36 X 48—in.; 61 X 91 X by 122—cm) autoclave.
With small loads and smaller-chamber autoclaves, 45 min may be sufficient. Any interrup-
tion in the cycle (e.g., a spurious drop in autoclave steam pressure) invalidates the run.

11. Open the autoclave door to remove items only when chamber pressure registers 0
1b/in? (100°C or less).

CAUTION: Never stand in the path of escaping steam when opening an autoclave.

USE OF BIOLOGICAL INDICATORS FOR MONITORING AUTOCLAVE
PROCESSES

Biological indicators are used to effectively monitor the efficacy of moist- or dry-heat
sterilization processes. The indicators contain standardized preparations and concentra-
tions of resistant endospores of specific strains of bacteria that will survive suboptimal
sterilization conditions, and proliferate when subsequently incubated under normal
growth conditions. For greatest control of sterilized material, biological controls should
be included with every load. Under general laboratory conditions, biological indicators
should be used for validation studies in conjunction with thermocouple temperature-sens-
ing probes, and they should be used for frequently scheduled monitoring of the perform-
ance of sterilization equipment and procedures. Bioindicator sources listed in this unit
are examples only; other products by other manufacturers can work well. Specific
manufacturer instructions for product use supercede general instructions described in this
protocol.

This protocol describes the use of biological indicator ampules for monitoring steriliza-
tion. For monitoring dry-heat sterilization, see Support Protocol 2.
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Additional Materials (also see Basic Protocol 1; see Alternate Protocols 1 and 2)

Biological indicator ampules: standardized concentration of Bacillus
stearothermophilus (ATCC #7953) spores suspended in growth medium
containing bromcresol purple as a pH indicator (e.g., Prospore from Raven
Biological Laboratories)

55° to 60°C incubator

1. Label the desired number of biological indicator ampules with permanent ink to
indicate location and autoclave run number.

2. Place one or more ampules in the most difficult locations to sterilize in the autoclave,
including (1) near the front drain of the autoclave, located on the chamber floor at
the door of the autoclave, and (2) suspended within the item being sterilized. For
liquids, suspend the ampule in the container of liquid by a string tied around the
ampule neck and secured around the opening of the container. For dry goods, tuck
the ampule within the samples being autoclaved.

Manipulating test ampules in loads containing biohazardous waste must be performed by
personnel trained for dealing with the potential hazards of the material.

3. Run autoclave cycle at prescribed conditions (see Basic Protocol 1; see Alternate
Protocols 1 and 2) and retrieve ampules.

CAUTION: After sterilization, handle ampules with care if still hot, as they are under
pressure and might burst if strongly jostled.

Validation studies should never be performed in routine process cycles; unfortunately, they
are too often used interchangeably in small laboratories. If validation and processing are
used simultaneously, the sterilized material must be quarantined until the results of the
sterilization monitoring tests are confirmed.

4. Place autoclaved test ampules and a labeled, unautoclaved positive control ampule
in a vertical position in a 55° to 60°C incubator.

5. Incubate 48 hr.
6. Analyze results by noting the color of the test ampules and positive control ampule.

Growth of the positive control confirms lack of sterilization. The positive-control ampule
exhibits a color change from purple (prior to sterilization) to yellow (postincubation), with
or without turbidity.

Growth of the test sample indicates failed sterilization, and is seen as a color change from
purple (prior to sterilization) to yellow (postincubation). Positive sterilization is indicated
by a purple-colored test ampule (postincubation). An intermediate yellowish color is
suspicious and necessitates additional testing of the autoclave parameters. An intermediate
grayish color, without turbidity, usually indicates heat destruction of the bromcresol pH
indicator; resulting from prolonged autoclaving conditions.

DRY-HEAT STERILIZATION AND DEPYROGENATION

Dry heat is used for components and materials that are resistant to the 140° to 180°C
temperatures needed for effective dry sterilization; it is most often used for the sterilization
of laboratory glassware and stainless steel instruments. It is also used for sterilization of
nonaqueous, heat-stable liquids such as mineral oil. Depyrogenation of heat-tolerant
materials is done with ovens capable of operating at the required processing temperatures
of 220° to 350°C. As with autoclaving, standard dry-heat sterilization and depyrogenation
times refer to the time the material is held at the prescribed temperature and not to the
time the oven has been set to run. Dry-heat sterilization using gravity ovens generally
requires a longer time than does sterilization with convection ovens, which evenly
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distribute the heated air throughout the chamber with blowers. In all instances, process
validation of any dry-heat sterilization protocol is required. The frequent use of bacterial
spore strips (see Support Protocol 2) is advantageous for routine monitoring of the efficacy
of an established sterilization process.

Materials

Items to be sterilized

Heat-resistant outer containers (borosilicate glass or stainless steel) for small items

Aluminum foil

Heat-resistant labels or tape

Dry-heat indicator tape

Laboratory oven (operating temperature of 140° to 180°C for sterilization; 220° to
350°C for depyrogenation)

1. Place small items to be sterilized into heat-resistant outer containers. Use aluminum
foil to cover any openings to larger, individually sterilized items, or to cover any
openings to large items that do not have their own closures.

2. Code each item or package as to its contents with permanent ink and a heat-resistant
label.

3. Affix a piece of dry-heat indicator tape to each item or package as a visual reference
(following the oven cycle) that the material has been processed.

The color change of indicator tape shows only that the material has been exposed to a
prescribed sterilization temperature, but does not indicate the time held at that temperature.
It is not an indicator of successful sterilization.

4. Loosely arrange material in the oven. Do not overpack, as this prevents efficient heat
penetration to all items.

5. Close and secure oven door.
6. Select operating temperature and time (see Table 1.4.2 for general guidelines).

Note that times designated in Table 1.4.2 do not include temperature buildup time, as this
is equipment specific. The actual sterilization time begins when the oven chamber reaches
the prescribed temperature. Heating times are long for dry-heat sterilization, and can
actually be longer than the sterilization time itself. Thus, a load of material might require
2 hr to reach 180°C, while needing only 0.5 hr at that temperature to be effectively
sterilized.

7. Run dry-heat sterilization cycle to completion.

Any interruption in the cycle (e.g., opening the door to add just one more item to the load)
invalidates the run.

Table 1.4.2 Time-Temperature Relationships for
Dry-Heat Sterilization

Oven temperature (°C) Sterilization time (hr)“
180 0.5
170 1.0
160 2.0
150 2.5
140 3.0

“Sterilization time indicated is the amount of time for which material should
be raised to a given temperature and does not include heating time.
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8. Turn oven heating element off and allow material to cool to room temperature before
removing items from the oven.

This can take several hours for large loads in gravity ovens.

USE OF BIOLOGICAL INDICATORS FOR MONITORING DRY-HEAT
STERILIZATION

Biological indicator strips are used to monitor dry-heat sterilization. For a general
discussion of biological indicators, see Support Protocol 1.

Additional Materials (also see Basic Protocol 2)

Biological indicator strips containing standardized concentrations of Bacills
subtilis (ATCC #9372) spores (e.g., Spore-O-Chex; PyMaH, or VWR)

Trypticase soy broth (see recipe)

30°C incubator

1. Label the appropriate number of biological indicator strips with location and cycle
number or date.

2. Place one or more strips in the most difficult-to-sterilize areas of the load.

3. Run sterilization cycle at prescribed conditions (see Basic Protocol 2) and retrieve
strips when cool.

4. Aseptically open the outer wrapping of the indicator, remove the spore strip, and
insert it into an appropriately labeled tube of trypticase soy broth (6 to 10 ml per
tube).

5. Prepare a positive control by aseptically inserting an unsterilized spore strip into a
separate tube of trypticase soy broth. Prepare an uninoculated tube of trypticase soy
broth as a negative control.

6. Incubate tubes at 30°C for 4 days.

7. Analyze results by noting turbidity of the broth. Compare test samples with positive
and negative control tubes. Resterilize any material in loads with positive test
samples.

Bacterial growth in the positive control, indicated by cloudy medium, confirms lack of
sterilization. Growth should be absent in the negative control; the medium should remain
clear, with no precipitate.

USE OF DISINFECTANTS: 70% ETHANOL

Ethanol is widely used in many laboratories for benchtop or laminar-space disinfection.
The antimicrobial activity of the alcoholic solution is very much dependent upon the
working concentration of the solvent, proper preparation, storage, and conditions of its
use. Ethanol is an effective disinfectant against vegetative bacterial and fungal cells, but
is totally ineffective in germicidal activity against bacterial spores. Ethanol is suitable for
spraying or swabbing, but is not recommended for large-volume applications. Ethanol is
highly flammable, and spills near the flame of a Bunsen burner are always a possible
safety hazard. Similarly, an elevated concentration of vaporized ethanol in a liberally
disinfected biosafety cabinet could ignite in the presence of a flame or spark. Furthermore,
70% ethanol is not recommended for use in discard pans or for decontamination of
biological spills in the catch basins of biological safety cabinets.
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Materials

100% denatured ethanol
Ethanol-resistant spray-type storage container

1. Add 700 ml of 100% denatured ethanol to 300 ml deionized or distilled water. Mix
well by stirring.

Denatured ethanol is absolute ethyl alcohol to which small amounts of chemicals have
been added to render it unsuitable for human consumption. This does not interfere with
most industrial uses.

2. Store working solution in a tightly closed container to retard evaporation.

Choose a spray bottle rather than a squirt bottle to retard the evaporation of solvent that
occurs with the larger opening of a squirt bottle neck.

3. For lab benches or laminar-flow cabinets: Liberally spray the alcoholic solution in
acrisscross pattern over the work surface, making certain that the entire area is wetted.
Let disinfectant remain in contact with the surface for 210 min. Wipe away excess
solution with absorbent towels

4. For objects (e.g., media bottles, culture flasks): Wet absorbent towels (cheesecloth or
paper towels) with the alcoholic solution. Thoroughly swab the object, being careful
not to introduce any of the liquid into the threads of screw caps or other container
closures. Let disinfectant remain in contact with the object for 3 to 5 min. Wipe away
excess solution with absorbent towels

USE OF DISINFECTANTS: QUATERNARY AMMONIUM COMPOUNDS

The discovery of the antimicrobial activity of quaternary ammonium compounds during
the early 20th century was a major advancement in the development of effective germi-
cides. The inherent antimicrobial activity of these compounds was soon shown to be
significantly improved by the addition of long-chain alkyl groups to the nitrogen moiety
of the quaternary compound. The various quaternary ammonium compounds commer-
cially used as disinfectants today are chemical modifications of this original concept. The
mode of action of quaternary ammonium compounds is as cationic surface-active agents,
although this chemical property does not fully explain the germicidal activity of the
compounds. All have broad-based antimicrobial activity and have proven effectiveness
against algae, gram-positive bacteria, some gram-negative bacteria, fungi, and certain
viruses, when used at the manufacturer’s recommended concentrations (0.1% to 2.0%
active ingredient, or 200 to 700 ppm). They are relatively nontoxic to humans when used
according to manufacturer’s instructions and are not chemically destructive to equipment
under normal use. They can be autoclaved without formation of toxic vapors and thus are
frequently used as disinfectants in discard pans.

The limitations of quaternary ammonium compounds include lack of effectiveness at low
concentrations against some commonly encountered gram-negative bacteria (e.g.,
Pseudomonas sp.). Like many other disinfectants, they are quickly inactivated by the
presence of heavy organic burden.

Materials
Quaternary ammonium compound disinfectant of choice: e.g., Roccal (Sterling
Winthrop), Micro-Quat (Ecolab), Zephirol (Bayer)
Tightly closed containers
Spray bottles
1-gallon jugs
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1. Dilute concentrated quaternary ammonium compound according to manufacturer’s
instructions in deionized or distilled water and stir well to mix.

Depending upon use, normal working concentrations of 235 ppm active ingredient are used
for sanitization purposes such as floor mopping, whereas concentrations of 470 to 700 ppm
active ingredient are used for disinfection of laminar-flow cabinet work surfaces or for use
in discard pans.

2. Store working solution in tightly closed containers to retard evaporation.

Prepare fresh working solutions frequently (e.g., once a month; follow manufacturer’s
instructions).

3. For work surfaces: Liberally spray the working solution in a crisscross pattern over
the work surface, making certain that the entire area is wetted. Let disinfectant remain
in contact with the surface for >10 min. Wipe away excess solution with absorbent
towels.

4. For use in discard pans: Prepare a solution containing 700 ppm quaternary ammo-
nium compound. Fill discard pan about half full with disinfectant solution. Carefully
place used pipets into the pans to avoid splashing. Securely cover pan when moving
it.

Volume of disinfectant must be enough to fully cover the pipets placed into the pan, but not
so full that spilling could occur when the pan is filled with pipets or when it is moved.

USE OF DISINFECTANTS: SODIUM HYPOCHLORITE

Chlorine, in various forms, has a long history of use as a powerful disinfectant, yet the
exact mode of germicidal action is unclear. Hypochlorites are the most widely used
chlorine compounds for disinfection. Commercial liquid bleach products (e.g., Clorox)
are solutions containing 5.25% (w/v) sodium hypochlorite. Sodium hypochlorite is
effective against vegetative microbial cells, most spores, and many viruses. It has some
residual effect after the treated surface dries. It can be used in sanitization procedures for
laboratory floors and in laboratory coat washing. It is strongly germicidal and can be used
to decontaminate small- to mid-volume spills of biological material.

Despite their germicidal effectiveness, chlorine solutions are limited in their use as
laboratory disinfectants because of their corrosiveness to metals and their human toxicity.
They should not be routinely used in discard pans or in any solutions that are autoclaved,
as the chlorine fumes liberated are significant skin and respiratory irritants. Frequent
autoclaving of chlorine solutions will corrode the chamber interior of the sterilizer. One
exception to this autoclave ban is the need to sterilize any biological spill material in which
bleach was used as a disinfectant during the cleanup process. A solution of 10% (v/v)
household bleach is a strongly germicidal, containing ~0.52% (w/v) sodium hypochlorite.
Excess hypochlorite is needed in mopping up spills of biological agents, to supply
additional chlorine to replace that consumed by the large amount of organic matter
associated with the spill.

Sodium hypochlorite solutions can be inactivated by organic matter (which consumes the
available free chlorine that constitutes microbiocidal activity), by exposure to UV light,
and by inorganic chemical reducing agents (such as ferrous or manganese cations and
hydrogen sulfide). Hypochlorite solutions should be stored away from heat to avoid
deterioration.

Materials

Household liquid bleach (e.g., Clorox, Dazzle)
5% (w/v) sodium thiosulfate solution
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1. Add 100 ml household bleach to 900 ml water to give a 10% (v/v) solution. Mix well.
Store in the dark away from heat.

2. For cleanup of open spills: Soak paper towels with bleach and gently cover the spill,
being careful not to enlarge the area of the spill. Let bleach stay in contact with the
spill for 220 min. During this time, decontaminate any nearby areas that may have
been subject to spatters from the original spill by swabbing with additional 10%
bleach. Collect used paper towels in a suitable container and place in an autoclave
bag.

3. For autoclaving bleach-containing waste: Add ~1 vol of 5% sodium thiosulfate
solution to the bleach solution to help neutralize the chlorine. Seal the bag and
autoclave. Prominently label the autoclave room door to warn laboratory personnel
of the potential for irritating vapors. When the autoclave cycle is finished, crack the
autoclave door slightly to allow remaining chlorine fumes to dissipate before remov-
ing the bags.

4. For sanitizing solution: Add 14.8 ml household bleach to 3.78 liter water (0.4%). Mix
well.

Solutions containing 0.4% (v/v) household bleach (200 ppm available chlorine) are
suitable for soaking lab coats without being so strong as to harm the fabric. The solution
is acceptable for routine floor maintenance.

5. For disinfection solution: Add 44.4 ml household bleach to 3.78 liter water (1.2%).
Mix well. Liberally apply to surface with clean absorbent towels and let stand for
>10 min. Dry surface with a separate clean towel.

This concentration of bleach (600 ppm available chlorine) is suitable for disinfecting
biosafety cabinets during scheduled weekly maintenance. More frequent use on stainless
steel may not be recommended because of the corrosiveness of the bleach.

FILTER STERILIZATION OF SOLUTIONS

All solutions that come in contact with cell cultures must be sterile in order to prevent
microbial contamination. This includes non-nutritive preparations such as distilled/deion-
ized water and reagents (e.g., dimethyl sulfoxide used as a cryoprotectant). Although
heat-stable solutions can be sterilized by autoclaving, many solutions used in cell culture
contain one or more heat-labile components (e.g., antibiotics), or are chemically formu-
lated with ingredients that will form deleterious precipitates if subjected to steam
sterilization temperatures (e.g., phosphate-buffered salines). Membrane filtration is the
most common cold sterilization method for these types of solutions.

Filter membranes with 0.2-um pore size are used for general sterilization purposes;
however, some environmentally stressed bacteria (e.g., Pseudomonas sp.) as well as
mycoplasma can pass through filters of this porosity. To provide a greater degree of
assurance for complete removal of these common tissue culture contaminants, cell culture
media and sera should be sterilized using 0.1-um filter membranes. Filter manufacturers
offer many different types of membranes. With respect to cell culture applications,
membranes fabricated from cellulose acetate or cellulose nitrate are used for general
purpose filtration of aqueous solutions such as media and buffers, but may need prewash-
ing with hot distilled water to remove extractable substances that may be cytotoxic. Nylon
membranes are very low in extractable substances such as surfactants or wetting agents;
polyethersulfone membranes are low in extractables and have very low protein binding.
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The availability of presterilized, ready-to-use, disposable filter systems has eliminated
much of the labor and risk of failure inherent with earlier filtration methods. Filter units
come in a wide variety of sizes to handle small (£10-ml) to large (=20-liter) volumes.
Disposable systems are available for either vacuum or positive-pressure filtration. Many
manufacturers have filter systems designed specifically for cell culture applications: the
sterilization membranes, housings, and receiving vessels are certified noncytotoxic and
nonpyrogenic.

This section outlines selection of filters and filter-sterilization procedures for various
types of liquids encountered in cell culture laboratories. The most common small-volume
filtration technique is positive pressure using a syringe to force the liquid through the filter
membrane (see Basic Protocol 5). Volumes ranging from 50 ml to 1 liter are most
efficiently processed with a vacuum (see Basic Protocol 4). Larger volumes should be
filter sterilized with positive pressure (see Alternate Protocols 5 and 6). The primary use
of membrane filtration is in the preparation of tissue culture media; this topic is treated
in depth in unir 1.2. This unit focuses on problematic filtration needs that often appear in
cell culture applications, such as the need to filter sterilize a hazy solution like the
serum/yeast extract additives used in mycoplasma media, or the chemically aggressive
reagent dimethyl sulfoxide (DMSO). The methods outlined in this section are equally
adaptable for the preparation of tissue culture media or stock solutions of additives such
as glutamine or puruvate. For media preparation, use noncytotoxic cellulose acetate/ni-
trate membranes, or similar membranes specific to the application, and food-grade silicon
tubing. For further details on the use of vacuum versus positive-pressure filtration, see
Background Information.

Vacuum Filtration

Solutions that are initially clean preparations, in that they are free of particulate debris
and are not proteinaceous, can be directly filter sterilized with no difficulty. Solutions
with high particle load require centrifugation and/or nonsterile prefiltration through depth
filters (see Background Information) and larger-porosity membranes prior to sterile
0.2-um filtration. This protocol uses 200-ml to 1-liter disposable systems designed for
the final vacuum filtration of media, sera, and other aqueous solutions. The protocol also
describes nonsterile prefiltration for particulate removal from 200-ml to 2-liter volumes
of filtrate.

Materials

Solution to be filtered
47-mm funnel/support assembly (optional; e.g., Kontes, Millipore) attached to a 1-
to 2-liter vacuum filtration flask (Fig. 1.4.1)
47-mm glass fiber depth filters (optional; Gelman, Millipore)
47-mm membrane filters (optional; 0.45-um and 0.2-um pore sizes)
Disposable, sterile filter unit (e.g., Corning, Nalgene) including:
Filter funnel, housing an integrally sealed 0.2-um filter membrane
Funnel dust cover
Removable receiver bottle and cap
Barbed tubing adapter
Nonsterile depth prefilters (included by most manufacturers)
Vacuum source

NOTE: Perform all procedures using aseptic technique (UNIT 1.3).

1. If the solution to be sterilized is a hazy suspension or has a noticeable precipitate,
centrifuge 30 min at 10,000 X g to clarify. Alternatively, use a funnel/filter assembly
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to process the solution through a series of nonsterile prefilters: depth filter, followed
by 0.45-um membrane, followed by 0.2-um membrane.

Depending upon the particulate load, the filter membranes may have to be replaced if they
clog before all the solution is processed.

If a water aspirator is used as the vacuum source, include an in-line catch flask or
hydrophobic filter to prevent any water from accidentally being drawn into the vacuum
port and into the filtration flask.

2. Remove a disposable, sterile filter unit, barbed tubing adapter, and individual
wrapped sterile receiver cap from the plastic bag.

3. Check to make certain that the filter funnel is firmly attached to the receiver. Hand
tighten if necessary.

4. Attach barbed tubing adapter to the side vacuum port on the neck of the filter funnel.
Attach the vacuum tubing to the adapter.

If a water aspirator is used, include an in-line catch flask (see step 1).

5. Set the filter upright and provide support to avoid tipping the unit when it is top-heavy
with liquid in the funnel.

6. Remove the funnel dust cover and slowly add solution (centrifuged or prefiltered if
necessary) to the funnel. Slowly apply a slight vacaum—35 pounds per square inch
gravity (psig)—to prevent excessive foaming of proteinaceous solutions.

7. When filtration is complete, turn the vacuum source off. Carefully disconnect the
filter unit from the vacuum tubing.

If the tubing is pulled off while the vessel is still under full vacuum, the room air rushes
into the receiving vessel at a much higher velocity.

8. Using aseptic technique, carefully remove the filter funnel from the receiver bottle
and seal the bottle with the sterile screw-cap closure provided with the filter unit.

If the total volume of solution to be filtered exceeds the capacity of the receiver bottle
supplied with the filter unit, the initial volume of sterile filtrate can be aseptically
transferred to a secondary sterile storage vessel, and the filter funnel can be reattached to
the original receiver to process a second volume of solution.

Cell Culture

Figure 1.4.1 Funnel/support assembly for vacuum prefiltration.
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Small-Volume Positive-Pressure Filtration of Nonaqueous Solutions

Dimethyl sulfoxide (DMSO) is used as the cryoprotectant for liquid-nitrogen preservation
of cell cultures. The reagent is not stable to autoclaving conditions and must be filter
sterilized. DMSO is an aggressive solvent that dissolves general-use filter membranes
(such as cellulose acetate or cellulose nitrate) as well as the polystyrene filter units
themselves. This protocol describes small-volume positive-pressure filtration using
DMSO-resistant syringe-type filter units. For large volumes, see Alternate Protocols 5
and 6.

Materials

Dimethyl sulfoxide (DMSO)

Glass 25-ml syringe with Luer-lok tip

Sterile syringe filter: 25-mm-diameter nylon membrane, 0.2-um pore size,
polypropylene housing (Nalgene or equivalent)

Laminar-flow cabinet

Sterile amber glass storage vessels with polytetrafluoroethylene (Teflon,
PTFE)-lined screw-cap closure

NOTE: Perform all procedures using aseptic technique (UNIT 1.3).

1.
2.

Load a glass 25-ml syringe with deionized or distilled water.

Aseptically remove a sterile syringe filter from its blister-package wrapper, being
careful not to touch the outlet nipple.

Attach the inlet end of the filter to the syringe and finger tighten the Luer-lok
connection.

Apply a firm, but not forceful, pressure to slowly discharge the water through the
filter into a waste container.

This initial step is necessary to wet the filter to permit flow of the DMSO through the nylon
membrane.

Carefully remove the filter from the syringe, and rest the filter on the laminar-flow
cabinet work surface, being careful to keep the outlet nipple facing up (i.e., not
touching any surface).

6. Load the syringe with ~25 ml DMSO and replace the filter as in step 3.

7. Apply a firm, but not forceful, pressure to slowly discharge this first volume of DMSO

into a waste container.
This step clears any water remaining in the syringe and filter.

Reload the syringe with ~25 ml DMSO and discharge the filtrate into a suitable sterile
amber glass storage vessel. Cap immediately with a PTFE-lined screw-cap closures.
Store up to 6 to 9 months at room temperature.

Large-Volume Positive-Pressure Filtration of Nonaqueous Solutions

This protocol uses a peristaltic pump to provide positive pressure for large-volume
filtration. The setup is shown in Figure 1.4.2.

Materials

Dimethyl sulfoxide (DMSO)

Sterile filter capsule: 400-cm>-surface-area nylon membrane, 0.2-|im pore size,
polypropylene housing (Whatman Polycap 36AS or equivalent)

Glass 25-ml syringe with Luer-lok tip
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Worm drive clamps

PTFE tubing: polytetrafluoroethylene (PTFE or Teflon) with 0.25-in. (6.4-mm)
i.d., 0.06-in. (1.6-mm) wall thickness, 0.38-in. (9.5-mm) o.d. (Norton or
equivalent)

Peristaltic pump assembly capable of providing an operating pressure of 15 to 20
1b/in.2

Sterile amber glass storage vessels with PTFE-lined screw caps

NOTE: Perform all procedures using aseptic technique (UNIT 1.3).

1. Carefully remove a sterile capsule filter from its plastic bag.
2. Remove the nipple cover from the inlet barb.

3. Hold the filter over a waste container, and use a glass 25-ml syringe to carefully add
water to the filter housing through the inlet barb. Fill the syringe as necessary and
continue to flush the housing until water begins to drip from the sterile outlet side.

This step wets the nylon membrane to allow the DMSO to pass through the filter.

4. Attach a piece of PTFE tubing to the inlet barb from the nonsterile DMSO reservoir.
Using worm drive clamps, secure the tubing at all connections when working with
positive pressure to prevent sudden blowing off of tubing in case of accidental
overpressurization.

5. Secure the capsule filter to an upright support at a height with sufficient clearance to
accept any receiving vessels.

6. Connect the tubing as shown in Figure 1.4.2, to the peristaltic pump head according
to the pump manufacturer’s instructions. Apply power to the pump and begin
pumping.

7. Discharge the first 200 ml of DMSO filtrate to a waste container.

This step clears any water remaining in the filter and tubing.

8. Collect sterile DMSO in suitable sterile amber glass storage vessels and cap imme-
diately with PTFE-lined screw-cap closures. Store up to 6 to 9 months at room
temperature.

disposable capsule
filter unit

peristaltic

Figure 1.4.2 Positive-pressure filtration assembly for use with a peristaltic pump.
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Large-Volume Positive-Pressure Filtration Using Pressurized Nitrogen

This alternative method for large-volume filtration uses pressurized nitrogen to force the
solvent through the filter membrane. It offers an advantage for filtration of DMSO in that
it saturates the solvent with an oxygen-free gas phase that helps retard oxidation of the
material during storage. The setup is shown in Figure 1.4.3.

Additional Materials (also see Alternate Protocol 5)

5-liter pressure vessel (or size to fit application; Gelman or Millipore)
Pressurized nitrogen tank
Additional tubing to fit pressure vessel and nitrogen tank

. Prepare a capsule filter (see Alternate Protocol 5, steps 1 to 3).

. Attach a piece of tubing to the filter inlet barb from the outlet barb of a 5-liter pressure

vessel. Using worm drive clamps, secure the tubing at all connections when working
with positive pressure to prevent sudden blowing off of tubing in case of accidental
overpressurization.

. Fill pressure vessel with DMSO. Close and secure pressure vessel lid. Open pressure

relief valve on vessel.

. Attach another piece of tubing from a pressurized nitrogen tank to the inlet barb on

the pressure vessel and secure with a worm drive clamp.

. Slowly open nitrogen feed valve and wait until gas can be heard escaping from the

pressure relief valve.

. Close pressure relief valve.

Pressure will begin to rise in the vessel as indicated either on the pressure gauge included
with the vessel, or by the gauges on the nitrogen tank regulator.

To prevent bursting of the filter membrane, keep the operating pressure below the maximum
rated pressure specified by the filter’s manufacturer.

. Collect sterile DMSO filtrate (see Alternate Protocol 5, steps 7 and 8).

disposable capsule
filter unit

pressurized
nitrogen tank

pressure vessel

_J

Figure 1.4.3 Positive-pressure filtration assembly for use with pressurized nitrogen.
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REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Trypticase soy broth

Suspend 30.0 g trypticase soy broth powder (BBL) in 1.0 liter water and stir to
dissolve. Dispense 6 to 10 ml per 16 X 125-mm tube and cap loosely. Sterilize by
autoclaving at 121°C for 15 min. Store prepared tubes at 4° to 8°C for up to 6 to 9

months.

COMMENTARY

Background Information

Autoclaving

Steam (autoclave) and dry heat are destruc-
tive terminal sterilization processes in which
the effectiveness of the method is characterized
by the rate of the microbial killing. As the order
of death in a terminal sterilization process is a
logarithmic function, mathematical calcula-
tions will never result in a zero survival rate.
Thus, theoretically, complete sterilization is
impossible. Therefore, rather than expecting an
absolute, the effectiveness of terminal steriliza-
tion processes is mathematically expressed in
terms of the decimal reduction time (D value),
which is the time required at a given tempera-
ture to destroy 90% of survivors. A corollary
term used in discussions of terminal steriliza-
tion is the Z value, which is the temperature at
which a survival curve decreases by one log.
Factors influencing these values include the
concentration and type of microbial contami-
nants initially in the material to be sterilized,
the physical nature of the material undergoing
sterilization, and the performance charac-
teristics of the sterilization equipment.

Disinfectants

The use of disinfectants in the cell culture
laboratory is directed both to issues of personal
safety as well as quality control. In most in-
stances the distinction between the two consid-
erations blurs; however, this unit discusses the
use of disinfectants primarily as a means for
prevention of microbial contamination from
the standpoint of quality control (i.e., mainte-
nance of noncontaminating conditions for cell
culture manipulations). Human safety consid-
erations are limited to brief notations regarding
potential effects of misuse of specific disinfec-
tants (e.g., chemical incompatibilities, lack of
effectiveness against certain biological agents)
rather than a reiteration of the need for disin-
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fectants as a means of personal defense against
etiologic agents.

The list of common disinfectants is lengthy:
alcohols (ethanol or isopropanol), chlorine
compounds (bleach), hydrogen peroxide, phe-
nolics, and iodophores (povidone-iodine), to
name a few. Yet from this broad list, there is no
universal disinfectant solution that can work
effectively for all laboratory situations. Thus,
the concern for any laboratory is deciding upon
its different needs for disinfection (e.g., spill
cleanup, work surface disinfection, discard pan
disinfection, routine floor cleaning, lab coat
laundering), and then selecting the appropriate
disinfectant and concentration for each pur-
pose. It is beyond the scope of this unit to
provide a lengthy treatise on all the commer-
cially available liquid germicides. Focus is di-
rected, instead, to the three most commonly
encountered disinfectants utilized in tissue cul-
ture: 70% ethanol, quaternary ammonium com-
pounds, and sodium hypochlorite (bleach).

Filtration

Filtration as a method of sterilization has
been in use for over one hundred years. Early
filters were designed to trap contaminants
within the depths of a thick, tortuous maze of
filter material. Scintered glass filters and the
asbestos (later cellulose) Seitz filters com-
monly used in the 1950s and 1960s worked on
the entrapment principle. These depth filters
have significant loading capacity and can retain
much particulate matter before clogging. The
limitation of depth filters is the structural nature
of the filter matrix. At best, the loose matrix of
a depth filter permits only a nominal designa-
tion of particle size retention. Because the pores
of a depth filter are of random size and shape,
there is a real probability that small-sized con-
taminants will successfully channel through the
filter through interconnecting pores. In addi-
tion, the effects of moisture and pressure asso-
ciated with autoclave sterilization and/or use of
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depth filters tends to result in a shifting of the
filter material (media migration) that compro-
mises the integrity of the fibrous filter matrix.

By the mid 1970s membrane filters had
essentially replaced depth filters for sterile ap-
plications. Membranes are classified as screen
filters: they are thin and the pores are uniformly
sized and spaced across the sheet. This struc-
tural consistency allows predictable retention
characteristics. Thus, membrane filters can be
rated according to the minimal diameter of the
smallest particle they will retain (e.g., 1.2-um,
0.45-pum, 0.2-um). Membrane filters have lim-
ited loading capacity (i.e., they quickly clog).
For this reason, they are most effectively used
in tandem with depth filters and membrane
filters of larger porosity to conserve the filter
surface area on the final sterilization mem-
brane.

The type of filtration system, as well as the
type of membrane used in the system, depends
upon the nature of the filterable material and
the volume of material being filtered. A wide
variety of configurations is available in both
presterilized disposable units containing inte-
grated filter membranes, as well as membrane
discs that can be used in conjunction with
reusable glass or stainless steel filter housings.
In the past, positive pressure was the preferred
filtration method for cell culture media because
itreduced the foaming and concomitant protein
denaturation associated with vacuum filtration
systems. Unfortunately, positive-pressure fil-
tration systems are efficient only for small (syr-
inge filtration) or large (pressure vessel) vol-
umes. With recent technological advances in
new membrane matrices and improved mem-
brane supports for filter housings that eliminate
excessive foaming, vacuum filtration with pre-
sterilized disposable units is now the easiest and
most effective sterilization method for interme-
diate volumes (0.1 to 2 liters) of tissue culture
media.

Filter membranes are made from a number
of different materials. The most common filters
featured in presterilized, disposable filtration
units are those fabricated from esters of cellu-
lose acetate or cellulose nitrate. These general-
purpose hydrophilic membranes are suitable
for aqueous solutions such as tissue culture
basal media and supplements. These mem-
branes can, however, bind proteins and may be
of concern for certain critical applications. With
the huge cell culture market as a direct target,
filter manufacturers have, in recent years, be-
gun to offer presterilized filtration units cus-
tomized for cell culture, featuring noncyto-

toxic, low-protein-binding membranes (nylon
or polyethersulfone).

Not every solution utilized in cell culture
applications is truly aqueous or hydrophilic.
Nonpolar liquids, such as DMSO, or chemi-
cally aggressive solutions, such as concentrated
acids or bases, demand special chemically re-
sistant membrane filters. Quite often, filters
resistant to nonpolar solvents will need pre-
treatment with an appropriate wetting agent to
quickly render the membrane filterable to a
particular nonpolar liquid. For example, PTFE
(Teflon) membrane filters require prewashing
with methanol prior to use with DMSO. This
poses no problem providing all traces of the
cytotoxic alcohol are removed by washing prior
to collection of any sterile, unadulterated
DMSO filtrate. Where residual toxic wetting
agents are a concern, nylon filters may be a
more appropriate consideration. Nylon mem-
branes, when wetted with water, readily accept
DMSO.

With wide recognition of the detrimental
effects of insidious mycoplasma contamination
and the concern about absolute removal of these
contaminants from a major point of entry (i.e.,
serum) into a cell culture system, much empha-
sis is now placed on 0.1-um filtration of cell
culture media and sera. Unfortunately, this pore
size is not widely available in disposable filtra-
tion units. Gelman Sciences does, however,
offer presterilized filter units with 0. 1-uum poly-
ethersulfone (Supor) membranes for small- to
large-volume cell culture media sterilization.
Expect slower flow rates with 0.1-pum filtration.

When lacking presterilized filtration units,
a laboratory can turn to individual membrane
discs of specified porosity and membrane type,
available from major filter manufacturers.
These can be sterilized by autoclaving as part
of an integrated unit in a small-volume filter
assembly (e.g., Fig. 1.4.1), or for large-volume
needs in a 142- or 293-mm filter holder (Gel-
man or Millipore). If this route for sterile filtra-
tion is chosen, follow the manufacturer’s in-
structions precisely with respect to membrane
sterilization times, and use a slow exhaust cycle
to avoid the membrane cracking that can occur
with rapid pressure changes.

This unit outlines procedures that are suit-
able for any number of variations. Large vol-
umes of tissue culture media can be processed
with the peristaltic pump or pressurized nitro-
gen procedures providing a hydrophilic filter is
used. Similarly, a hydrophilic syringe filter can
be used to sterilize small volumes of media.
Sterilization of DMSO is, however, limited to
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those filter membranes and filter unit housings
fabricated of materials resistant to the reagent.

Critical Parameters

Autoclaving

Successful autoclave sterilization is depend-
ent upon the contents of a load coming into full
contact with saturated steam at 121°C for 15
min. Many operational factors tend to work
against these criteria. With respect to the ster-
ilizer itself, if an autoclave is improperly main-
tained, problems can occur with inadequate
removal of air from the chamber or with exces-
sive moisture buildup. Either condition com-
promises sterilization parameters. Most auto-
claves have cool spots that can move about in
the chamber like a current depending upon load
pattern and configuration. The nature of the
load content also influences the time necessary
to reach the time-temperature relationship.
Small volumes will heat to sterilization tem-
peratures faster than large volumes. Agar solu-
tions that have solidified prior to sterilization
will take longer than those that are loaded into
the autoclave while still molten. Dry materials
take longer to sterilize than those that are moist.

For any laboratory investing in as expensive
a pursuit as tissue culture, sterilization equip-
ment and procedures should be validated to
assure that conditions for sterilization are met.
Ideally a laboratory should invest in a thermo-
couple to monitor temperatures within areas of
autoclave loads, in order to determine exactly
how long it takes the material of concern to
reach sterilization temperature. In many cases,
the lag between the time an autoclave tempera-
ture gauge indicates 121°C in the autoclave
chamber and the time the contents of a large
flask or discard pan within the chamber reaches
the same temperature is sobering. Where ther-
mocouples are not available, the use of biologi-
cal indicators can yield useful information
about autoclave procedures and machine per-
formance, although the time needed for incu-
bation and interpretation of results is a draw-
back.

A final, but most important, consideration
for autoclaving is the source of steam genera-
tion. Autoclaves used in the preparation of
media or for sterilization of materials that come
into contact with cell cultures must be supplied
with clean steam (i.e., steam generated from
purified water). Steam generated directly from
general building physical plant sources (e.g.,
the building heating system) is frequently pro-
duced from water treated with potentially cy-
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totoxic boiler amines and/or chemical soften-
ing agents.

Dry-heat sterilization

Hot dry air is an inefficient means of sterili-
zation and should be reserved for those mate-
rials that cannot effectively be exposed to satu-
rated steam in an autoclaving process. Sterili-
zation by dry heat can be accomplished with
temperatures as low as 140°C, but 170° to
180°C are more routine operating temperatures
because of the difficulty in controlling the rate
of heat penetration into the load. The time-tem-
perature relationships for dry-heat sterilization
noted in Table 1.4.2 indicate a requirement for
longer times and higher temperatures than for
autoclaving, because dry heat is less efficient
than moist heat. Lag time for conduction of heat
into the materials to be sterilized can be signifi-
cant, as can cool-down periods for large, dense
objects. Dry-heat sterilization is applicable
only for materials resistant to 140° to 180°C,
and thus is unsuitable for paper, many plastics,
or rubber. As noted for autoclaving, a dry-heat
sterilization procedure should be validated with
thermocouples and biological indicators.

Disinfectants

The term disinfection refers to the treatment
of surfaces with chemical solutions to reduce
microbial presence. Exposure to a disinfectant
may result only in bacteriostatic or fungistatic
rather than microbiocidal conditions. Disinfec-
tion does not imply sterilization, and it should
never be used as an alternative to appropriate
sterilization methods (e.g., autoclaving, dry
heat, ethylene oxide, incineration). Similarly,
disinfectants are not detergents and they should
notbe used as the sole method for cleaning solid
surfaces. Indeed, many disinfectants are
quickly inactivated when burdened with or-
ganic matter. Thus, routine disinfection of work
surfaces in laminar-flow cabinets first requires
that the surface be washed with a good deter-
gent to remove dried media or other dirt before
application of the germicide.

Ethanol. A solution of 70% ethanol is not
germicidal against bacterial spores. While
freshly prepared solutions are normally free of
spores, the working solutions can contain bac-
terial spores from cross-contamination and
poor aseptic technique. Once the spores are
separated from the physical presence of the
disinfectant (i.e., when the ethanol volatilizes
from a surface, leaving the dried spores be-
hind), they can germinate in suitable growth
conditions. Thus, fresh working solutions of
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70% ethanol should be prepared frequently
(e.g., weekly).

The efficacy of ethanol as a disinfectant is
highly concentration dependent. The mode of
action of alcohol as a disinfectant is protein
denaturation. Thus, 95% ethanol is a poor dis-
infectant because there is not enough water in
the preparation to permit effective denaturation
of contaminant proteins. As ethanolic concen-
tration drops below 70%, there simply isn’t
enough of the solvent present to adequately
react with large concentrations of protein-
aceous matter. Because of the dilution effect,
70% ethanol is not effective in disinfecting
large spills of culture material.

Quaternary ammonium compounds. Qua-
ternary ammonium compounds are not effec-
tive against spores and, in this aspect, should
be used with the same cautions noted for etha-
nol. Quaternary ammonium compounds are
quickly inactivated by organic matter. They
must not be used for disinfection of large spills
of culture material, nor should they be used for
kill pans (see below).

Bleach. Chlorine compounds, most fre-
quently sodium hypochlorite, are strongly ger-
micidal. Yet their potential for human toxicity
and strong corrosiveness limits their use.

Biological spills. Strong disinfectant solu-
tions are the first line of defense in decontami-
nating small to moderate spills of biological
agents in both open areas and biosafety cabi-
nets. The choice and concentration of disinfec-
tant is particularly critical in this application.
Use of 70% ethanol would be a poor choice as
its germicidal activity is highly concentration
dependent and dilution effects associated with
spill cleanup would diminish its effectiveness
(see above). Quaternary ammonium com-
pounds are germicidal against a broad range of
microbes, but they are quickly chemically over-
whelmed and inactivated by organic matter
(e.g., the culture material or medium in a spill).
Chlorine compounds are strongly germicidal.

Kill pans. A final note of caution regarding
disinfectants is their use in discard pans or pipet
pans. Too many laboratories consider these
containers kill pans and use them as a conven-
ient way to dispose of excess liquid cultures or
other contaminated solutions. Discard pans
should never be used in such a manner. Most
general disinfectants are inactivated by excess
organic matter and/or exhibit diminished ger-
micidal effects with dilution. Kill pans should
contain 10% (v/v) household bleach (0.525%
sodium hypochlorite).

Filtration

When using disposable filtration units, re-
place the filter funnel immediately with a per-
manent receiving vessel closure once filtration
is complete. If the funnel is left on the receiver,
the filter membrane will crack as soon as it
dries, thereby compromising the sterility of the
filtrate.

Be prepared and willing to prefilter any hazy
or precipitated suspension. The additional steps
will much repay the effort when balanced
against the significant monetary expense, time,
and frustration spent dealing with prematurely
clogged sterilization filters. If one repeatedly
filter sterilizes the same type of suspension, a
prefiltration scheme can be tailored according
to the nature of the particulates. For example,
if particulates are retained only by 0.2-um po-
rosity filters, then omit prefiltration with depth
filters and 0.45-pum filters.

Process large volumes of slow-filtering lig-
uids (such as serum or other proteinaceous
substances) in a cold room, if possible, to retard
proliferation of microbial growth during the
sometimes time-consuming, nonsterile prefil-
tration steps.

Anticipated Results

If sterilization and disinfection procedures
are effective and proper aseptic technique is
used, it should be possible to initiate and main-
tain cell cultures without any incidence of con-
tamination.

Time Considerations

Preparation of materials for autoclaving and
the autoclaving itself should take 1 to 2 hr;
cooling solutions and equipment may require
several hours. Dry-heat sterilization should
take less than half a day plus cooling time.
Monitoring the efficacy of sterilization requires
several days to allow time for contaminants to
grow. Disinfection of space and equipment re-
quires a variable amount of time. The time
required for filter sterilization can be a few
minutes to hours depending on the solution.
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Assessing and Controlling Microbial
Contamination in Cell Cultures

This unit describes procedures for the detection of bacterial, fungal, and mycoplasmal
contaminants in cell cultures. Bacterial and fungal contaminants are detected by direct
culture under conditions that specifically favor bacteria, mycelia, and yeast (see Basic
Protocol 1). The direct method for detecting mycoplasma contamination similarly in-
volves screening with microbiological media designed to encourage proliferation of
mycoplasma (see Basic Protocol 2). The two indirect methods presented are (1) a slight
modification of Barile’s adaptation on the use of the Hoechst stain to detect mycoplasma
by DNA fluorescence (see Alternate Protocol 1), and (2) the use of polymerase chain
reaction in conjunction with a commercially available mycoplasma detection kit (see
Alternate Protocol 2 and Support Protocol 1). In addition, a procedure is described for
controlling microbial contamination through the use of antibiotics (see Basic Protocol 3).

Testing for microbial contamination should be integrated into a cell culture program as
part of routine quality control. Microbial and mycoplasma testing should be performed
upon arrival of all incoming cell lines and on lot samples of ampules prepared for master
or working cell banks and seed stocks. Testing for microbial contamination should also
be done whenever contamination is suspected (e.g., unusually slow growth rates for a
particular cell line, aberrant appearance of cells). Indirect mycoplasma screening methods
should also be done on new lots of serum used in media preparation when first received
by the laboratory. Testing for microbial contamination should be performed after the cells
have been cultured in the absence of antibiotics for several weeks.

TESTING FOR BACTERIAL AND FUNGAL CONTAMINANTS

The media and methods described in this protocol are suitable for detection of most
bacteria and fungi that would be expected to survive as contaminants in cell lines. Brain
heart infusion and trypticase soy agar with sheep blood are used for the cultivation of
nutritionally fastidious bacteria of clinical origin that may be present in primary tissue
cultures or in material contaminated by bacterial flora from human skin and poor aseptic
technique. Fluid thioglycollate supports the growth of bacteria that require reduced
oxygen tension; these microaerophilic or slightly anaerobic contaminants are frequently
spore formers that originate from inadequately autoclaved or heat-sterilized materials.
Soybean/casein digest broth is a general-purpose medium that supports the growth of a
wide range of bacteria of human or environmental origin. HEPES/trypticase/yeast extract
(HTYE) broth is also a general bacterial growth medium, but has the advantage of
supporting growth of nutritionally or physiologically stressed bacteria not easily cultur-
able with other media. These general types of bacteria are primarily environmental in
origin and can be found in distilled water carboys, in fouled deionization systems, or as
air-borne contaminants. Emmons’ modification of Sabouraud’s agar and YM agar are used
for detection of filamentous fungi (molds) and yeasts, respectively. Molds are frequently
environmental contaminants that can thrive under a wide variety of conditions. They often
take residence in air-handling ducts to generate a constant microscopic rain of spores into
alaboratory. Similarly, molds can often be found as films colonizing the dispensing tubing
from distilled water reservoirs. The types of yeasts normally found as cell culture
contaminants are human in origin.

Many of the media listed below may be purchased in their final configurations as sterile
plates or test tubes from microbiological media manufacturers such as BBL or Difco, as
well as other suppliers. Be that as it may, the cell culture user should carefully evaluate
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the configurations, performance, and cost of any prepared quality control medium before
commencing full-scale use in a cell culture laboratory.

Materials

Medium for bacterial detection: e.g., brain heart infusion (BBL, Difco), fluid
thioglycollate medium (BBL, Difco), HTYE broth (see recipe), soybean/casein
digest broth USP (e.g., trypticase soy broth, BBL; tryptic soy broth, Difco), or
trypticase soy agar (BBL)

Medium for mycelial and yeast fungal detection: e.g., Sabouraud’s dextrose agar
(Emmon’s modified; BBL, Difco), or YM agar (Difco)

Sterile, defibrinated sheep blood (e.g., Colorado Serum, Waltz Farm)

Cell culture test samples

Antibiotic-free culture medium (optional)

Conductivity meter (Corning model 162 or equivalent), if not integrated with the
laboratory water purification system

50°C water bath

16 x 125-mm borosilicate screw-cap test tubes with rubber-lined caps

100 X 15—-mm sterile plastic disposable petri dishes

Semiautomated repeat-volume filling unit to accurately dispense 5- to 24-ml
aliquots (optional)

Incubators: 26°C, 35° to 37°C, and 37°C with 5% (v/v) CO,

NOTE: To avoid inadvertent contamination of clean cell lines, bacterial and fungal testing
should be segregated to a laboratory not used for general cell culture work.

Prepare media

For liquid (broth) media:

la.

2a.

3a.

4a.

5a.

Reconstitute brain heart infusion, HTYE broth, soybean/casein broth, and fluid
thioglycollate medium per manufacturer’s instructions, or per specific recipe instruc-
tions, in 10-megaohm (or higher) distilled or deionized water. Heat to ~50°C with
frequent stirring to dissolve components. Heat to boiling with frequent stirring to
dissolve any medium containing even small amounts of agar (e.g., fluid thioglycol-
late).

Dispense medium into 16 X 125—mm borosilicate screw-cap test tubes at 10 ml/tube
for fluid thioglycollate medium, and a 5 ml/tube for all other media.

Cap tubes loosely, threading caps securely enough to prevent them from blowing off
during autoclaving, but loosely enough to permit pressure exchange within the tube
head space during the sterilization process.

Because of the large (10-ml) volume required with fluid thioglycollate medium, one should
anticipate significant tube blow-outs upon autoclaving, and should prepare ~25% more
tubes than required to compensate for the rejected material.

Sterilize tubes by autoclaving at 121°C for 15 min under slow exhaust or liquid cycle.

Autoclaving times indicate the time necessary to hold the medium at the 121°C temperature
for 15 min, not the time selected to run an autoclave cycle (UNIT 1.4; Table 1.4.1). Autoclave
efficiency is very much machine and maintenance specific. However, an autoclave cycle of
20 min for a single 6 X 12 test tube rack of bacteriological medium, and a 32-min cycle for
a 2-liter flask containing 1 liter of bulk medium, provide general guidelines for achieving
the 121°C for 15 min sterilization criteria for these medium/vessel configurations.

Remove tubes of medium from autoclave immediately after sterilization cycle is
completed and/or when autoclave gauges indicate atmospheric pressure in the auto-
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clave chamber. Allow medium to cool to ambient room temperature in a location not
subject to excessive air currents or temperature fluctuations.

Oversterilization or prolonged holding of bacteriological media at elevated temperatures
will severely affect performance. Cooling of just-autoclaved media in laboratory areas with
significant temperature fluctuations or personnel movement can cause environmental
contamination of otherwise sterile media.

6a. When tubes of medium reach ambient temperature, fully tighten screw caps and store

tubes at 4° to 8°C until further quality control checks or until use (up to 6 to 9 months).

Fluid thioglycollate is a medium formulated to detect slightly anaerobic bacteria and
contains a small amount of agar to retard atmospheric oxygen diffusion into the medium,
cysteine as a reducing agent, and methylene blue as an oxygen indicator. Freshly prepared
fluid thioglycollate will have a very small zone of aerobiosis at the medium surface/head
space interface, as indicated by a slight purple to orange band of oxidized methylene blue.
As oxygen slowly continues to permeate with prolonged storage of the medium, the
pigmented, oxidized band will enlarge. Do not use the medium if the color has changed to
orange in greater than the top 25% of the medium. Oxidized fluid thioglycollate may be
rejuvenated, but only once, by steaming the tubed medium in a boiling water bath to purge
gaseous oxygen from the medium, and then cooling just prior to use. Other bacteriological
media cited here have a shelf life of 6 to 9 months when stored in the dark at 4° to 8°C.

Any of the liquid media cited above may be adapted for agar plate or test tube slant use by
the addition of agar as the solidification agent as noted below.

For bulk agar media for plates:

1b.

2b.

3b.
4b.

5b.

6b.

Reconstitute trypticase soy agar, Sabouraud’s dextrose agar, and YM agar per
manufacturer’s instructions in 10-megaohm (or higher) distilled or deionized water.
Use an autoclavable container capable of holding at least twice the volume of the
medium being prepared (e.g., use a 2-liter Erlenmeyer flask to autoclave 1 liter of
medium) to avoid boiling over during the auotclave cycle.

Sterilize the bulk medium by autoclaving at 121°C for 15 min under slow exhaust or
liquid cycle (see step 4a annotation).

Cool in a water bath to ~50°C.
Add 50 ml/liter (5%) defibrinated sheep blood aseptically to trypticase soy agar.
It is critical that medium be cooled to 45° to 50°C before sheep blood is added.

Dispense medium aseptically in 24-ml aliquots to 100 X 15-mm sterile plastic
disposable petri dishes.

A semiautomated repeat-volume filling unit fitted with a weight on the inlet line to sink the
tubing to the bottom of the flask of medium will greatly alleviate drawing of surface foam
from the bulk flask to the petri dishes. Surface bubbles most often occur when postauto-
claving agitation of the bulk flask is necessary to incorporate heat-labile additives such as
sheep blood. A small number of media bubbles can be removed from the plates by lightly
passing the flame of a Bunsen burner across the surface of the plated medium as soon as
it is dispensed.

Place plates in stacks of 10 to 20 and allow to cool and solidify overnight at room
temperature. Store in vented plastic bags at 4° to 8°C until quality control checks or
use (up to 12 weeks).

Cooling the plates in stacks of 10 to 20 retards formation of excessive condensation on the
lids of the plates.
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Prepare test samples
7a. For lot sample preparation of cryopreserved ampules: Use a 1-ml serological pipet

to pool and mix the contents of ~5% of the cell culture ampules prepared from each
freeze lot.

7b. For cell culture vessels: Examine cell culture vessels individually under low power,

preferably with phase contrast, using an inverted microscope. Look for aberrant
growth or appearance of the cells. Aseptically remove 5-ml aliquots from suspect
cultures to use for further examination and testing. Quarantine any suspect cultures
or containers to ensure that they will not be inadvertently mixed with and cross-con-
taminate clean cultures.

Unless the cultures are heavily contaminated, microbial growth will not be readily evident
under low-power magnification. Mycelial fungal contamination sometimes is first noticed
macroscopically by the appearance of small “cottony” or “lint-like” debris in the culture
vessel.

8. Prepare wet mounts for microscopic evaluation of test samples and examine under

oil immersion with high-power objectives (=1000x magnification).

Bacterial contamination is recognized by the presence of small, uniformly sized spheres,
rods, or spirals scattered throughout the field. The organisms may be individual, in clusters,
or in chains. Rod-shaped bacteria may contain bright, refractile spores. The bacteria may
be motile. Fungal yeast contamination appears as ovoid, fairly regularly sized nucleated
cells scattered throughout the microscopic field. The yeast may be individual, in the process
of budding off smaller daughter cells, or in short chains. Mycelial fungal contamination is
characterized by the presence of long filaments or pieces of broken filaments in the
microscopic field. Fungal spores, frequently appearing as spherical objects covered with
spines or other protrusions, might be observed. Low-level contamination may not be
detected under the microscope even by a trained microbiologist, particularly if the cell
culture sample contains much debris.

. If culture contains antibiotics, wash prior to inoculation of microbiological test media

by centrifuging at 2000 X g for 20 min (at room temperature or 4° to 8°C), removing
the supernatant, and resuspending the pellet in an equal volume of antibiotic-free
medium. Repeat for a total of three washes to eliminate traces of antibiotics that might
interfere with microbial cultivation.

Inoculate microbiological media with test samples

10.

11.

12.

13.

For each test sample, inoculate each of the following with 0.3-ml aliquots of cell
suspension:

2 tubes of brain heart infusion

2 tubes of fluid thioglycollate medium

2 tubes of HTYE broth

2 tubes of soybean/casein digest broth

2 plates of trypticase soy agar with 5% sheep blood

2 plates of Sabouraud’s dextrose agar, Emmon’s modified
2 plates of YM agar.

Incubate one plate of trypticase soy agar (with 5% sheep blood) at 37°C aerobically
and the other at 37°C under 5% CO.,.

Incubate one sample each of the other media at 26°C and the other sample at 35° to
37°C.

Examine all inoculated media daily for 14 days.

Usually, visual evidence of bacterial growth appears within 72 hr; fungal growth within
96 hr. Low-level contamination, or proliferation of contaminants previously stressed by the
presence of antibiotics or other adverse culture conditions, may take longer to appear.
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Positive bacterial and yeast growth appears as turbidity or the formation of a precipitate
in liquid media. In an undisturbed test tube, growth may be restricted to a pellicle of growth
at the surface of the liquid. On solid media, these bacteria and yeast appear as distinct,
slightly convex, discretely isolated circular or confluent areas of microbial colonial
proliferation, most often off-white or yellow in color. Filamentous fungal colonial growth
is characterized by the appearance of typical cottony, whitish-gray to green to black mold
on plates.

14. Autoclave and discard any general-use cell culture preparations that are positive for
contamination.

If a cell culture that has tested positive is critical to maintain, repeat the microbial
evaluation. If still positive, autoclave and discard the culture. If it is necessary to attempt
to clean a microbially contaminated critical cell culture, see Basic Protocol 3.

Reusable glassware from discarded contaminated cultures should be decontaminated by
autoclaving, cleaned, and depyrogenated by dry heat (UNIT 1.4).

TESTING FOR MYCOPLASMA CONTAMINATION BY DIRECT CULTURE

This protocol describes the direct detection of mycoplasma contamination by screening
with microbiological media designed to encourage proliferation of mycoplasma. Total
incubation time for this method is ~35 days. This schedule is necessary to detect low
levels of mycoplasma contamination that might otherwise be scored as false negatives.

Materials

Cell line for testing

Mycoplasma broth medium (see recipe): 6 ml medium in 16 X 125-mm screw-cap
test tubes

Mycoplasma agar plates (see recipe): 10 ml solidified medium in 60 X 15-mm
petri dishes

37°C incubators: one without CO, and one humidified with 5% (v/v) CO,
Inverted microscope with 100 to 300X magnification

NOTE: To avoid inadvertent contamination of clean cell lines, mycoplasma testing should
be segregated to a laboratory not used for general cell culture work.

la. Foradherent cultures: Select acell culture that is near confluency and has not received
a fluid renewal within the last 3 days. Remove and discard all but 3 to 5 ml of the
culture medium. Scrape a portion of the cell monolayer into the remaining culture
medium using a sterile disposable scraper.

1b. For suspension cultures: Take the test sample directly from a heavily concentrated
culture that has not received a fresh medium supplement or renewal within the last 3
days.

Samples can also be taken directly from thawed ampules that have been stored frozen.

2. Inoculate 1.0 ml of the test cell culture suspension into 6 ml mycoplasma broth
medium in a 16 X 125-mm screw-cap test tube. Also inoculate 0.1 ml of the test
sample onto the center of a 60 X 15-mm mycoplasma agar plate.

3. Incubate the broth culture aerobically at 37°C. Incubate the agar plate in a humidified
37°C, 5% CO, incubator. Observe broth culture daily for development of turbidity
and/or shift in pH (medium becomes redder for alkaline shift, yellower for acid shift).

As an alternative, a self-contained anaerobic system such as the GasPak equipment (Becton
Dickinson Microbiology Systems) can be used in conjunction with a standard 37°C
incubator to provide proper CO, levels.
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Figure 1.5.1 Mycoplasma colonies at 230x magnification. Figure provided by W. Siegel,
Bio-Whittaker, Inc.

4. After 5 to 7 days of incubation and again after 10 to 14 days, remove a 0.1-ml sample
from the broth culture and inoculate a fresh mycoplasma agar plate. Incubate these
plates as in step 3.

5. Using an inverted microscope at 100 to 300x magnification, examine the agar plates
weekly for at least 3 weeks for mycoplasma colony formation and growth.

Assessing and Mycoplasma colonies range from 10 to 55 um in diameter and classically look like a fried

Controllin
Microbiagl egg, with the dense center of the colony embedded in the agar and the thinner outer edges
Contamination in of the colony on the surface of the substrate (Fig. 1.5.1). However, much variation in colony
Cell Cultures morphology occurs between species and culture conditions. Although colonies typically
1.5.6
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appear within 4 days after inoculation, plates should be kept for the full incubation period
before scoring them as negative.

6. To confirm presumptive mycoplasma colonies, subculture a small (~1 cm?) section
of the suspicious area of the agar plate into a tube of mycoplasma broth medium,
incubate up to 14 days, and observe as in step 3.

When other detection methods are not available, the ability to subculture presumptive
mycoplasma colonies will help to differentiate authentic mycoplasma presence from
artifacts such as air bubbles, tissue culture cells, or pseudocolonies.

INDIRECT TESTING FOR MYCOPLASMA BY STAINING FOR DNA

The total time for this protocol, which includes the use of an indicator cell culture, is 6
days. The staining procedure itself takes ~1 hr. The use of an indicator cell culture provides
a number of advantages. The indicator cell line supports the growth of more fastidious
mycoplasma species. Both positive and negative controls are thus readily available for
direct comparison with the culture samples being tested. Selection of a proper indicator
cell is important to the success of this procedure. It must first have good viability.
Transformed cell lines are not recommended as indicators as they produce significant
nuclear background fluorescence, which interferes with interpretation of results. Cell
lines that produce much debris, such as hybridomas, are also not recommended as
indicator cells because of the amount of positive staining artifacts that confuse interpre-
tation of results.

Materials

Complete EMEM-10: Eagle’s minimum essential medium (EMEM) with Earle’s
salts (Life Technologies), 100 U/ml penicillin, 100 pg/ml streptomycin, and
10% (v/v) bovine calf serum (see uniT 1.2 for media preparation methods)

Indicator cell line: e.g., African green monkey cell line Vero (ATCC #CCLS81) or
3T6 murine cell line (ATCC #CCL96)

Cell culture for testing

Mycoplasma hyorhinis (ATCC #29052) or a known mycoplasma-infected cell line
to use as a positive control, actively growing

Fixative: 3:1 (v/v) absolute methanol/glacial acetic acid

Hoechst stain (see recipe)

Mounting medium (see recipe)

60 X 15—mm culture dishes, sterile
No. 1 or no. 1! coverslips, sterilized by autoclaving (UNIT 1.4)
37°C, 5% (v/v) CO,/95% air incubator

NOTE: To avoid inadvertent contamination of clean cell lines, mycoplasma testing should
be segregated to a laboratory not used for general cell culture work.

Prepare indicator cell cultures
1. Aseptically place a sterile glass no. 1 or 14 coverslip into each sterile 60 X 15-mm
culture dish.

Use two culture dishes for the positive control, two dishes for the negative control, and two
dishes for each test sample.

2. Aseptically dispense 3 ml complete EMEM-10 into each culture dish.
Make certain that each coverslip is totally submerged and not floating on top of the medium.

3. Prepare a single-cell suspension of the indicator cell line in complete EMEM-10 at
a concentration of 1.0 x 10° cells per ml.
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4. Inoculate 1 ml indicator cell suspension into each culture dish.
5. Incubate overnight at 37°C in a 5% CO,/95% air incubator.

6. Microscopically examine cultures to verify that the cells have attached to the glass
coverslip. Code the top of each culture dish for identification purposes (to record the
test samples to be inoculated).

Inoculate test samples
7. Add 0.5 ml/dish complete EMEM-10 to two culture dishes for negative controls.

8a. For adherent cultures: Select a test cell culture that is near confluency and has not
received a fluid renewal within the last 3 days. Remove and discard all but 3 to 5 ml
of the culture medium. Scrape a portion of the cell monolayer into the remaining
culture medium using a sterile disposable scraper.

8b. For suspension cultures: Take the test sample from a heavily concentrated culture
that has not received a fresh medium supplement or renewal within the last 3 days.

Samples can also be taken directly from thawed ampules from frozen stocks.
9. For each test sample, add 0.2 to 0.5 ml/dish test sample to two culture dishes.

10. Add 0.5 ml/dish actively growing Mycoplasma hyorhinis to two culture dishes for
positive controls.

CAUTION: To prevent spread of mycoplasma, infected strains should be destroyed and
removed as quickly as possible. Benches and incubators should be cleaned. For safety of
the investigator, BSL 2 laboratory conditions are appropriate.

Alternatively, a known mycoplasma-infected cell line can be used.
11. Return the cultures to the CO, incubator and allow to incubate undisturbed for 6 days.
Cultures should be at 20% to 50% confluent. Confluence can interfere with microscopic

examination for mycoplasma.

Fix, stain, and mount coverslips
12. Remove cultures from incubator. Aspirate medium and immediately add 5 ml fixative
to each culture dish. Incubate for 5 min.

Do not allow the culture to dry between removal of the culture medium and addition of the
fixative.

13. Aspirate fixative from each culture dish and repeat fixation for 10 min.

These fixing times are minimal. Additional fixation time will not harm the procedure and
can be beneficial for some preparations.

14. Aspirate the fixative and let the cultures air dry.

Dry completely and store in a 60-mm petri or tissue culture dish if samples are to be
accumulated at this stage for later staining.

15. Add 5 ml Hoechst stain to each culture dish, cover, and let stand at room temperature
for 30 min.

16. Aspirate the stain and rinse each culture three times with 5 ml distilled water.
17. Aspirate well so that the glass coverslip is completely dry. Let air dry if necessary.
18. Place a drop of mounting medium on a clean glass microscope slide.

19. Use forceps to remove the glass coverslip containing the fixed cells from the culture
dish and place face up on top of the mounting medium, being careful to eliminate air
bubbles.
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20. Add a second drop of mounting medium onto the top of the specimen coverslip and
cover with a larger clean coverslip, being careful to eliminate air bubbles.

21. Label each slide to identify the specimen.

22. Observe each specimen by fluorescence microscopy at 500X using immersion oil.
Use a blue glass excitation filter (330/380 nm) in combination with a 440-nm barrier
filter (see uniT 4.2). Compare test samples to positive and negative controls.

The nuclei of the indicator cells appear as large (=20 um), ovoid fluorescing bodies.
Mycoplasma will appear as small fluorescing particles (0.1 to 1.0 um) that are regular in
shape and size in the cytoplasm or in intercellular spaces. If infection is heavy, the particles
may be tightly clustered in some areas. With low-level contamination, not all cells will be
infected. Thus, all of the slide should be examined.

INDIRECT TESTING FOR MYCOPLASMA BY PCR

Kits are now available from a number of manufacturers for the detection of mycoplasma
in cell cultures or other material using PCR. The kits, although expensive and requiring
the expertise and equipment needed for molecular procedures, provide advantages with
quick results (1 day) and the ability to speciate the contaminant and thus potentially
identify its source. The PCR kits are also useful for detecting mycoplasma in cultures
prone to forming artifact debris that often obscures definitive interpretations with staining
detection methods. The procedure described here uses primers from a commercially
available kit and a nested PCR assay that amplifies the spacer region between the 16S
and 23S rRNA genes of mycoplasmas. This specific protocol details procedures using
cell cultures; however, instructions provided with the kit also explain how to make
modifications for analyzing test samples of serum or frozen cells. The novice practitioner
of PCR methodologies is strongly urged to consult Sambrook et al. (1989) for specific
details (also see APPENDIX 3).

Materials

Cells for testing

10x PCR buffer (usually provided with Tag polymerase)

2.5 mM 4dNTP mix: 2.5 mM each dGTP, dCTP, dTTP, and dATP

25 mM MgCl,

5 U/ul Tag DNA polymerase

Mineral oil (if needed for thermal cycler)

Mycoplasma detection kit (ATCC), containing first- and second-stage primer
mixtures (total 7 primers), as well as two positive control mycoplasma DNAs
(Mycoplasma pirum, Acholeplasms laidlawii)

Thin-wall microcentrifuge tubes
Aerosol-preventive micropipettor tips, sterile
Positive-displacement micropipettors
Picofuge

Thermal cycler

Additional reagents and equipment for agarose gel electrophoresis (see Support
Protocol)

NOTE: To avoid inadvertent contamination of clean cell lines, mycoplasma testing should
be segregated to a laboratory not used for general cell culture work.

NOTE: To avoid amplification of contaminating DNA from laboratory workers, room
contaminants, or previous mycoplasma DNA amplifications, all PCR should be per-
formed using aseptic technique (also see special considerations for PCR experiments in
APPENDIX 2A).
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Prepare test sample
la. For confluent monolayers: Detach cell monolayer from flask surface with a cell

scraper. Gently agitate the flask to dispense the cells in the medium. Transfer 0.5 ml
cell suspension (~5 x 10* cells/ml) to a sterile 1.5-ml microcentrifuge tube.

1b. For suspension cultures: Mix the suspension culture by gently pipetting to obtain an

2.
3.

even dispersal of cells in the medium. Transfer 0.5 ml of the suspension (~5 x 10*
cells/ml) to a sterile 1.5-ml microcentrifuge tube.

Centrifuge at 12,000 X g for 10 min at 4°C.

Discard 400 ul supernatant and use a pipet to resuspend the cell pellet in the remaining
100 pl medium.

Pipet gently to avoid formation of bubbles. The 100-ul cell suspension is ready for PCR.

Run first-stage PCR

4.

5.

Using a permanent ink marker, label each thin-wall microcentrifuge tube (reaction
tube) with appropriate test sample or control DNA codes.

Prepare a master mix of PCR reagents in sufficient quantity for all samples to be
tested (n + 1 or 2 reactions) plus a minimum of two positive DNA controls and one
negative control. Use the following volumes per reaction:

5 ul 10x PCR buffer

1 ul first-stage primer mixture

1 ul 2.5 mM 4dNTP mix

1 ul 25 mM MgCl, (see annotation)
0.2 ul 5 U/ul Tag DNA polymerase
Deionized water to 45 pl.

Store the mix on ice until it is aliquotted.

The optimal reaction conditions for this procedure are 10 mM Tris-Cl (pH 8.3 to 8.8), 50
mM KCl, 2.0 mM MgCl,, 50 uM of each dNTF, and 1 U Taq polymerase. Check for the
inclusion and final concentration of MgCl, in the 10x PCR buffer supplied with the Taq
polymerase and adjust the volume of MgCl, in the reagent mix, if necessary, to give a final
concentration of 2.0 mM. Adjust the amount of water in the mix accordingly for a final
reaction mix volume of 45 ul.

NOTE: In this and all subsequent steps, use positive-displacement micropipettors and
sterile aerosol-preventive micropipettor tips to prevent contamination of the amplification
reaction.

Pipet 45 pl reaction mix into each sample and control reaction tube.

. If the thermal cycler used requires mineral oil to minimize sample evaporation, add

40 to 60 ul of mineral oil to each tube.

Keep the reaction tubes closed, except when aliquotting into them, to avoid possible
cross-contamination.

Add 5 pl test sample (step 3) to the appropriate reaction tube containing reagent mix
(final reaction volume 50 pl). If reaction tubes contain mineral oil, pipet the samples
directly into the mix below the mineral oil layer (final tube volume 90 to 110 pl).

Add 5 pl of each positive control mycoplasma DNA into separate positive control
tubes.

10. Add 5 pl sterile deionized water into the negative control tube.
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11.

12.

Mix each tube thoroughly by flicking it with a finger, and centrifuge the tube briefly
in a picofuge.

Place all the tubes into a thermal cycler and perform amplification using the following
program:

Initial step: 30 sec 94°C (denaturation)
30 cycles: 30 sec 94°C  (denaturation)
2 min 55°C (annealing)
2 min 72°C (extension)
Final step: 5 min 72°C (extension)
Chill: indefinitely 4°C (hold).

Store PCR products at 4°C or on ice until further use (2 to 3 weeks). For longer
periods, store at —20°C.

Run second-stage PCR

13.

14.

15.
16.

17.

18.

19.

20.

Using a permanent ink marker, label each second-stage reaction tube with appropriate
test sample or control DNA codes.

Prepare a master mix of reagents in sufficient quantity for all samples (n + 1 or 2
reactions), plus positive and negative controls, using the following volumes per
reaction:

5 ul 10x PCR buffer

1 ul second-stage primer mixture

1 ul 2.5 mM 4dNTP mix

1 ul 25 mM MgCl, (see step 5 annotation)
0.2 ul 5 U/ul Tag DNA polymerase
Deionized water to 49 pl.

Store the mix on ice until it is aliquotted.
Pipet 49 pl reaction mix to each sample and control tube.

If the thermal cycler used requires mineral oil to minimize sample evaporation, add
40 to 60 pl of mineral oil to each tube.

Keep the reaction tubes closed, except when aliquotting into them, to avoid possible
cross-contamination.

Carefully pipet 1 ul from the first-stage PCR reaction tube (step 12) into the
second-stage reaction tube (final reaction volume 50 ). If mineral oil was used, add
the sample to the reagent mix below the oil layer (final tube volume 90 to 110 pul).

Mix each tube thoroughly by flicking it with a finger, and centrifuge the tube briefly
in the picofuge.

Place all the tubes in the thermal cycler and run the program as above (step 12). Store
PCR products at 4°C or on ice until further use (2 to 3 weeks). For longer periods,
store at —20°C.

Analyze reaction products by agarose gel electrophoresis (see Support Protocol).
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AGAROSE GEL ELECTROPHORESIS OF PCR PRODUCTS

Agarose gel electrophoresis is used to analyze the products of the second-stage PCR for
the presence of mycoplasma sequences. The protocol is written for one 10-lane gel, which
can accommodate up to four unknown samples, two positive controls, one negative PCR
control, one negative electrophoresis control, and two molecular weight marker lanes. For
additional samples, the procedure can be scaled by using a comb with additional wells,
or additional gels can be run.

Materials

Agarose (e.g., NuSieve, FMC Bioproducts)

1x TBE electrophoresis buffer (apPENDIX 24)

10 mg/ml ethidium bromide solution

Second-stage PCR products from test samples and controls (see Alternate
Protocol 2)

6% electrophoresis sample buffer (see recipe)

Molecular weight marker (100-bp DNA ladder)

Electrophoresis apparatus with a 10 X 14—in. gel tray and a 1-mm, 10-tooth comb
Power supply
UV light box

Prepare 2.5% agarose containing ethidium bromide
1. Seal a 10 x 14—in. gel tray from an electrophoresis apparatus according to manufac-
turer’s instructions and place on a level surface.

2. Weigh 2.25 g agarose and place in a 250-ml Erlenmeyer flask.

3. Add 90 ml of 1x TBE electrophoresis buffer, swirl to mix, and heat to boiling to
completely dissolve agarose.

4. Add 5.4 ul of 10 mg/ml ethidium bromide solution, swirl to mix, and cool to ~55°C.

CAUTION: Ethidium bromide is a mutagen and a potential carcinogen. Gloves should be
worn and care should be taken when handling ethidium bromide solutions.

Cast gel
5. Pipet 80 ml agarose solution into the center of the gel tray. Remove any bubbles.

6. Gently place a 1-mm, 10-tooth comb into the gel mold. Allow gel to harden until it
becomes milky and opaque in appearance (~1 hr).

7. Remove tape or sealers from the gel mold. Place gel into electrophoresis tank.
8. Pour ~950 ml of 1x TBE electrophoresis buffer into the electrophoresis tank.
Gel should be totally submerged in buffer, but not covered more than 1 cm.

9. Gently remove the gel comb.

Prepare sample
10. Add 10 pl of each second-stage PCR product to a separate microcentrifuge tube
containing 2.0 ul of 6X electrophoresis sample buffer. Mix well.

11. Add 5 ul of 100-bp DNA ladder to 2 pl of 6x electrophoresis sample buffer. Mix well.

Load and run the gel
12. Add 7 pl DNA ladder to each of the first and last wells (lanes 1 and 10) of the gel.

13. Add 12 ul of 6X electrophoresis sample buffer to one lane as a negative control.
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14.

15.
16.

Add 12 pl unknown test samples and positive and negative PCR controls to the
remaining wells.

Connect a power supply and run the gel at 75 V for ~1 hr and 40 min.
View the gel on a UV light box.

CAUTION: UV light is damaging to eyes and exposed skin. Protective eyewear should be
worn at all times while using a UV light source.

With the primers used in Alternate Protocol 2, the mycoplasmas commonly encountered as
cell culture contaminants should generate a second-stage PCR DNA amplicon that ranges
in size from 236 to 365 bp. In contrast, the A. laidlawii positive control should generate
two amplicons of 426 bp and 219 bp, and the M. pirum positive control should generate a
single 323-bp amplicon. No discrete amplicon band should be seen in the negative controls.
Fuzzy bands <100 bp are sometimes observed in control and test samples and are probably
primer multimer artifacts.

USE OF ANTIBIOTICS TO CONTROL MICROBIAL CONTAMINATION

The best way to deal with a contaminated cell culture is to autoclave it. Be that as it may,
situations will undoubtedly occur when there is a need to attempt to salvage a microbially
contaminated cell culture. This brief protocol describes the use of antibiotics in cell
culture and cautions against misuse of these potent antimicrobial agents.

Materials

3a.

3b.

4a.

Contaminated cell culture
Sterile antibiotic stock solution(s) as appropriate (Table 1.5.1)

Additional reagents and equipment for identifying microbial contamination (see
Basic Protocols 1 and 2; see Alternate Protocols 1 and 2)

. Immediately quarantine the contaminated culture to prevent possible cross-contami-

nation with other cultures in the laboratory.

Identify the microbial contaminant as to type: bacterial, fungal, or mycoplasmal (see
Basic Protocols 1 and 2; see Alternate Protocols 1 and 2).

If bacteriological expertise is available, identification of a bacterial contaminant to genus
can help narrow antibiotic selection to one that is particularly effective against the
contaminant.

For an identified microbial contaminant: Select an appropriate antibiotic from the
Table 1.5.1, and prepare and filter sterilize a stock solution.

For an unknown bacterial contaminant: Prepare and filter sterilize the following 10x
antibiotic cocktail:

2500 U/ml penicillin

2.5 mg/ml streptomycin sulfate
2.5 mg/ml neomycin

25 U/ml bacitracin

For monolayers: Remove contaminated medium by suction and add fresh medium
containing antibiotics. Add specific antibiotic stock solutions (step 3a) to fresh
medium to give the appropriate working concentration (Table 1.5.1). Alternatively,
add 1 vol of 10x antibiotic cocktail (step 3b) to 9 vol fresh medium.

Do not add greater than the recommended amount of antibiotic. All of these chemical
reagents are cytotoxic in that they have essentially the same metabolic effect on cells as
they do on microorganisms if the concentration is great enough.
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Table 1.5.1 Antibiotics?

Stability Working

Organism Antibiotic Solvent (days at 37°C) concentration
Bacteria Ampicillin Water 3 100 mg/liter
(gram-positive only) Erythromycin 2 M HC1 3 100 mg/liter
Gentamicin sulfate ~ Water 5 50 mg/liter
Kanamycin sulfate Water 5 100 mg/liter
Neomycin sulfate Water 5 50 mg/liter
Penicillin-G, K* salt  Water 3 10° Ulliter
Streptomycin sulfate Water 3 100 mg/liter
Tetracycline HCI1 Water 4 10 mg/liter
Fungi Amphotericin B DMSO; DMF? 3 2.5 mg/liter
(molds and yeasts)  Nystatin DMF 3 2.5 x 10° U/liter
Mycoplasma Gentamicin sulfate ~ Water 5 50.0 mg/liter

4All antibiotics must be filter sterilized in the solvent noted. Antibiotics are meant only for short-term use; if contamination
is not cleared after 14 days of treatment or two subcultures, discard culture.

bAbbreviations: DME, dimethylformamide; DMSO, dimethyl sulfoxide.

4b. For suspensions: Centrifuge culture 10 min at 125 X g. Remove supernatant and
resuspend cells in fresh medium containing antibiotics as described in step 4a.

5. Add additional antibiotic solution every 3 to 5 days to maintain the working concen-
tration (note stability times at 37°C in Table 1.5.1). Continue treatment for 14 days.

Change medium or passage cells as required during this time, being sure to maintain the
antibiotic concentration.

6. Examine the contaminated culture microscopically during the treatment period; look
for evidence of cytotoxicity as well as elimination of the contaminant.

7. If the antibiotic treatment is unsuccessful, destroy the culture by autoclaving. If
culture appears to have been cleaned of the contaminant, inoculate into fresh,
antibiotic-free medium.

It is not recommended that cultures be maintained in media containing antibiotics. The
chemicals may have adverse effects on cell characteristics and will also create the risk of
selecting for a population of antibiotic-resistant contaminants that could pose a human
health hazard.

8. Test for microbial and mycoplasma contamination (see Basic Protocols 1 and 2; see
Alternate Protocols 1 and 2).

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Dextrose/arginine supplement
50.0 g dextrose
10.0 g L-arginine HCI
Dissolve ingredients with stirring and heating at 37°C in ~800 ml deionized, distilled
Assessing and water. Bring final volume of solution to 1.0 liter with water. Filter sterilize and
Controlling dispense in convenient aliquots (e.g., 100-ml aliquots for making 1 liter of myco-

Contam%;cégziﬁ plasma agar or broth). Store frozen (at —20° to —70°C) until needed (up to 12
Cell Cultures months).
1.5.14
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Electrophoresis sample buffer, 6x
2.5 ml 1% (w/v) bromphenol blue
2.5 ml 1% (w/v) xylene cyanol
5.0 ml glycerol
Store up to 6 months at 4°C in glass container

Hoechst stain
Stock concentrate:
5.0 mg bisbenzamide fluorochrome stain (Calbiochem)
10.0 mg thimerosal (Sigma)
100 ml 1x HBSS (arpenDIx 24) without sodium bicarbonate or phenol red

Prepare in a brown bottle wrapped in aluminum foil. Mix thoroughly 45 min at room
temperature using a magnetic stirrer. Store 1-ml aliquots up to 1 year at —20°C in
the dark.

The stock concentrate is heat and light sensitive.

The concentrate can support microbial growth and should be examined periodically for
contamination. Filter sterilization of the concentrate is not recommended as it diminishes
fluorescence.

Working solution: In a brown bottle, dilute 1.0 ml stock concentrate in 100.0 ml
HBSS without sodium bicarbonate or phenol red. Mix thoroughly 20 to 30 min at
room temperature using a magnetic stirrer. Prepare fresh immediately before use.

HTYE (HEPES/trypticase/yeast extract) broth
5.0 g trypticase peptone (BBL)
2.0 g yeast extract
4.0 g HEPES acid
1.0 liter H,O
Adjust to pH 7.1 £ 0.1 with NaOH
Dispense as required
Autoclave at 121°C for 15 min
Store up to 6 to 9 months at 4° to 8°C

Mounting medium
22.2 ml 0.1 M citric acid
27.8 ml 0.2 M Na,HPO,
50.0 ml glycerol
Adjust to final pH 5.5
Store up to 6 months at 2° to 8°C

Periodically check pH of prepared mounting medium, as pH is critical for optimal fluores-
cence.

Mycoplasma agar plates
23.8 g mycoplasma agar base (BBL)
600 ml deionized, distilled H,O

Heat to boiling with constant stirring to dissolve all ingredients. Sterilize by
autoclaving at 121°C for 15 min (unit 1.4, Basic Protocol 1). Cool to 50°C and
aseptically add the following sterile solutions which have been equilibrated to 37°C:
200 ml horse serum (Life Technologies)

100 ml fresh yeast extract solution (Life Technologies)

100 ml dextrose/arginine supplement (see recipe)

Aseptically adjust to pH 7.2 to 7.4 and dispense in 10-ml aliquots to sterile 60 X
15—mm petri dishes. Store up to 6 weeks at 4°C to 8°C.

continued
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Solutions should be prewarmed to 37°C before adding to the agar solution to avoid
immediate gelling.

The sterile fresh yeast extract solution used in the preparation of the mycoplasma broth and
agar media frequently contains large amounts of sediment that must be removed before it is
used in media preparation. Sediment can be removed by coarse filtration followed by filter
sterilization (UNIT 1.4) with a 0.2-yum membrane.

The formation of bubbles in agar plates should be avoided as it can confuse examination.
When preparing medium, add and mix heat-labile supplements carefully to avoid formation
of bubbles. As most of the bubbles are at the surface of the medium, they can be avoided
during dispensing by using a semiautomatic dispensing apparatus, such as a peristaltic
pump with a sinker attached to the inlet tubing to assure that the medium is being drawn
from below the surface of the flask. If a few bubbles form when the medium is dispensed into
the plates, they may be removed by lightly passing the flame of a Bunsen burner across the
agar surface before the agar has solidified.

Mycoplasma broth medium

14.7 g mycoplasma broth base (BBL)

20.0 mg phenol red

600.0 ml deionized, distilled H,O

Mix well to dissolve all ingredients. Sterilize by autoclaving at 121°C for 15 min
(uniT 1.4, Basic Protocol 1). Cool to room temperature and aseptically add the
following sterile solutions:

200 ml horse serum (Life Technologies)

100 ml fresh yeast extract solution (Life Technologies)

100 ml dextrose/arginine supplement (see recipe)

Aseptically adjust to pH 7.2 to 7.4 and dispense in 6-ml aliquots to sterile 16 X
125-mm test tubes. Store up to 12 weeks at 4° to 8°C.

The sterile fresh yeast extract solution used in the preparation of the mycoplasma broth and
agar media frequently contains large amounts of sediment that must be removed before it is
used in media preparation. Sediment can be removed by coarse filtration followed by filter
sterilization (UNIT 1.4) with a 0.2-um membrane.

COMMENTARY

Background Information

Bacterial and fungal contamination
Bacterial and fungal contamination of cell
cultures can originate from many sources.
Lapses in aseptic technique at any stage of
culture manipulation can introduce low-level
contamination that may take days or weeks to
proliferate to noticeable levels. Mechanical or
operational failures with air handling, primary
barriers (e.g., biosafety cabinets), water purifi-
cation and storage, or sterilization systems util-
ized by the laboratory can give rise to contami-
nation in spite of adequate aseptic practices
during culture transfers. Commonly encoun-
tered contaminants of human origin include
Escherichia coli, Micrococcus and Staphylo-
coccus sp., and the fungal yeast Candida sp.
Common contaminants from environmental
sources include Bacillus sp., Escherichia coli,
Pseudomonas sp. and allied genera, and the
ubiquitous filamentous fungi Aspergillus sp.,

Cladosporium sp., and Penicillium sp. Testing
procedures described in this unit detect most of
the common organisms cited above as well as
some less-frequently encountered microbial
contaminants of cell cultures. None of the tech-
niques listed, however, will detect all potential
microbial cell culture contaminants. If micro-
bial contamination is suspect but not culturable
with these media, consultation with a reputable
microbiology laboratory should be the course
of action.

As an integral part of quality control in a cell
culture lab, microbial testing should be per-
formed on culture media, on incoming cultures,
and on all seed stock and working cell banks.

Mycoplasma contamination

Mycoplasma contamination of cell cultures
is a frequent occurrence that often goes unob-
served because, unlike bacterial or fungal con-
tamination, it is rarely visible to the naked eye.
The presence of mycoplasma in cultures can
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inhibit cell metabolism and growth, alter nu-
cleic acid and protein syntheses, affect cell
antigenicity, induce chromosomal alterations,
interfere with virus replication, and mimic viral
actions. Bovine serum (used in media prepara-
tion), laboratory personnel, original tissue sam-
ples, and other infected cell lines can be sources
of mycoplasma contamination.

No one method, either direct or indirect, will
detect all mycoplasma, particularly at low lev-
els of infection. A good mycoplasma screening
program will include both direct and indirect
methods. Direct culture involves a long test
period of over a month and may not detect
mycoplasmal strains with nutritional require-
ments not satisfied by the growth medium.
DNA fluorescence is an efficient method for
screening mycoplasma contamination, but
sometimes it takes experience to recognize the
presence of contaminants amid background
debris and artifacts. PCR is very fast and sen-
sitive, but expensive in terms of both basic
equipment and reagents.

Commercial mycoplasma testing services
may be an option for laboratories without the
experience or specialized equipment needed to
fully screen a cell line for contamination with
these microorganisms. A good testing service
should be able to provide direct culture, indirect
staining, and molecular (DNA/RNA hybridiza-
tion or PCR) methods. Many of the larger
reference culture collections with cell line hold-
ings—e.g., American Type Culture Collection
(ATCC), European Collection of Cell Cultures
(ECACCQC), or German Collection of Microor-
ganisms and Cell Culture (DSMZ)—offer my-
coplasma testing services. Expect to pay ap-
proximately $100 U.S. per sample for direct
culture methods and staining. PCR or other
molecular techniques will increase the testing
fee because of the cost of the reagents involved.

Mycoplasma testing, along with testing for
bacteria and fungi, should be included in the
routine quality control procedures for all cell
culture laboratories. Tests should be performed
on sera used in culture media, on incoming
cultures, and on all seed stock and working cell
banks.

Antibiotic treatment

Antibiotics are not substitutions for good
aseptic technique and should not be routinely
used as prophylactics against possible contami-
nation. Antibiotics work by disrupting metabo-
lic processes (e.g., protein synthesis) and the
chemical mode of action does not always dif-
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ferentiate between microbial contaminants and
cultured cells. Antibiotics can be cytotoxic,
sometimes at working concentrations. The use
of combined antibiotics can exert cytotoxic
effects at lower concentrations than that of an
individual antibiotic. Do not exceed the sug-
gested working concentration for any antibi-
otic. As cytotoxicity is cell line dependent, it is
necessary to monitor the effects of antibiotic
use on cell characteristics as well as on the
contaminant.

Critical Parameters

Because of the insidious nature of infection,
mycoplasma testing should be segregated from
rooms where routine cell culture work is con-
ducted to avoid cross-contamination of clean
cultures with mycoplasma-infected cell cul-
tures or mycoplasma cultures being grown with
the direct culture screening method. Any my-
coplasma-infected material should be immedi-
ately destroyed by autoclaving.

It is important to note the stability of antibi-
otics at 37°C (Table 1.5.1). Antibiotic potency
diminishes within days of incubation and addi-
tional antibiotic should be added during the
2-week treatment to ensure that working con-
centrations are maintained, in order to prevent
development of antibiotic-resistant contami-
nants.

Anticipated Results

If contamination of cultures is suspected,
careful application of these testing procedures
should allow identification of most common
microbial, fungal, and/or mycoplasma con-
taminants. Success rates for treatment of con-
taminated cultures cannot be generalized, as
they depend on the type of contaminant and the
severity of the infection.

Time Considerations

Testing for contamination can take a few
minutes for visual inspection to several weeks
for identification of contaminants such as my-
coplasma. Treating contaminated cultures with
antibiotics requires 14 days for treatment itself,
plus additional days to weeks to verify that the
culture is no longer contaminated.
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Media and Culture of Yeast

This unit describes basic aspects of preparing media for and growing Saccharomyces
cerevisiae cells. It also covers some aspects of handling yeast strains, such as growth,
storage, and shipment. Saccharomyces has been one of the most extensively studied
organisms in the laboratory, and an extensive repertoire of genetic and molecular biology
methods have been developed, as described in this volume and elsewhere (see Key
References). A large number of yeast strains with useful characteristics have been
documented, and many can be obtained for a nominal cost from public collections
including the Yeast Genetics Stock Center (YGSC; Rebecca Contopoulou, Curator;
e-mail: ygsc305 @violet.berkeley.edu) or the American Type Culture Collection (ATCC).
For contact information for these collections, see Internet Resources and SUPPLIERS
APPENDIX.

Culturing Saccharomyces is relatively straightforward and can be accomplished with
readily available and inexpensive materials. Wild-type yeast are prototrophic for most
nutrients; that is, they are capable of synthesizing most metabolites from inorganic salts
and a carbon source for energy. However most laboratory strains carry mutations that
make them auxotrophic for one or more metabolites, such as amino acids or nucleotides,
that must be supplied in the growth medium. The auxotrophic mutations, or markers, are
used in the maintenance of plasmids and in other genetic experiments.

The first part of this unit will discuss the preparation of media. General aspects of media
preparation will be described followed by specific recipes. The second part of the unit
will discuss the growth and handling of yeast strains.

NOTE: All incubations of yeast cells are performed at 30°C unless otherwise noted.

PREPARATION OF MEDIA

Yeast media are referred to as either liquid or solid. Liquid medium is self-explanatory.
A solid medium typically contains 2% (w/v) Bacto Agar. Other comparable gelling agents
can be used in special circumstances, but they are not discussed in this unit.

Liquid Media

Liquid media are prepared in the same way as solid media (described below) except that
agar is not added. As a result, liquid media can be sterilized either by autoclaving or by
filter sterilizing with a 0.22-um filter. Filter sterilization is faster and eliminates the risk
of heat inactivation of any medium ingredients. Liquid medium is prepared in either
bottles or growth flasks. In flasks, medium should never exceed one-fifth the flask volume,
so that maximum aeration can be achieved during shaking.

Solid Media

Solid media can be prepared in Erlenmeyer or Fernbach flasks; however, the most
convenient container for pouring plates is the Fleaker (Corning). Heat-stable ingredients
are mixed in water until completely dissolved (with the exception of the agar, which is
added but will not dissolve). It is convenient to add a magnetic stir bar to the flask or
Fleaker prior to autoclaving. The medium is autoclaved at 121°C on the liquids or slow
exhaust program/setting at 15 psi for 15 min, after which it is placed on a stir plate at
room temperature and stirred as it is allowed to cool to 60° to 65°C. Alternatively, the
flasks or Fleakers can be placed in a 55°C water bath. Filter-sterilized, heat-sensitive
ingredients are added at this point, and the medium is mixed completely prior to plate
pouring. At this point the agar should be fully suspended within the medium.

Contributed by Simon R. Green and Charles M. Moehle
Current Protocols in Cell Biology (1999) 1.6.1-1.6.12
Copyright © 1999 by John Wiley & Sons, Inc.
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Most yeast medium recipes, including those described in this unit, should result in a pH
between 5.5 and 7.0. If a more acid medium is prepared, care should be taken to minimize
or avoid autoclaving agar at pH <4.8, as the agar will hydrolyze and fail to gel when
cooled.

A pouring area should be prepared in a quiet place with minimal dust and airflow, and the
bench surface should be wiped with 70% ethanol or another sterilizing agent. The
appropriate number of bags of petri dishes (typically 15 X 100—mm or 15 X 95-mm) should
be opened by carefully cutting off the top of the bags. The bags are overturned, allowing
the plates to slide out in a stack. The bags are saved for storing the filled plates. The bottom
of the plates are labeled, and the plates overturned and divided into stacks of eight. When
the medium has cooled to 55° to 60°C, it can be carefully poured into the plates. When
pouring, the Fleaker or flask of medium should be held in one hand, allowing the other
hand to grab the stack of plates. The top seven plates are lifted as a stack, the medium is
poured into the eighth (bottom) plate, and the stack is lowered. This process is then
repeated by picking up the top six plates, pouring the seventh plate, and so on. Although
this system of pouring is awkward at first, it has the advantages of being faster and taking
up less space than pouring plates in stacks of one.

One liter of medium should generate 40 to 50 plates. Sometimes bubbles will be formed
while pouring medium. These can be removed by quickly passing a bunsen burner flame
over the surface of the molten agar. The lid should be placed on the plates as soon as
possible to minimize the risk of contamination. After the agar hardens (20 to 45 min), the
plates should be flipped so that the lids are on the bottom. Plates should be allowed to dry
at room temperature for 2 to 3 days. Because they are more prone to collecting conden-
sation, media for yeast are left to dry at room temperature for a longer time than are media
for bacteria. Once dried, the plates are placed in plastic bags, and the bags are taped closed
and stored at room temperature or at 4°C for extended periods of time. Most media will
be stable for >3 months; if excessive drying and contamination can be avoided, most media
are stable for up to one year. Sometimes it is helpful to make small slits in the plastic bags
to let them “breathe.” This reduces condensation, which in turn leads to the appearance
of fewer contaminating organisms.

Defined Versus Complex Media

Yeast media are often referred to as either defined or complex. A defined medium is made
with chemically defined components, such as salts, sugars, and amino acids. A complex,
or rich, medium includes the addition of a complex lysate or hydrolysate, such as yeast
extract or peptone. For the purpose of these definitions, agar-containing medium may still
be referred to as defined. The following sections provide details about materials for media,
and give recipes for specific complex and defined media. A number of special-purpose
media are detailed.

Materials

Media should be prepared using distilled or deionized water. Most materials for media
preparation should be of high grade, although the specific vendor is usually not important.
However, yeast extract, peptone, agar, and yeast nitrogen base (YNB) should all be Bacto
brand, sold by Difco. Difco products are carried by several scientific distributors.

Best results are obtained when the sugar component of a yeast medium (e.g., dextrose,
sucrose, raffinose, galactose) is not autoclaved with the other components of the medium.
If dextrose is included with other ingredients during the autoclaving process, it can
caramelize. The standard alternative method is to autoclave or filter sterilize a concen-
trated stock solution of the sugar and add it to the medium after the other components
have been autoclaved. For dextrose, a sterilized 40% (w/v) stock solution is added at 50
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ml/liter to the autoclaved mixture of other medium components. Other sugars are typically
made as 20% (w/v) stock solutions and added at 100 ml/liter.

Complex Media

Yeast extract/peptone/dextrose (YPD or YEPD) medium
This complex medium is the one most commonly used for the routine growth of yeast
when no auxotrophic selection is required.

10 g Bacto yeast extract (1% w/v final)

20 g Bacto Peptone (2% w/v final)

20 g agar (2% w/v final)

950 ml H,O

Autoclave

Add 50 ml 40% (w/v) dextrose (2% final; sterilized separately by autoclaving or
filtering)

Many researchers prefer to add adenine to YPD medium, especially when working with
adenine auxotrophs. Red-colored strains of Saccharomyces almost always lack either adel
or ade2 gene function. To make YPAD, add 20 mg/liter adenine sulfate to YPD prior to
autoclaving.

Similar media can be made by substituting other sugars for dextrose. Generally, Sac-
charomyces grows best on dextrose, but specific experiments may require replacement of
dextrose with another sugar. The most common substitutes are YPF (2% w/v fructose), YPGal
(2% w/v galactose), YPSuc (2% w/v sucrose), YPRaf (2% w/v raffinose), or YPMal (2% w/v
maltose). Except for fructose, not all yeast strains are capable of growing on these alternative
sugars. Growth on raffinose is sometimes facilitated by adding 0.05% (w/v) dextrose.

Yeast extract/peptone/glycerol (YPG) medium

Nonfermentable glycerol is the only defined carbon source in this complex medium.
Because there is no fermentable carbon source, YPG does not support the growth of petite
yeast strains (mutant strains that lack functional mitochondria).

10 g Bacto yeast extract (1% w/v final)

20 g Bacto Peptone (2% w/v final)

50 ml glycerol (5% v/v final)

20 g agar (2% w/v final)

950 ml H,O

Autoclave

Some recipes call for 3% glycerol, but 5% gives better growth. Glycerol can be autoclaved
with the medium. Other nonfermentable carbon sources can be used, including ethanol,

acetate, or lactate, or combinations thereof. Glycerol is the most commonly used nonfer-
mentable carbon source.

Yeast extract/peptone/dextrose/glycerol (YPDG) medium
This complex medium is used to determine the proportions of wild-type and petite cells.
The different cells form large and small colonies respectively.

10 g Bacto yeast extract (1% w/v final)

20 g Bacto peptone (2% w/v final)

30 ml glycerol (3% v/v final)

20 g agar (2% w/v final)

970 ml H,O

Autoclave

Add 2.5 ml 40% (w/v) dextrose (0.1% final; sterilized separately by autoclaving
or filtering)
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Special-Purpose Complex Media

Galactose indicator medium

Several gene expression systems used in yeast research rely on a GAL (galactose)
promoter for regulated expression. When such a system fails to work as expected, one
source of trouble is the use of yeast strains that are unable to respond to galactose. Strains
that respond to galactose will ferment it and release acid into the medium. Acidification
causes the indicator dye to change color from blue to yellow.

10 g Bacto yeast extract (1% w/v final)

20 g Bacto Peptone (2% w/v final)

20 g agar (2% w/v final)

930 ml H,O

Autoclave

Add 50 ml 40% (w/v) galactose (2% final; sterilized separately by autoclaving or
filtering)

Add 20 ml 0.4% (w/v) bromthymol blue (0.08% final; sterilized separately by fil-
tering)

Sporulation medium
Saccharomyces strains can be maintained as either haploids or diploids. Most diploid
strains will sporulate when grown on a poor source of carbon and nitrogen.

10 g potassium acetate (1% w/v final)

1 g Bacto yeast extract (0.1% w/v final)
0.5 g dextrose (0.05% w/v final)

20 g agar (2% w/v final)

1 liter H,O

Autoclave

For this recipe dextrose can be added prior to autoclaving.

Presporulation (PSP) medium
Sporulation of some Saccharomyces strains is facilitated by growth on a rich medium

prior to plating on sporulation medium.

8 g Bacto yeast extract (0.8% w/v final)

3 g Bacto Peptone (0.3% w/v final)

20 g agar (2% w/v final)

750 ml H,O

Autoclave

Add 250 ml warm 40% (w/v) dextrose (10% final; sterilized separately by auto-
claving or filtering)

The dextrose solution should be warmed to ~40° to 55°C before it is added, so that the agar

does not harden prematurely.

Dissection agar
Preparation of dissection agar is frequently tailored to the configuration of the
dissection apparatus. In general, thin slabs of YPD medium (10 ml per standard 15
x 100-mm petri plate) are used. Best results are obtained with light-colored (most
transparent) medium, which can be facilitated by minimizing the length of time it
is heated and by autoclaving the dextrose separately.
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Defined Media

It is generally best to add inositol to all synthetic media. Although wild-type yeast strains
are prototrophic for inositol, some laboratory strains bear an ino/ mutation. Unfortu-
nately, this mutation is sometimes forgotten in reporting the genotype because yeast
nitrogen base (YNB) contains enough inositol that the effect of the mutation is not easy
to see. However, the amount of inositol in YNB is not enough to fully supplement the
auxotrophy, and selection for compensating mutations can occur.

Salts and dextrose (SD) medium
This minimal medium contains enough nutrients to support growth of prototrophic yeast
strains (strains having no nutritional requirements).

6.7 g Bacto yeast nitrogen base (YNB) without amino acids (0.67% w/v final)

20 g agar (2% w/v final)

950 ml H,O

Autoclave

Add 50 ml 40% (w/v) dextrose (2% final; sterilized separately by autoclaving or
filtering)

Similar media can be made by substituting other sugars for dextrose. Generally, Sac-

charomyces grows best on dextrose, but specific experiments may require replacement of

dextrose with another sugar. The most common substitutes are SGal (2% galactose) and SRaf

(2% raffinose). Not all yeast strains are capable of growing on these alternative sugars.
Growth on raffinose is sometimes facilitated by adding 0.05% (w/v) dextrose.

Vendors carry several similar types of YNB, e.g., with or without amino acids or ammonium
sulfate. YNB in this recipe includes ammonium sulfate. Although ammonium sulfate is the
preferred nitrogen source, Saccharomyces will grow on other nitrogen sources, albeit more
slowly. For these media, YNB without ammonium sulfate and without amino acids is used at
1.7 g/liter. Nitrogen sources include ammonium sulfate (0.5% w/v), arginine (0.1% w/v),
asparagine (0.1% w/v), or proline (0.1% w/v).

Most yeast strains require one or more nutrients that are not included in SD medium. These
nutrients can be added in various ways (see supplemented SD medium and SC medium).

Supplemented SD medium

Add supplements (see Table 1.6.1) individually or in groups to SD medium.
Alternatively, add supplements to individual plates by spreading, and allow one day
for supplement(s) to permeate the medium. Add most supplements before autoclav-
ing; add tryptophan and histidine, which are sensitive to heat, after autoclaving.
Store tryptophan in the dark, as it is also sensitive to prolonged exposure to light.

Synthetic complete (SC) medium

As an alternative to adding individual nutrients to SD medium, add a dry mixture
of the most common supplements. Combine the dry reagents listed in Table 1.6.1
and mix thoroughly using a coffee grinder or a mortar and pestle. Then add the
mixture before sterilizing the medium, without tryptophan and histidine, which
should be added after autoclaving.

Alternative mixtures can be constructed (e.g., SC minus tryptophan) by omitting specific

ingredients. These mixtures are sometimes referred to as “dropout” media—e.g., SC —Trp
dropout medium.

5-Fluoroorotic acid (5-FOA) medium
Selection for URA3 function is used for the stable maintenance of many yeast plasmids.
For some experiments, however, loss of the URA3 gene is desired. The URA3 gene product
converts 5-FOA into a toxin. Therefore, strains that have lost the URA3 gene can be
identified by their resistance to 5-FOA.

continued
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Solution 1:

1 g 5-FOA (0.1% w/v final)

500 ml H,O

6.7 g yeast nitrogen base (YNB) — amino acids (0.67% w/v final)
50 mg uracil (50 pg/ml final)

20 g dextrose (2% w/v final)

Appropriate supplements (see Table 1.6.1)

Add 5-FOA, H,0, and a stir bar to a 1-liter flask. Autoclave or stir over a low to
medium heat ~1 hr to dissolve completely. Add YNB, uracil, glucose, and supple-
ments. Choose supplements from Table 1.6.1 based on the genotype of the strain,
but always add uracil. If supplements are added in liquid form, be sure to adjust the
volume of H,O accordingly. Dissolve completely (warming to 55°C is useful) and
filter sterilize.

Solution 2:

20 g agar (2% w/v final)

500 ml H,O

Mix agar and H,O in a 2-liter flask, autoclave, and cool to <80°C.

5-FOA medium:

Mix solution 1 into cooled solution 2

Cool to 55°C

Pour into petri dishes

Table 1.6.1 Common Supplements Used In Defined Media

. Stock . Stock volume per Final concentration  Stock volume to
Nutrient concentration liter medium (ml) (mg/liter)“ spread on plate (ml)
(g/100 ml)

Adenine sulfate? 0.2 10 20 0.2
L-Arginine-Cl 1 2 20 0.1
L-Aspartic acid 1 10 100 0.2
L-Glutamic acid 1 10 100 0.2
L-Histidine-Cl 1 2 20 0.1
L-Isoleucine 1 3 30 0.1
L-Leucine 1 3 30 0.1
L-Lysine-Cl 1 3 30 0.1
L-Methionine 1 2 20 0.1
Myo-inositol® 3.6 1 36 0.02
L-Phenylalanine 1 5 50 0.1
L-Serine 8 5 400 0.1
L-Threonine 4 5 200 0.1
L-Tryptophan 1 2 20 0.1
L-Tyrosine 0.2 15 30 0.2
Uracil 0.2 10 20 0.2
L-Valine 3 5 150 0.1

“Mixtures of supplements can be made in advance by weighing out individual components in the ratio indicated by this
column; mixing the dry reagents in a coffee grinder, mill, or mortar and pestle; and then weighing out the appropriate
amount of the mixture.

bWhen working with adel or ade2 mutants, the amount of adenine should be increased three fold to prevent accumulation
of red color.

“The traditional recipe for SC medium does not include inositol. Inositol is added as a precaution because some common
laboratory strains contain the ino/ mutation, which is not always documented. YNB contains enough inositol for
significant, albeit incomplete, supplementation, which makes recognizing the presence of an inol mutation difficult.
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Xgal medium

Wild-type Saccharomyces strains lack endogenous -galactosidase activity, which facili-
tates use of the E. coli lacZ-encoded B-galactosidase enzyme as a reporter activity. This
plate assay provides a semi-quantitative assay for activity.

6.7 g yeast nitrogen base (YNB) — amino acids (0.67% w/v final)

Appropriate supplements (see Table 1.6.1)

20 g agar (2% w/v final)

850 ml H,O

Autoclave

Cool to 65°C

Add 100 ml 0.7 M potassium phosphate, pH 7.0 (70 mM final; best if warmed
prior to adding to agar)

Add 50 ml 40% (w/v) dextrose (2% final; sterilized separately by autoclaving or
filtering)

Add 2 ml 20 mg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactoside (Xgal) in 100%
N,N-dimethylformamide (DMF)

Xgal can be prepared in advance, aliquoted, and stored as a frozen stock. Supplements are
chosen from Table 1.6.1 based on the genotype of the strain. If supplements are added in
liquid form, the volume of H,O should be adjusted accordingly.

Xgal plates are frequently made as above, but without the substrate Xgal. Approximately 1
to 2 days prior to using the plates, 0.1 ml of 20 mg/ml Xgal stock is spread across the surface
of the plate and allowed to diffuse through the agar.

GENERAL CONSIDERATIONS FOR CULTURING YEAST

For the most part, culturing Saccharomyces is fairly straightforward. Wild-type strains
are typically grown at 30°C, although they are capable of growing at a wide range of
temperatures. Many strains will grow to some extent at temperatures as low as 4°C and
at least as high as 37°C. Liquid or solid media can be used. Liquid cultures grow better
with aeration, but this is not required. For the most consistent results, it is important to
maintain a reproducible level of aeration with each experiment by marking or taping the
speed dial of the shaker.

Culturing Yeast in Liquid Media

Yeast strains are readily cultured in liquid media. For most experiments it is best to grow
them with agitation, as this prevents them from settling to the bottom of the liquid. When
cultures are grown in flasks, the liquid volume should be limited to 20% of the flask
volume, although this guideline is sometimes exceeded. Another standard method is to
grow 1-to 5-ml cultures in 18 x 150—-mm glass tubes that are rotated on a tube roller (e.g.,
New Brunswick). Metal or plastic caps are readily available for these tubes. Many brands
of tabletop or preparative centrifuges accommodate these tubes directly.

Yeast cells can be transferred from liquid or solid cultures to a new liquid culture by many
methods. One popular method is to use sterile disposable 15-cm-long applicator sticks.
The sticks can be autoclaved in capped culture tubes. Another popular method is to use
nonflavored, noncolored wooden toothpicks, which can be autoclaved in their original
boxes.

For any given set of conditions—namely, yeast strain, medium, temperature, and agita-
tion—a generation time and saturation density can be readily determined. Most strains
grown with agitation in YPD medium at 30°C will double every 80 to 100 min. An
overnight culture seeded with ~3 X 10* to 1 x 10° cells or a ~1-mm colony will typically
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grow to ~3 x 107 cells/ml. After two days the culture should reach ~5 x 108 cells/ml. When
grown in SD or SC medium, the generation time will be on the order of 120 to 150 min.
An overnight culture will typically grow to ~5 x 10° cells/ml.

The number of cells per milliliter of culture can be estimated using a spectrophotometer.
With a standard 1-cm-path-length cuvette at 600 nm, an optical density (ODy) of 1.0 is
equal to ~2 x 10° cells/ml. Because this method relies on measuring light scattering and
not true absorbance of the culture, this rule of thumb should be confirmed for each specific
spectrophotometer. The conversion factor can vary widely depending on the configuration
of the instrument. The spectrophotometer can be calibrated by comparing the ODygy,
reading with an accurate cell count obtained with a hemacytometer or by counting the
number of colonies that can be grown from a diluted sample. Once an instrument is
calibrated, however, the value should not change from day to day.

Culturing Yeast on Solid Media

Yeast strains are readily cultured on solid media. For most experiments it is best to use a
30°C incubator. While growth rates are hard to establish on solid media, colonies formed
from single cells are generally visible to the unaided eye after 2 or 3 days and patches of
cells are visible after one day. There are five common methods for transferring yeast cells
to solid media: (1) spread plating a suspension of cells, (2) streaking cells with a toothpick
or inoculating loop, (3) patching cells with a toothpick or inoculating loop, (4) replica
plating from an existing plate, and (5) suspending cells in top agar and pouring them over
an agar plate. Each of these is described below.

Spread plating cells

In this method, an appropriate number of yeast cells are calculated and suspended in a
small volume of liquid, typically 0.05 to 0.25 ml. The appropriate cell number will depend
on the nature of the experiment. It is generally desirable to produce 20 to 200 colonies
per plate.

A glass rod can be fashioned into a spreader as follows. A roughly 30-cm length of 3-mm
glass rod is cut and both ends are smoothed in a flame. Hold the rod over a bunsen burner
flame ~5 cm from one end. When the glass is pliable, bend it ~45°. Hold the rod over the
flame ~10 cm from the same end and bend it another 45°, so that one end has now formed
a triangle. Optionally, the point at which the triangle section meets the shaft can be bent
30° from the plane of the triangle to make the spreader more ergonomic. Prior to use the
spreader is sterilized by dipping the triangle end in 70% to 95% ethanol and igniting it in
a flame. Before applying to a cell suspension, the spreader should be cooled by touching
it onto the surface of the agar plate or onto the condensation that frequently collects on
the lid of the plate. Alternatively, an unmodified sterile glass pipet can be used to spread
cells, but this is more difficult. Plastic pipets are not recommended as they tear the agar.

Although not required, spread plating works better if an inoculating turntable (available
from Fisher Scientific and other laboratory suppliers) is used. An inoculation turntable
consists of a solid base and a freely rotating platform that is the approximate size of a
petri plate.

The cells should be spread across the plate immediately after pipetting them onto the agar.
If a turntable is used, give it a gentle push. If it is not used, the plate can be rotated
frequently by hand. The flat part of the triangle is used to push the cells back and forth
across the agar. The technique of spread plating yeast cells, especially with a turntable,
differs from spread plating bacteria in one notable respect: yeast cells are more likely to
be pushed to the periphery of the plate. To avoid this problem, gently push the “elbow”
of the spreader into edge of the plate for a few rotations and then, while the plate is still
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rotating, push the elbow back and forth across the plate in a chord that is roughly half way
between the center and the edge of the plate.

Streaking cells

The streaking method is used for isolating single colonies of yeast. Single isolated
colonies are desirable because, when the procedure is done properly, each colony is
derived from a single cell, so that every cell in the colony is genetically identical.

In this method, the plate is divided into four pie-shaped sections and one sample of yeast
cells is streaked for single colonies in each section. With practice and increasing skill, the
plate can be divided into six or more sections. This method is best performed with sterile
toothpicks. A minimal amount of yeast cells are picked with the toothpick and placed in
a spot near the edge of the plate. A clean toothpick is used to smear the cells back and
forth in a 4 X 10-mm patch with the long axis of the patch running roughly parallel to the
lip of the plate. A third toothpick is drawn once across the short axis of the patch and for
another ~15 mm towards the center of the plate. A fourth toothpick is dragged on the agar
in an arc that parallels the plate edge and crosses the line made by the third toothpick; the
toothpick is then drawn in a series of shorter and shorter arcs that parallel the plate edge
and move consecutively towards the center of the plate. The plate is then incubated for 2
to 4 days until individual colonies are visible.

Patching cells

Once pure strains of yeast have been isolated, it is frequently useful to compile a set of
the strains on a single agar plate, either for short-term storage or in preparation for testing
them in parallel by replica plating. Between 30 and 100 patches can be arranged on a
standard 100-mm petri plate.

Before patching yeast from one plate to another, an ordered grid is prepared on a piece
of paper and is inserted in a clear plastic sleeve. A standard sheet of paper (A4 or 8 X
10-in.) can accommodate four identical grids for 100-mm petri plates. The agar plates
are set on the grid with the lids facing up. The plates can be held in place with a piece of
double-sided tape or with tape that has been rolled into a circle. Two pieces of tape are
much more effective than one in holding the plates in place. Either sterile toothpicks or
inoculating loops can be used for the patch technique, but toothpicks work better. The
patches are made by barely touching a source colony with the end of the toothpick and
then gently dragging the toothpick over a ~2-mm diameter spot on the recipient plate.

Replica plating cells

Replica plating is used for testing multiple strains or isolates in parallel. This technique
requires three specialized pieces of equipment: a replica block, a locking ring, and velveteen
cloth squares. All three are available commercially from Fisher Scientific, Cora Styles, and
other suppliers. The diameter of the block must be designed for the diameter of the petri plates
being used; 95-mm diameter plates will not work with a block designed for 100-mm plates.
Having the correct type of cloth is also essential for replica plating to work.

Prior to the first use and after each subsequent use, the cloth squares are laundered in any
standard washer and dryer with standard laundry detergent. If recombinant organisms are
used, it is prudent to soak the contaminated squares in a disinfectant prior to laundering
them. Care should be taken to monitor the lint screen during drying because a significant
amount of lint is produced; failure to do this can damage the clothes dryer. After the
squares are dried, excess lint can be removed with a standard lint brush, although this is
not always necessary. The squares are sterilized by wrapping them in heavy-gage
aluminum foil and autoclaving them. Depending on usage patterns, 5 to 50 squares can
be stacked, soft-side down, on the center of a large piece of foil. The foil is then folded

Current Protocols in Cell Biology

Cell Culture

1.6.9

Supplement 4



Media and
Culture of Yeast

1.6.10

Supplement 4

around the stack to make a securely closed package that is held with a piece of tape. The
package is then autoclaved on the dry cycle.

A master plate is made by spread plating, streaking, or patching cells. Typically, the master
plate is incubated for 1 to 3 days before use. The master plate works best if the colonies
are not extremely large and overgrown. Each good-quality master can be used to produce
up to eight replicas.

The replica block and locking ring can be cleaned by squirting them with 70% ethanol
and drying them with a paper towel. The package of velvets is carefully opened with the
soft side of the cloth squares facing down. One velvet is picked up by the corner, turned
over, and placed on the block. The package should then be partially closed to prevent
contamination. The locking ring is pushed down so that the velvet is drawn tight. The
master plate is gently but firmly pushed onto the surface of the velvet and then lifted up
again. Each test plate is then pushed onto the velvet in the same manner.

Suspending cells in top agar

This is probably the least preferred method unless the yeast cell wall has been compro-
mised and an osmotic support is needed. A stock of sterile Bacto agar is prepared in water
or medium. The agar should be prepared so that the final concentration is between 0.5%
and 1.0% after adding the yeast suspension. Once it has been sterilized, the agar stock
solution can be melted any number of times in a boiling water bath. For a 100-mm plate,
3 to 10 ml of the melted agar is transferred to a sterile tube and cooled to 37°C. A small
volume of yeast cells are added, and the suspension is mixed and poured over the surface
of an agar plate. After a few minutes, the plates can be inverted and incubated for 2 to 4
days at 30°C.

Storage of Yeast Strains

Short-term storage of yeast strains

Most yeast strains will survive extended periods of storage at room temperature or 4°C;
however, this type of storage should not be relied upon. Storage at these temperatures may
result in loss of viability, or worse, selection of uncharacterized mutants that survive better
under these conditions.

Long-term storage in glycerol

Two methods are commonly used for long-term storage of yeast strains: glycerol/water
vials at —80°C and agar slants at room temperature or 4°C. The glycerol vials are the
preferred method of storage.

Yeast strains can be stored indefinitely at —80°C in 15% (v/v) glycerol in water. Any glass
vial may be used; however, 2-ml Wheaton vials (in a lab file) are an ideal size. These vials
can be stored in standard freezer storage boxes (100 per box).

To prepare the vials, 1 ml of 15% glycerol solution is dispensed per vial, lids are placed
loosely on the vials, and the vials are autoclaved. As soon as the vials are cool enough to
handle, the lids are tightened. Prior to use, the vials may be stored at room temperature
indefinitely.

To store the strain, the vials are labeled and a single colony is transferred using a sterile
toothpick or inoculating loop from a fresh plate into each vial. Each vial is shaken until
the colony is evenly distributed in the liquid. The vials are then transferred to a —80°C
freezer. The best colonies are 1 to 3 days old, although older ones will work.

Labeling the vials can be difficult because some brands of label fall off at such cold
temperatures and some inks run when they come in contact with freezer frost. One method
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that works is to use good quality office labels and to cover the labels with one wrap of
cellophane tape. The tape sticks to itself very well and protects the writing.

A sample of a liquid culture may be preserved by this method, although it is not
recommended. If liquid cultures are to be preserved, the concentration of glycerol should
be adjusted accordingly to allow for dilution by the liquid culture.

Long-term storage in YPAD slants

YPAD medium is prepared and the agar is dissolved into the medium in a boiling water
bath. Portions of 1.5 ml are dispensed into 3-ml vials, screw cap lids are applied loosely,
and the medium is autoclaved. After autoclaving, the vials are inclined so that the agar is
just below the neck of the vial. After drying for 1 to 2 days, the lids are tightened.

A small sample of a fresh culture is transferred to the agar slant using a sterile toothpick
or inoculating loop. The culture may be spread across the agar surface or it may be pushed
into the agar. The screw-cap lid is tightened. Parafilm can be wrapped around the lid to
improve the seal. The slants are stored in a cool (23°C) dark place. Viable yeasts can be
recovered from the slants for > 3 years.

Shipping Yeast Strains

Yeast strains can be shipped by any of several different methods. The shipped cultures
may be dried, on agar, or in liquid as long as sterility is maintained. The simplest method
is to use sterile swabs. Other methods generally involve more preparation time or are more
vulnerable to damage in the mail.

Shipping yeast strains in sterile swabs

One convenient and safe method is to use sterile swabs for taking throat cultures, such as
the Culturette system from Becton Dickinson. These systems contain a sterile swab and
a saline solution housed in a leak-proof container that is resistant to rough handling. To
use this system, the package is opened, a colony is swabbed from a fresh culture plate,
the swab is inserted back into the package, and the package is labeled and taped or stapled
shut. To revive the strain, the swab is removed and dabbed on a small area of a petri plate
containing YPD or another appropriate medium. Toothpicks are then used to streak for
single colonies and the plate is incubated.

Shipping yeast strains on filter paper

Yeast cultures can be dried onto filter paper and stored or transported. This method was
developed by at the YGSC by John Bassel, and is best used for strains that are frequently
sent out, because multiple filters may be prepared once and stored up to several years at
4°C. Sterile filter paper squares (Whatman no. 4, 1 X 1 cm) are prepared by packaging
them in a sheet of heavy-duty aluminum foil (7 X 6 cm) and autoclaving the packages.
The strain to be shipped is grown exponentially in YEPD and a 5-ul sample of culture is
added to 0.2 ml evaporated milk. The milk is handled aseptically but is not sterilized. The
filter paper squares are immersed in the milk suspension of cells and returned to the
aluminum foil packet. The packets are folded only once and stored in a desiccator at 4°C
for 2 to 3 weeks or until the liquid congeals into a hard, dry lump. Following desiccation,
the packets are folded tightly and stored at 4°C in plastic boxes. To revive the strain, the
filter paper is swiped on a petri plate of YPD or other appropriate medium and returned
to its packet. Toothpicks are used to streak for single colonies and the plate is incubated.

Shipping yeast strains by other methods

Other methods include sending agar slants (described above) or petri plates. Care should
be taken in packaging petri plates because they are easily broken in the mail.
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BY-2 Cells: Culture and Transformation for

UNIT 1.7

Live Cell Imaging
This unit describes the production of stable transformants of tobacco Bright Yellow 2
(BY-2) cells with such fluorescent markers as the green fluorescent protein (GFP) from
the jellyfish Aequoria victoria to study subcellular dynamics. These markers are increas-
ingly used in plant cell biology, and the number of fluorescent proteins available for plant
cell imaging and physiology is increasing almost exponentially (Brandizzi et al., 2002;
Table 1.7.1).
BY-2 cells were initially established for mass production of raw material for cigarettes,
but they have lately been described as the HeLa cell of the biology of higher plants (Nagata
et al., 1992). This title is well deserved, as these cells are amenable to cell culture,
transformation, and manipulation. BY-2 cells have a high synchronization efficiency and
growth rate, and they are homogeneous. Because of their good size and the absence of
autofluorescent chloroplasts, they are also easily transformed and imaged. When BY-2
cells are grown on solid medium they form calli. Calli are aggregated cells that arise from
multiple divisions of a single cell—similar to a bacterial colony. The BY-2 calli are used
as a way to keep a stock of cells that can be used to start suspension cultures as required.
Table 1.7.1 Examples of BY-2 Cellular Components Highlighted with Fluorescent Proteins®
Construct Cellular location Fluor.escent Reference

protein
Korrigan (KOR1) and Golgi apparatus, GFP Zuo et al., 2000
mutants growing cell plates
Soybean o-1,2 mannosidase Golgi apparatus GFP Nebenfiihr et al., 2000
(Gm-Manl)
Rat sialyltransferase 1 (ST)  Golgi apparatus GFP Saint-Jore et al., 2002
N-acetylglucosaminyl Golgi apparatus and  RFP Dixit and Cyr, 2002
transferase I (Nag) NE
ER-targeted GFP-HDEL ER GFP Nebenfiihr et al., 2000
Arabidopsis thaliana RAN  NE and other GFP Rose and Meier, 2001
GTPase activating protein 1  structures
(AtRanGAP1) and deletion
clones
Truncated lamin B receptor NE GFP Irons et al., 2003
(LBR)
Matrix attachment Outer NE and other GFP Rose and Meier, 2001
filament-like protein cellular structures
(MAF1)

CFP Dixit and Cyr, 2002
Actin-binding domain of a  Actin GFP Kost et al., 1998
mouse talin
Tubulin Microtubules GFP Kumagai et al., 2001
Microtubule-binding Microtubule-binding  GFP Granger and Cyr, 2000
domain (MBD) domain Dixit and Cyr, 2002
Cyclin B1 and mutants Cytoplasm and GFP Criqui et al., 2001

nucleus
4Abbreviations: CFP, cyan fluorescent protein; ER, endoplasmic reticulum; GFP green fluorescent protein; NE, nuclear
envelope; RFP, Red fluorescent protein.
Cell Culture
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Within a month a callus can grow to several centimeters in diameter, at which point a
small piece (~2 to 5 mm? lump) should be transferred to fresh solid medium to keep the
cells supplied with nutrients. If cells are already in suspension culture, stock plates can
be made by plating 1 ml of suspension cells on solid medium. BY-2 calli are easily broken
up by agitation in liquid medium. The establishment of a BY-2 suspension culture is
described in Basic Protocol 1; Basic Protocol 2 describes their routine culturing.

Transient transformation of BY-2 cells may be achieved after protoplasting and electro-
poration (F.B. and C.H., unpub. observ.; unir 20.5) or directly by particle bombardment
(An, 1985) and electroporation (Koscianska and Wypijewski, 2001; unit 20.5). Co-culti-
vation with Agrobacterium tumefaciens also easily leads to stable transformation.

BY-2 cells are readily susceptible to inducible expression systems such as the tetracycline
repressor and, even more tightly, the glucocorticoid-inducible system, neither of which
suffers from leakage of gene expression in the absence of the inducer (Criqui et al., 2000;
David and Perrot-Rechenmann, 2001; Nishihama et al., 2001; Geelen et al., 2002).
Besides chemical inducers, gene expression in the BY-2 cell system may be induced by
heat shock. In this respect, the heat-sensitive promoter HSP18.2 may be used as an
alternative to chemical inducers with fast kinetic responses (Yoshida et al., 1995; Shinmyo
et al., 1998).

BY-2 cells can easily be used for following the cell cycle and for studying the effect of
test compounds on its progression. As the authors describe in this unit, aphidicolin
synchronization (Basic Protocol 3) may produce a good mitotic index. The current
availability of cellular fluorescent markers opens the exciting possibility to follow the
dynamics of organelles and the cytoskeleton during the cell cycle.

The transformation of BY-2 cells with Agrobacterium that contains a reporter construct
in a suitable binary vector is an easy, quick, and very reliable method (Basic Protocol 4).
In comparison with protoplast-based protocols, this method offers several advantages over
transient transformation. These include working with a relatively unperturbed cellular
environment, little variability of DNA expression among cells, longer imaging periods,
amenability to synchronization of mitosis, and ease of handling. BY-2 cells can also be
stably transformed with two constructs, each expressing a different fluorescent marker
(Alternate Protocol).

When GFP is expressed as a chimeric protein either with selected peptide targeting
sequences or with complete proteins that are resident in subcellular locations, expression
of the chimeric constructs can be observed in living cells using conventional epifluores-
cence or, preferably, confocal laser scanning microscopes.

CAUTION: BY-2 cells are unlikely to survive outside the laboratory culture environment.
It is, however, good laboratory practice to treat transformed BY-2 cells as biological
hazards and therefore to dispose of them accordingly. The cells in culture should be killed
by autoclaving.

NOTE: All procedures should be carried out under sterile conditions in a laminar flow
hood sprayed with 70% (v/v) ethanol (and allowed to stand for 20 min before use). A heat
bead sterilizer or flame should be used to sterilize metallic tools such as forceps and razor
blades (tools must be cool before using on biological materials). All items placed in the
hood should be sprayed with 70% (v/v) ethanol.
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ESTABLISHING A BY-2 SUSPENSION CULTURE

This protocol describes the method to establish a BY-2 cell suspension from a BY-2 or
another tobacco callus. Subculturing the cells is technically termed passaging (also see
Basic Protocol 2). It is advisable to work in duplicate or even triplicate when establishing
a suspension culture. This allows initiation of fresh suspensions of the same transformed
cell line should any contamination occur.

Materials

Calli of wild-type and/or transformed BY-2 cells (available from various
laboratories) grown on solid BY-2 medium (see recipe) in petri dish

50-ml conical flasks containing 20 ml liquid BY-2 medium (see recipe), covered
with aluminum foil and autoclaved

Suitable filter-sterilized antibiotics, for culturing transformed BY-2 cells only

Razor blades, sterile
Packet of aluminum foil squares for covering flasks, sterile
Shaking incubator, 25°C

1. Cut a 2-cm? piece of wild-type or transformed BY-2 callus with a sterile razor blade
directly on the petri dish on which the calli are growing.

2. Loosen aluminium foil from top of a sterile 50-ml conical flask containing 20 ml
liquid BY-2 medium. Lightly flame neck of flask. Add suitable filter-sterilized
antibiotics if needed. Open a sterile packet of aluminum foil squares so that they are
readily accessible.

This will aid the speed at which the items in the hood can be handled and hence will reduce
the possibility of contamination.

The flasks should be open for as short a time as possible to avoid contamination. Avoid
passing anything (e.g., hands or sleeves) over the open flasks.

The preparation and storage of antibiotics should be according to manufacturer’s instruc-
tions. Antibiotics should be filter sterilized and handled as sterile material. To filter sterilize
the antibiotic solution, a stock solution of the required concentration (usually 100x) is
prepared. The antibiotic solution is aspirated into a sterile syringe without a needle. A
0.2-um syringe filter is attached to the syringe, and the solution is pressed through the filter
into a sterile tube.

3. Transfer the cut callus to the 50-ml flask with medium.

When establishing suspension cultures it is best to begin in a small volume as the cells grow
better. To encourage growth the authors have found that subculturing newly established
suspensions 1 to 2 weeks after placing calli in liquid medium, the culture should be quite
thick—like runny tomato ketchup. Passaging cultures at lower dilution ratio (1:10 instead
of 1:20) can also encourage good suspension culture growth. Once the cells are growing
well in the small volume they can be subcultured into larger volumes of medium.

4. Gently pipet the culturing medium up and down to break up callus.

5. Reseal the flask with a new square of aluminium foil.

6. Place cells in a shaking incubator set at 130 rpm and 25°C with illumination of choice.
A flat-bed orbital platform in a 25°C culture room may also be used.

BY-2 cell suspensions may be kept in the dark. An illumination regime of 16 hr light and 8
hr dark can also be used.

Cells should be subcultured after 7 days (see Basic Protocol 2).
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ROUTINE CULTURE OF BY-2 CELLS

This protocol describes the routine method to culture BY-2 cells and to maintain
suspension and callus cultures. As described in Figure 1.7.1, the protocol requires liquid
and solid media.

Materials

50-ml conical flasks containing 20 ml liquid BY-2 medium (see recipe), covered
with aluminum foil and autoclaved

Suitable filter-sterilized antibiotics, for transformed BY-2 cells only
Wild-type or transformed stationary-phase BY-2 cells (i.e., 7-day-old cultures)
grown in suspension (see Basic Protocol 1)

Packet of aluminum foil squares for covering flasks, sterile
Trimmed 1-ml pipet tips (i.e., 4 to 5 mm cut off from narrow end), sterile
Shaking incubator, 25°C

1. Loosen aluminium foil from top of a sterile 50-ml conical flask containing 20 ml
liquid BY-2 medium. Lightly flame neck of flask. Add suitable filter-sterilized
antibiotics if needed. Open a sterile packet of aluminum foil squares so that they are
readily accessible.

This will aid the speed at which the items in the hood can be handled and hence will reduce
the possibility of contamination.

The flasks should be open for as short a time as possible to avoid contamination. Avoid
passing anything (e.g., hands or sleeves) over the open flasks.

cultures sub-
cultured weekly or
until nonviable

A
stock of cells kept on M},

solid medium, passage

calli every month 7 days
Y 7 days / \
O — —

initiation of suspension suspension \ —
P P 1:20 dilution of cells 1:20 dilution cells

culture; single callus/part culture becomes . :
g p to fresh medium, to fresh medium,

of callus placed in liquid established

in duplicate in duplicate

medium keep unopened flask
for 1 week to
B subculture from if new
flasks become infected
18-20th Agrobacterium
culture ) 3 X1 month
u incubate passages of
co-culture selection of calli
\ior 2 days fluorescent
1 month micro-calli
- g
wash cells and plate  micro-calli appear, establish
on solid media excise and plate on suspension
supplemented with  fresh solid media cultures/s

selectable antibiotics
suspension culture
3 days post passage

Figure 1.7.1 (A) Routine culture of BY-2 cells (see Basic Protocol 2). (B) Production of stable
transformants (see Basic Protocol 4).
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The preparation and storage of antibiotics should be according to manufacturer’s instruc-
tions. Antibiotics should be filter sterilized and handled as sterile material. To filter sterilize
the antibiotic solution, a stock solution of the required concentration (usually 100x) is
prepared. The antibiotic solution is aspirated into a sterile syringe without a needle. A
0.2-um syringe filter is attached to the syringe, and the solution is pressed through the filter
into a sterile tube.

2. Use a trimmed 1-ml pipet tip to take a 1-ml aliquot of wild-type or transformed
stationary-phase BY-2 cells from their flask.

The ends of uncut tips will be too narrow to allow easy entry of cells. A razor blade can be
used to cut the tips, and cut tips are autoclaved as normal.

For larger volumes of cells, use 100 ml BY-2 medium in a 250-ml flask. For 100-ml
suspension cultures, passage 10 ml cells into 100 ml fresh medium.

3. Remove foil from the new flask and pipet the cell aliquot directly into the fresh
medium.

4. Cover the new flask with a new square of aluminum foil and seal firmly.

5. Place cells in a shaking incubator set at 130 rpm and 25°C with illumination of choice
for 7 days.

A flat-bed orbital platform in a 25°C culture room may also be used.

BY-2 cell suspensions may be kept in the dark. An illumination regime of 16 hr light and 8
hr dark can also be used.

After 7 days, cells should be passaged again.
6. Passage cells every 7 days.

APHIDICOLIN-MEDIATED SYNCHRONIZATION OF CELL CULTURES

Synchronization of cultures can be achieved by a variety of methods, which include
mineral and hormone starvation, hydroxyurea treatment, heat shock, light-dark cycle
control, or chemical inducers, such as aphidicolin. Aphidicolin is a toxin produced by the
fungus Cephalosporium aphidicolia, and it acts as a specific and reversible inhibitor of
DNA polymerase o (Ikegami et al., 1978). In the presence of this compound, cells are
blocked in G1; when aphidicolin is washed out of the suspension, the cells are released
from G1 and the cell cycle progresses to S phase (see Fig. 1.7.2; Menges and Murray,
2002).

The following describes how to synchronize BY-2 cells with aphidicolin. With this
method it is possible to achieve a 40% mitotic index. Higher synchrony is possible using
treatments such as propyzamide (1.6 mg/liter) 6 hr after aphidicolin release (Nagata et
al., 1992). However, as this compound may perturb microtubule structure, its use may not
be desirable if subcellular dynamics, such as the cell cycle, are being studied.

With the method described below, cells generally reach M phase 10 to 11 hr after the
aphidicolin wash.

CAUTION: Aphidicolin is very toxic and should be handled with great care. Aphidicolin
should be handled wearing gloves and in accordance with general good lab practice (i.e.,
with lab coat and eye protection). Inhalation of dust should be avoided. The chemical
should be diluted in at least 1 liter of water and flushed down the drain.

Current Protocols in Cell Biology

BASIC
PROTOCOL 3

Cell Culture

1.7.5

Supplement 19



Materials

50-ml conical flasks containing 20 ml liquid BY-2 medium (see recipe), covered
with aluminum foil and autoclaved

5 mg/ml aphidicolin (Fisher) in dimethyl sulfoxide, store up to 1 yr at 4°C

Suitable filter-sterilized antibiotics, for transformed BY-2 cells only

Wild-type or transformed stationary-phase BY-2 cells (i.e., 7-day-old cultures)
grown in suspension (see Basic Protocol 1)

Five 100-ml beakers, covered with aluminum foil and autoclaved

20-um nylon filter mounted on a cut plastic autoclavable 50-ml beaker, sterile
Packet of aluminum foil squares for covering flasks, sterile

Trimmed 1-ml pipet tips (i.e., 4 to 5 mm cut off from narrow end), sterile
Shaking incubator, 25°C

1-liter liquid waste container

1. In a laminar flow hood, aliquot 80 ml BY-2 medium to each of five sterile 100-ml
beakers.

2. Loosen aluminium foil from top of a sterile 50-ml conical flask containing 20 ml
liquid BY-2 medium. Lightly flame neck of flask. Add 20 pl of 5 mg/ml aphidicolin
and suitable filter-sterilized antibiotics, if needed. Open a sterile packet of aluminum
foil squares so that they are readily accessible.

This will aid the speed at which the items in the hood can be handled and hence will reduce
the possibility of contamination.

The flasks should be open for as short a time as possible to avoid contamination. Avoid
passing anything (e.g., hands or sleeves) over the open flasks.

The preparation and storage of antibiotics should be according to manufacturer’s instruc-
tions. Antibiotics should be filter sterilized and handled as sterile material. To filter sterilize
the antibiotic solution, a stock solution of the required concentration (usually 100X) is
prepared. The antibiotic solution is aspirated into a sterile syringe without a needle. A
0.2-um syringe filter is attached to the syringe, and the solution is pressed through the filter
into a sterile tube.

3. Use a trimmed 1-ml pipet tip to take a 1-ml aliquot of wild-type or transformed
stationary-phase BY-2 cells from their flask and transfer them to aphidicolin-supple-
mented medium.

The ends of uncut tips will be too narrow to allow easy entry of cells. A razor blade can be
used to cut the tips, and cut tips can be autoclaved as usual.

4. Cover the new flask with a new square of aluminium foil and seal firmly.

5. Place cells in a shaking incubator set at 130 rpm and 25°C and incubate 24 hr in the
dark.

6. Hold a sterile 20-pum nylon filter mounted on a cut plastic 50-ml beaker over a sterile
1-liter liquid waste container and gently pour aphidicolin-treated cells onto the filter.
Discard medium in liquid waste container.

To construct the filter apparatus, the bottom end of a plastic beaker is cut off and discarded.
A 2-cm section is cut from the bottom of the beaker. This ring is placed on top of the nylon
filter; and then the filter and ring are inserted in the upper part of the beaker. In this way,
the filter will be secured to the cut end of the beaker (see Fig. 1.7.2). The apparatus is
wrapped in foil before autoclaving.

7. Quickly transfer filter with cells to a sterile 100-ml beaker containing 70 to 80 ml

BY-2 Cells: liquid BY-2 medium. Gently agitate cells in filter for 5 min.
Culture and
Transformation The transfers must be carried out quickly to prevent the cells from drying out.
for Live Cell
Imaging
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Figure 1.7.2 Aphidicolin synchronization of BY-2 suspension cultures.

8. Repeat transfer four more times, using a beaker with fresh medium each time. Discard

used medium in liquid waste container.

9. Resuspend cells in new 50-ml flask containing 20 ml medium (with antibiotic if

needed).

10. Shake cells 10 to 11 hr at 25°C.

At this point the majority of cells are entering into M phase.

STABLE TRANSFORMATION OF BY-2 CELLS MEDIATED BY
AGROBACTERIUM FOR VISUALIZATION OF SUBCELLULAR

ORGANELLES

This protocol involves the production of BY-2 lines that stably express GFP targeted to
subcellular structures for subsequent live cell imaging (see Fig. 1.7.3). The procedures
are suitable for other tobacco cell lines and may be modified for Arabidopsis thaliana

suspension cells as well (Foreiter et al., 1997).

Stably transformed calli may be identified and selected directly on a petri dish with the
aid of a portable UV lamp if the fluorescent protein used to transform cells has a UV peak
excitation (such as the green fluorescent protein GFP5; Haseloff et al., 1997). Alterna-
tively, a small portion of the callus may be analyzed with a conventional fluorescence
microscope using the appropriate excitation-emission filter set to establish the positive
transformation. In Figure 1.7.1B, a scheme of the production of stable transformants is

given.
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Figure 1.7.3 Passaging of stably transformed BY-2 cells.

NOTE: To transform BY-2 cells, a binary vector that can be transformed into agrobacteria
is needed and can be the same as is used to transform tobacco and Arabidopsis plants.
The binary vector, in which the fluorescent protein marker is subcloned, must carry two
resistance markers (antibiotic resistance). One is a selectable marker for bacteria—to
select positive transformants after bacterial transformation—and the other is a selectable
marker for plants, which will allow the growth only of transformed plant cells. When
working with these selection markers, it is very important to follow the manufacturer’s
instructions for the specific antibiotic in use. Factors such as light and pH, for example,
may alter the properties of the antibiotics and thus affect the yield of stable transformants.

Materials

YEB medium (see recipe) containing appropriate filter-sterilized bacterial
selection antibiotic

Agrobacterium tumefaciens transformed with vector containing appropriate GFP
construct (e.g., strain GV3101::pMP90; Konez and Schell, 1986) transformed
with another plasmid (e.g., pVKHISEn6, pBII21) which contains GFP and the
insert of interest.

3-day-old wild-type BY-2 suspension culture (see Basic Protocol 1)

Liquid BY-2 medium (see recipe), sterile

Solid BY-2 medium (see recipe) plates with plant selectable antibiotic, 100 pg/ml
carbenicillin (see recipe), and 20 pg/ml timentin (see recipe)

Shaking incubator, 25°C

Trimmed 1-ml pipet tips (i.e., 4 to 5 mm cut off from narrow end), sterile
5- and 10-cm petri dishes, sterile

1.5-ml microcentrifuge tubes, sterile

Forceps, sterile
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Grow agrobacteria

1.

Inoculate 5 ml YEB medium containing appropriate filter-sterilized bacterial selec-
tion antibiotic with a single colony of Agrobacterium tumefaciens transformed with
a binary vector containing the appropriate GFP construct. Incubate 18 to 20 hr at 130
rpm and 25°C.

Transform BY-2 cells

2.

8.

Using a trimmed 1-ml pipet tip, transfer 1 ml of a 3-day-old wild-type BY-2
suspension culture to a sterile 5-cm petri dish.

. Add 50 ul overnight Agrobacterium culture (step 1) and mix very gently with pipet tip.

Seal plate with Parafilm and incubate 2 days at 25°C in the dark without shaking.

Alternatively, the plates may be wrapped in aluminium foil or placed in sealed boxes.

. Add 1 ml fresh liquid BY-2 medium and collect the cells with a trimmed 1-ml pipet

tip. Transfer cells to a sterile 1.5-ml microcentrifuge tube.

Because the cell medium may have dried out during the 2-day incubation, 1 ml medium is
added to facilitate collection of the cells.

It may be necessary to divide cells between two tubes at this stage.

Allow BY-2 cells to settle to bottom of tube by gravity (2 min).

. Remove excess medium and add 1 ml fresh liquid BY-2 medium. Resuspend cells by

gently flicking the tube.

Repeat steps 6 and 7 two more times for a total of three washes.

Plate BY-2 cells

9.

10.
11.

12.

13.

Resuspend cells with 1 ml fresh liquid BY-2 medium and use trimmed 1-ml pipet tip
to transfer cells to solid BY-2 medium plates with plant selectable antibiotic, 100
pg/ml carbenicillin and 20 pg/ml Timentin.

Gently rotate plate to spread cells over the surface of the solid medium.

Seal plate with Parafilm and incubate in the dark at 25°C without shaking until
microcalli appear (~1 month).

Use sterile forceps to excise individual microcalli and plate them onto fresh solid
BY-2 medium plates with plant antibiotic. Place a maximum of nine calli per 10-cm
plate.

Calli can be screened, after excision and before passaging, for fluorescence using an UV
lamp for constructs based on GFPS5 (Haseloff et al., 1997); calli that have been successfully
transformed will fluoresce.

Passage calli three times, allowing a 1-month interval between each passage, before
establishing suspension cultures.

Each passaging step except the first (when the microcalli are too small to divide) should
be carried out in duplicate to ensure that, should one plate become contaminated, there is
still another stock plate available. These passages are carried out to ensure that the cells
are stably transformed.
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Figure 1.7.4 ((A) DIC image of BY-2 suspension culture. Membranous structures, nuclei, and
vacuole are clearly visible. (B) Cortical endoplasmic reticulum (ER) visualized with yellow fluores-
cent protein (YFP) targeted and retained in a BY-2 cell stable transformant. This construct,
SpYFP-HDEL, is composed of a sporamin signal peptide (to target the protein to the ER lumen),
YFP, and the tetrapeptide HDEL to retain the protein in the lumen of the organelle (Irons et al.,
20083). (C) To visualize the Golgi apparatus (arrowhead), the signal anchor of a rat sialyl transferase
has been fused to green fluorescent protein (GFP) and expressed stably in BY-2 cells (Saint-Jore
et al., 2002). (D) Nuclear envelope (arrowhead) of BY-2 cells stably expressing the amino terminus
of the human lamin B receptor fused to GFP (LBR-GFP; Irons et al., 2003). (E) A histone-YFP
(Boisnard-Lorig et al., 2001) construct highlights the chromatin in stably transformed cells. Cell in
interphase (white arrowhead) and at metaphase (black arrowhead). (F,G) Stable BY-2 transformant
co-expressing LBR-GFP (F) and SpYFR-HDEL (G) during cell division. Scale bars, 10 um.

STABLE TRANSFORMATION OF BY-2 CELLS WITH TWO CONSTRUCTS

BY-2 cells are also an amenable system for stably co-expressing two constructs (Fig.
1.7.4F, G). To achieve this, the fluorescent markers should be subcloned independently
into a bacterial plasmid bearing the same antibiotic resistance. For the transformation,
Basic Protocol 4 is carried out with the following changes. In step 1, two separate
overnight cultures are grown for the two fluorescent marker constructs. In step 3, 50 pl
of each bacterial population is added to 1 ml untransformed BY-2 cells. Following the
transformation, calli are screened for co-expression of the two fluorescent markers using
a fluorescent microscope with adequate excitation and emission filters to discriminate the
two fluorochromes.

PREPARATION OF BY-2 CELLS FOR FLUORESCENCE MICROSCOPY

BY-2 cells are generally mounted in half-strength agarized medium to prevent excessive
movement of the cells and are maintained in the culture medium to limit cellular stress.
For longer observation (up to several days) of immobilized suspension culture cells, a
chamber covered with the gas-permeable foil bioFOLIE (Vivascience) can be used as an
alternative to the agar medium (J.W. Vos and A.M.C. Emons, Plant Cell Biology,
Wageningen University; pers. comm.). BioFOILE allows gas exchanges at the junction
of the gas and liquid phase and gently immobilizes cells.

Current Protocols in Cell Biology



Materials

Solid BY-2 medium (see recipe), for short-term observation only
Wild-type or transformed BY-2 suspension culture (see Basic Protocol 1)
70% (v/v) ethanol, for long-term observation only

Valap: 1:1:1 (w/w/w) Vaseline/lanolin/paraffin (uniT 13.1)

Electrical tape, cut in 0.5-cm-wide strips, for short-term observation only

76 x 26—mm glass slides and 51 X 20-mm O thickness coverslips, for short-term
observation only

Microwave oven, for short-term observation only

Trimmed 200-ul pipet tips (i.e., 4 to 5 mm cut off from narrow end), sterile

76 x 51-mm glass slides with 18-mm hole in the center and 24 X 24—mm O
thickness coverslips, for long-term observation only

50°C oven, for long-term observation only

Double-sided tape, for long-term observation only

Scalpel, for long-term observation only

2.5 x 2.5—cm piece of bioFOLIE film (Vivascience), for long-term observation only

Sterile tissues, for long-term observation only

For short-term observation:
la. Place two 0.5-cm-wide strips of electrical tape on a clean 76 X 26—mm glass slide
perpendicular to the long sides of the slide. Place the strips of tape ~10 mm apart.

The electrical tape will prevent excessive compression of the cells.

2a. Warm a small amount of solid BY-2 medium in a microwave oven until melted but
not boiling. Place 100 ul medium on the glass slide between the strips of tape and
allow to cool.

3a. At the critical point at which the medium solidifies, use a trimmed 200-p pipet tip
to transfer 50 to 100 ul wild-type or transformed BY-2 suspension culture to the
medium. Use the pipet tip to gently mix the cells and medium.

4a. Place a 51 x 20—-mm O thickness coverslip over the sample prior to observing at the
microscope.

The cells will be held in place by the pressure of the coverslip.

Cells should be observed within up to 4 hr. Discard after observing; autoclave the slide
before discarding if the cells are transformed.

For long-term observation:

1b. Clean a 76 X 51-mm glass slide with an 18-mm hole in the center and a 24 X 24-mm
coverslip with soap and hot tap water, rinse in distilled water, and dry in an oven at
50°C.

2b. Place two 3-cm-long strips of double-sided tape on the slide, to cover the surface of
the slide, including the hole.

3b. Use a scalpel to remove the tape covering the hole.
4b. Clean a 2.5 x 2.5—cm piece of bioFOLIE film in 70% ethanol and allow to air dry.

5b. Mount the bioFOLIE film on the tape on the glass slide and remove excess tape and
foil.

The bioFOLIE film is mounted on the underside of the glass slide.
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6b. Clean with soap and water, rinse with 70% ethanol, and air dry in a laminar flow
hood.

7b. Working under sterile conditions, use a trimmed 200- pipet tip to transfer 20 pl of
a wild-type or transformed BY-2 suspension culture onto the bioFOLIE in the hole
of the glass slide.

8b. Cover the hole with the coverslip. Blot excess fluid with a sterile tissue while gently
pressing on the coverslip.

9b. Seal the slide with Valap to prevent drying and infection.

Cells should be observed within 2 to 3 days. Store the slides at 25°C during observations.
Discard slides, autoclaving first if the cells are transformed.

REAGENTS AND SOLUTIONS

Use ultrapure distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.
Carbenicillin, 100 mg/ml

Dissolve 100 mg/ml carbenicillin disodium (Melford Laboratories) in ultrapure
water. Filter sterilize with a 0.2-um filter and store up to 6 to 8 weeks at —20°C.

To use at 100 ug/ml, add 100 ul to 100 ml medium.

2,4-Dichlorophenoxyacetic acid (2,4-D), 1 mg/ml
Dissolve 1 mg 2,4-D in 1 ml 70% (v/v) ethanol. Store up to 6 to 8 weeks at 4°C.

Liquid BY-2 medium

Place 750 ml water in a 1-liter beaker and add 30 g sucrose (AnalaR grade, BDH
Chemicals). Stir until dissolved. Add 4.3 g Murashige and Skoog medium (without
sucrose, indole acetic acid, kinetin, agar; ICN Biomedicals), 200 pl 1 mg/ml 2,4-D
(see recipe), and 3.4 ul 100 mg/ml KH,PO, (potassium dihydrogen orthophosphate;
AnalaR grade, BDH Chemicals). Adjust pH to 5.8 with 0.1 M KOH (not NaOH),
make up to 1000 ml with water, and mix well. Pour into flasks, cover with foil and
autoclave 15 min at 121°C. Allow to cool and store up to 2 weeks at 4° to 8°C.

The final concentration of KH,PO, in BY-2 medium is 540 mg/liter. BY-2 cells have a high

phosphate usage, greater than that supplied in Murashige and Skoog medium alone (Nagata
etal., 1992).

Solid BY-2 medium
Add 1% (w/v) low-melting-temperature agar (Bacto Agar; Difco) to liquid BY-2
medium (see recipe) in suitable flask. Autoclave 15 min at 121°C and allow to cool
until flask can be held for pouring. Pour medium into sterile petri dishes (~25
ml/9-cm dish) in laminar flow hood. Allow plates to cool and store at 4° to 8°C.
If working with stable transformants, antibiotics should be added before pouring, and the
flask should be swirled to mix them into the medium.

Timentin, 20 mg/ml
Dissolve 20 mg/ml Timentin (tricarcillin disodium salt/potassium clavunculate;
Melford Laboratories) in ultrapure water. Filter sterilize with a 0.2-um filter and
store up to 6 to 8 weeks at —20°C.
An alternative to Timentin is ticarcillin/potassium clavulanate.

To use at 20 ug/ml, add 100 ul/100 ml medium.
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YEB medium

In a 1-liter beaker dissolve 5 g beef extract (Difco), 1 g yeast extract (Merck), 5 g
peptone (Difco), 5 g sucrose (BDH Laboratory), and 0.5 g MgSQO,-7H,0 in 0.8 liter
water. Add water, while stirring continuously, up to 1 liter. Autoclave and store up

to 4 to 6 weeks at room temperature.

The components may take some time to dissolve completely.

COMMENTARY

Background Information

The reader may find different protocols for
BY-2 cell culture and transformation being
used in different laboratories. This is because
researchers tend to optimize a general protocol
based on their experience with handling BY-2
cell lines.

The medium used for the same cell type
sometimes differs between labs as a result of
different working practices and preferences.
Different suspension plant cell types have dif-
fering medium requirements. For example in
the authors’ experience carrot suspension cells
grow optimally in M and S media supple-
mented with sucrose, coconut milk, zeatine,
and 2,4-dichloro-phenoxyacetic acid (2,4-D),
in comparison to BY-2 cells which require the
addition of sucrose, KH,POy, and 2,4-D only.
In turn, Arabidopsis suspension cells prolifer-
ate in M and S supplemented with sucrose,
NAA (naphthaleneacetic acid), and kinetin.
The cells are all grown at the same temperature,
with the same light and shaking regimes and
are subcultured every 7 days.

There are several factors that have to be
taken into consideration when working with
transformed BY-2 cells. The expression of a
fluorescent construct may vary among calli
from the same transformation. Mistargeting of
a protein may well be due to overexpression.
Therefore, transgenic calli should be analyzed
with a fluorescence microscope to ascertain the
fidelity of the expression pattern. The authors
have also found that levels of fluorescence of
transformed BY-2 cells of a single line and
patterns of expression may change after re-
peated passages. This may be due to aging of
the culture, degradation of the fluorescent con-
struct, and/or gene silencing.

Critical Parameters

The efficiency in obtaining transgenic calli
may vary between experiments. This may be
related to the quality of the BY-2 cells. In
particular, cells that are in M and early G1 phase
are more susceptible to transformation via A.
tumefaciens than cells residing in G2 (Geelen
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and Inzé, 2001). Similarly, the strain of Agro-
bacterium used may affect the yield. For exam-
ple, the Agrobacterium strain LBA4404, which
constitutively expresses the virG gene (van der
Fits et al., 2000), has been found to be superior
in generating transgenic calli (Geelen and Inzé,
2001).

Contamination of cultures may easily occur
even if appropriate sterile procedures are fol-
lowed. Therefore, to avoid wasted time and
effort, it is preferable to work in duplicate or,
in certain situations, in triplicate. This is to
ensure that there is a backup stock of sterile
material should infection occur at any point.
The authors found that when routinely working
with suspensions and calli (for the weekly and
monthly passages, respectively), one should
work in duplicate, but, when initiating a sus-
pension culture, the calli should be passaged in
triplicate. This is illustrated in Figure 1.7.3.
When passaging calli and suspension cultures,
the operator should discard infected plates. At
each passage, new subcultures should be gen-
erated from one plate or flask only. It is advis-
able to retain the uninfected and unopened
plates or flasks until the next passage to ensure
a backup of material should contamination oc-
cur.

Once transformed lines are established, they
can be passaged in a 7- to 14-day cycle. It is
advisable, however, to maintain the line as calli
on solid medium so that if expression levels
decrease with time, a new suspension can be
established. It is also the authors’ experience
that with some transformed lines, correct tar-
geting of constructs is lost after three to four
passages, and regular renewal from calli is then
necessary (Fig. 1.7.3).

Troubleshooting

General rules for troubleshooting that apply
in culturing and transforming of any plant cell
line (Evans et al., 2003) apply for BY-2 cells.

In general, to enhance the possibility of a
successful transformation, the operator should
produce at least three initial plates of mixed
agrobacteria and BY-2 cells.
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There may be an absence of fluorescence in
the transformed BY-2 cells. This may be due to
several factors, including gene silencing, tox-
icity of the construct, mutation in the sequence
of the fluorescent protein, degradation of gene
product, or even misuse of the selectable mark-
ers. When cells are stably transformed viaAgro-
bacterium, the DNA is integrated into the
genome, hence resulting in an absence of a
defined position effect. This may lead to silenc-
ing. The fidelity of a construct should always
be checked by transient expression before at-
tempting any stable transformation. Very often
constructs may prove toxic to cells so that only
lines with low levels of expression survive.

The gene product may not be tolerated by
the cells and may be degraded. Nonspecific
overproliferation of untransformed cells in calli
may also occur. This may arise because of an
impairment of antibiotic activity, for instance
by temperature, light, or pH inactivation of the
selective marker.

Anticipated Results

Transformation and culturing of BY-2 cells
is a straightforward approach to set up an in
vivo system to analyze cellular dynamics. This
system is particularly well suited for investiga-
tion into cell cycle progression.

BY-2 cells are present in variable shapes
from isodiametric to elongated and as single
cells or concatamers (Fig. 1.7.4A). The large
nucleus is suspended in a highly vacuolated
cytoplasm. Numerous plastids are present in
these cells, but they are not autofluorescent.

A variety of cellular organelles have been
highlighted by in vivo fluorescent protein
markers thanks to the ease of transformation of
BY-2 cell and their ability to tolerate heterolo-
gous constructs based on green fluorescent pro-
tein (GFP) and its fluorescent derivatives (Table
1.7.1), including the actin cytoskeleton (Kost
et al., 1998), microtubules (Granger and Cyr,
2000; Kumagai et al., 2001), and the Golgi
(Nebenfiihretal., 1999; Saint-Jore et al., 2002).

Figure 1.7.4B shows the endoplasmic
reticulum (ER) of BY-2 cells stably expressing
the yellow fluorescent protein targeted to the
ER by an N-terminal sporamin signal peptide
and retained by means of a C-terminal tetrapep-
tide, HDEL (SpYFP-HDEL). The Golgi appa-
ratus can be visualized with a rat sialyl trans-
ferase membrane-anchoring domain GFP con-
struct (Fig. 1.7.4C; Saint-Jore et al., 2002), and
the nuclear envelope by the N-terminal domain
of a mammalian lamin B receptor—GFP fusion
(Fig. 1.7.4D; Irons et al., 2003). Chromatin can

be visualized by a histone-YFP fusion (Fig.
1.7.4E, G; Boisnard-Lorig et al., 2001), which
allows the visualization of chromosome dy-
namics in interphase and mitotic cells.

BY-2 cells are also an amenable system for
stable co-expression of two constructs (Fig.
1.7.4F, G). Thus BY-2 cells may be used to
express a double combination of fluoro-
chromes for the analysis of organelle-organelle
and protein-protein interactions.

Time Considerations

As shown in Figure 1.7.1B, production of
stable cell lines of BY-2 cells may take about 4
months. Detection of fluorescence in calli may
be possible after 1 month from transformation
with agrobacteria. This may be useful to distin-
guish fluorescent calli from nonfluorescent
ones and to propagate the former.

After inoculation of liquid medium with
callus, it is advisable to let the culture establish
for a minimum of 1 week before microscopy.
This gives time for cells to divide and separate
from clumps of callus.
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of cell number, mitotic index, and percentage of
living cells.

Nagata et al., 1992. See above.

Comprehensively reviews the history, growth, char-
acteristics, and applications of BY-2 cells.

Internet Resources
http://www.bch.msu.edu/pamgreen/bv2.htm

Describes useful hints for transforming BY-2 cells
and culturing.

http://botany1.bio.utk.edu/cellbiol/default.htm

Hllustrates GFP fluorescent BY-2 cells, with most of
the images from BY-2 cells expressing a GmMan-
GFP fusion protein to label Golgi stacks. Also shows
combinations with other fluorochromes to simulta-
neously highlight other cellular components in in-
terphase and cell division and in the presence of
different test compounds.

Contributed by Federica Brandizzi,
Sarah Irons, Anne Kearns, and
Chris Hawes

Oxford Brookes University

Oxford, United Kingdom
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CHAPTER 2
Preparation and Isolation of Cells

INTRODUCTION

hapter 1 describes the techniques of cell culture, but, of course, to culture cells one

must have cells. Many cell biologists, if asked where cells come from, would
probably give the American Type Culture Collection (ATCC) as their answer. As impor-
tant as such repositories are as a resource, cells really come from organisms, and Chapter
2 deals with the preparation and isolation of cells from their true source.

As indicated in the introduction to Chapter 1, 1998 marked the golden anniversary of the
first continuous mammalian cell line. That line was the L cell fibroblast line established
from a mouse tissue explant by Sanford et al. in 1948 (J. Natl. Cancer Inst. 9:229-246).
Fibroblast lines continue to be important now, half a century after the establishment of
the L cell line. Fibroblasts can be obtained from humans without sacrificing the individual
(human skin fibroblasts are indeed available from the ATCC), and fibroblast cultures
established from patients with inherited disorders have often been used to identify genetic
abnormalities. Skin fibroblasts are also instrumental in characterization of functional
abnormalities in transgenic or knockout animals. The methodologies of preparing and
maintaining skin fibroblasts are described in UnIT 2.1.

Blood represents a “renewable resource” for obtaining human cells. uniT 2.2 describes
procedures for the isolation and maintenance of human lymphocytes from peripheral
blood. Relatively large numbers of these cells (1 to 2 million per milliliter of blood) can
be isolated by techniques that are moderately simple and inexpensive. In addition to the
basic protocol for lymphocyte preparation by density-gradient centrifugation, protocols
by which various subfractions of the lymphocyte population can be separated are
provided. Monocytes/macrophages are isolated (or depleted) by utilizing their tendency
to adhere to plastic. Monoclonal antibodies recognizing the specific surface molecules
are utilized together with magnetic beads to select positively or negatively for populations
of T cells or B cells. These cells can also be used to generate continuously growing B cell
lines via transformation with Epstein Barr virus.

In uniT 2.3, we move from blood to the blood vessels, from which endothelial cells can be
isolated. Endothelial cells have been used extensively to explore cell-cell and cell-matrix
interactions. Endothelial cell function (or dysfunction) participates in pathological proc-
esses as diverse as coronary artery disease and tumor invasion, as well as in the
inflammatory response. The expression of surface proteins and secretion of soluble
mediators by the endothelium controls vascular tone and permeability, regulates coagu-
lation and thrombosis, and directs the passage of leukocytes into areas of inflammation.
Endothelial cells play a central role in angiogenesis, the formation of new blood vessels
that is necessary for tumor growth. As such, endothelial cells are being extensively studied
in the quest for antiangiogenic agents that might be used in cancer therapy. A basic
protocol for the preparation of endothelial cells from human umbilical vein is provided
in uniT 2.3, along with alternative protocols for isolation of endothelial cells from
retroperitoneal adipose tissue, nasal mucosa, and human foreskins.

UNIT 2.4 provides guidance for preparing immortalized B cell lines via transformation by
Epstein-Barr virus. This methodology allows for the establishment and maintenance of
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cell lines derived from resting human B lymphocytes obtained from blood samples,
including those obtained from individuals with genetic changes leading to disease
conditions (e.g., sickle cell anemia and cystic fibrosis).

Animal tissues are heterogenous because they are composed of mixtures of cell types.
Analysis of the functions of these cells necessitates obtaining pure samples of the cells
of interest. One recent approach to the daunting task of isolating homogenous morpho-
logically identified cell populations is laser capture microscopy (LCM). The technique
as described in uniT 2.5 is based on selective adherence of visually identified cells within
a tissue section to a plastic membrane following activation by low-energy infrared laser.
Although initially developed at the National Cancer Institute for separation of malignant
or premalignant cells from surrounding normal tissue, LCM is being applied to a wide
variety of cell types. Hundreds of papers have already appeared in the literature wherein
DNA, RNA, and/or proteins have been extracted and analyzed from laser-captured cells.

UNIT 2.6 describes a method for establishing cultures of human keratinocytes. Although the
source for the protocol described is human newborn foreskin from circumcision, the
method may also be used to prepare keratinocyte cultures from skin biopsies, from other
surgical procedures, or from cadavers.

In future supplements to Chapter 2, protocols for the isolation of additional cell types will
be provided.

Joe B. Harford
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Establishment of Fibroblast Cultures

This unit describes methods for establishing fibroblast cultures from skin. Because
fibroblasts can be expanded to relatively large numbers from a small skin sample, they
have been widely used to study basic aspects of cell biology as well as genomic,
biochemical, and/or functional abnormalities in human patients and in transgenic or
knockout animals. Two protocols are described for the development of fibroblast lines
from human and mouse skin samples; the same protocols are also applicable, with slight
modification, to other animals including rats and rabbits. The first technique (see Basic
Protocol) employs an ““skin explant” culture system in which fibroblasts grow out of skin
specimens. The second technique (see Alternate Protocol) employs a dissociated fi-
broblast culture system in which fibroblasts are first released from skin specimens by
enzymatic digestion and then placed in culture. In general, the explant culture system is
technically simpler, requiring almost no special experience or reagents, whereas the
dissociated fibroblast culture is more suitable for obtaining relatively large numbers of
fibroblasts in a short period.

NOTE: All incubations are performed in a humidified 37°C, 5% CO, incubator unless
otherwise specified. Some media (e.g., DMEM) may require altered levels of CO, to
maintain pH 7.4.

NOTE: All solutions and equipment coming into contact with cells must be sterile, and
proper sterile technique should be used accordingly. Surgical equipment may be sterilized
by simply soaking in 70% ethanol; however, it is important to rinse in PBS before use
since ethanol will “fix” the tissue.

SKIN EXPLANT CULTURE

When skin specimens are “transplanted” onto culture plates, fibroblasts (in dermis) and
keratinocytes (in epidermis) migrate over the plastic surfaces, as they do in an ordinary
skin graft. Because fibroblasts will eventually overgrow keratinocytes in conventional
culture media, relatively pure fibroblast cultures can be obtained by simply placing small
pieces of skin on tissue culture dishes. On the other hand, the optional enzymatic
separation of the epidermis will ensure the absence of epidermal components from the
resulting fibroblast cultures; it will also allow investigators to establish keratinocyte
cultures from the same skin samples.

Materials

Skin specimen (see Commentary)

Phosphate-buffered saline (PBS; see recipe)

0.5% (w/v) dispase II (Boehringer-Mannheim) in PBS (store up to 3 months at
—20°C; optional)

0.3% (w/v) trypsin (from bovine pancreas; Sigma) in PBS (store up to 3 months at
—20°C; optional)

Complete growth medium (DMEM or RPMI,; see recipe)

Trypsin/EDTA solution (see recipe)

0.4% (w/v) trypan blue in PBS (store up to 6 months at room temperature)

Freezing medium: 10% DMSO/90% FBS or 10% DMS0/90% complete DMEM

15-ml and 50-ml polypropylene centrifuge tubes
Lids from 100-mm tissue culture dishes

Eye forceps (2 pairs)

Surgical scalpel with disposable no. 22 blade

UNIT 2.1

BASIC
PROTOCOL
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Isolation of Cells

Contributed by Akira Takashima
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35-mm tissue culture dishes or 6-well plates

22-mm glass coverslips (wrap several coverslips in aluminum foil and
sterilize by autoclaving)

Hemacytometer

25-cm? tissue culture flasks

1.5-ml cryotubes (e.g., Nunc)

Liquid nitrogen freezer

CAUTION: When working with human blood, cells, or infectious agents, appropriate
biosafety practices must be followed.

NOTE: Use Milli-Q water or equivalent in all protocol steps and for preparing all
solutions.

Prepare skin sample
1. Wash skin samples in PBS by gently shaking or agitating in a 50-ml polypropylene
centrifuge tube.

When handling skin samples from mice, rats, or rabbits, it is easier to remove hair before
excision. This can be achieved by applying 70% ethanol on skin and shaving with a
single-edged razor blade (e.g., Personna Prep).

2a. For relatively large skin samples (e.g., foreskin, surgically removed samples, or
cadaver skin): Place sample on the lid of a 100-mm tissue culture dish and spread it
out with the epidermal side down. Remove the subcutaneous tissue by scraping the
dermal side using two pairs of eye forceps. Cut skin into strips of ~0.5-cm width
using a surgical scalpel.

2b. Forsmaller skin samples (e.g., punch-biopsy samples): Place the sample on a 100-mm
tissue culture dish and excise the subcutaneous tissue using a surgical scalpel and a
pair of forceps.

Remove epidermis (optional)

3a. For human skin samples: Incubate 45 min to 4 hr with 0.5% dispase/PBS in a 37°C
water bath, then separate as an intact sheet mechanically by gentle agitation for 10
sec or by using two pairs of forceps.

The incubation time required for epidermal separation varies depending upon the thickness
of the skin specimen and the completeness of the subcutaneous tissue removal.

3b. For mouse, rat, and rabbit skin samples (optional): Incubate with 0.3% trypsin/PBS
for 30 to 60 min in a 37°C water bath or overnight at 4°C. Place the sample on the
lid of a 100-mm tissue culture dish with the epidermal side up and scrape off the
epidermis mechanically using two pairs of forceps.

In general, trypsin works better than dispase for skin with deep hair follicles.

4. Wash the dermal sample in PBS by gently shaking or agitating in a 50-ml
polypropylene centrifuge tube.

Culture fibroblasts
5. Place the dermal sample on the lid of a 100-mm tissue culture dish and cut it into
small (2- to 3-mm) squares.

Fibroblast outgrowth occurs only from sharply cut edges. Thus, it is crucial to use a new,
fine surgical scalpel; disposable surgical blades (no. 22) can be used for this purpose.

6. Place 5 to 10 skin pieces in the center of a 35-mm tissue culture dish or 6-well plate.

The 6-well plates are more convenient for handling multiple fibroblast cultures in parallel.

Current Protocols in Cell Biology



7. Place a sterile 22-mm glass coverslip gently over the skin specimens (Fig. 2.1.1).

Skin specimens need to be attached physically to the plate. This can be achieved most
effectively by making a sandwich using a coverslip (Fig. 2.1.1). The coverslip also assists
the growth of fibroblasts by maintaining the microenvironment.

8. Add a few drops of 4°C complete growth medium (DMEM or RPMI) into the space
below the coverslip (by applying at the edge of the coverslip so that it is drawn under),
then add 1 to 2 ml of 4°C complete medium to the dish or well, gently so as to avoid
disturbing the skin specimens.

Either complete DMEM or complete RPMI can be used for growing fibroblasts.

9. Place the culture in a humidified 37°C, 5% CO, incubator. Check the fibroblast
outgrowth every 3 to 4 days under an inverted phase-contrast microscope and change
medium every 3 to 4 days, taking care not to agitate the coverslip.

Initial outgrowth should be detectable within 3 to 4 days (Fig. 2.1.2B). The coverslip should
be left on the skin specimens until the culture becomes confluent. The original skin specimens
may come off the plate spontaneously during culture and will be removed in step 10.

10. Upon confluency, remove the coverslips and wash the dish or wells twice with 4°C
PBS.

Fibroblasts sometimes migrate over the surface of the coverslip instead of the tissue culture
plate. If this is the case (as judged by focusing up and down with the microscope) transfer
the coverslip into a new dish, wash it with PBS as in this step, then harvest cells by trypsin
treatment as in step 11.

Washing with PBS is essential because trypsin (see step 11) does not work effectively in
the presence of the FBS present in the culture medium.

In the absence of epidermal separation, the cultures are often contaminated with outgrow-
ing keratinocytes, which are readily distinguishable by their cobblestone-like appearance.
Contaminating keratinocytes can be removed selectively by incubating 10 to 30 min with
0.5% dispase/PBS, because keratinocytes are much more sensitive than fibroblasts to this
treatment. Keratinocytes will be detached, leaving the majority of fibroblasts attached to
the plate.

35-mm dish

0o — coverslip

(cut in 2-to 3-mm squares)

Om " o
<> — skin specimen
© O

growth medium
coverslip
pieces of skin specimen
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Figure 2.1.1 Skin explant culture: (A) top view; (B) side view.
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11. Add 1 ml of 4°C trypsin/EDTA solution and incubate 3 to 5 min at room temperature
while examining periodically under the inverted phase-contrast microscope. As soon
as the fibroblasts round up, add 1 ml ice-cold complete growth medium (DMEM or
complete RPMI) to inactivate trypsin and harvest cells by gentle pipetting.

Avoid trypsinization for excessive periods of time and vigorous pipetting, which are the two
common causes of the “low viability” problem (see Troubleshooting). Do not pipet the cells
before the trypsin has been diluted by addition of complete culture medium.

Harvest fibroblasts before they become overconfluent and form bundle-like alignments
(Fig. 2.1.3B).

The original skin specimens may be removed using forceps.

12. Collect fibroblast suspensions into a 15-ml polypropylene centrifuge tube and
centrifuge 10 min at 150 x g, 4°C. Aspirate the supernatant, tap the pellet to dissociate
the cells, and resuspend them in 100 to 200 pl of fresh 4°C complete growth medium.

13. Mix a 10- to 20-pl sample of the cell suspension with an equal volume of 0.4% trypan
blue/PBS, then count total and viable cells under a microscope using a hemacytome-
ter.

The cell viability as measured by trypan blue exclusion should be >90%.

14. Plate 3—10 x 10* viable cells in 5 ml of fresh complete growth medium in a 25-cm?
tissue culture flask.

The cells will attach to a new flask within 2 to 3 hr and begin to exhibit the characteristic
spindle shape in 24 hr.

Contamination occurs less frequently in flasks than in dishes or multiwell plates

15. Change medium every 3 to 4 days until the culture becomes confluent. Harvest
fibroblasts as described in steps 10 and 11.

See Figure 2.1.4 for the typical growth rate of human fibroblasts, their doubling time varies
from 24 to 72 hr, depending upon the culture conditions. Human fibroblasts can be passaged
up to 10 times without significant changes in morphology or growth rates. It is recom-
mended, however, that frozen stocks be prepared after the second or third passage (see step
16).

Maximal fibroblast growth requires 5% to 10% FBS (Fig. 2.1.5A). It is technically
challenging to grow fibroblasts in the absence of added serum. On the other hand, there is
minimal, if any, variation among FBS batches purchased from different vendors in their
capacity to promote the growth of human fibroblasts (Fig. 2.1.5B). Human fibroblasts also
grow well in the presence of heat-inactivated human serum, which may be used instead of
FBS (Fig. 2.1.5C).

16. To freeze cells, resuspend in ice-cold 10% DMSO/90% FBS or 10% DMSO/90%
complete DMEM at 0.3—1 x 10° cells/ml. Dispense into 1.5-ml cryotubes at 1 ml/tube
and freeze first at —20°C, then move on to —80°C, and finally place in liquid nitrogen.

The —20°C and —80°C freezing steps may be performed in a styrofoam box to promote a
gradual drop in temperature. Commercially available cell-freezing instruments may also
be used for this purpose.

Figure 2.1.2 (at right) Microscopic appearance (magnification, 40x) of fibroblast cultures estab-
lished from a newborn foreskin sample using the skin explant culture system (panels A to C) or the
cell dissociation culture system (panels D to F). (A) Skin explant, day 1; (B) skin explant, day 5; (C)
skin explant, day 14. (D) Dissociation culture, day 1; (E) dissociation culture, day 5; (F) dissociation
culture, day 14. Note that fibroblasts migrate out from the edge of a skin specimen (panel B) and
become confluent, except for the area where the original skin specimen was located (panel C). In
dissociated-cell cultures, fibroblasts attach (panel D), spread on culture plates (panel E), and
become confluent (panel F).
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Figure 2.1.3 Identification of fibroblasts. Fibroblasts change their morphology depending upon the extent of confluency
(or cell density). (A) Morphology at low density (10% to 20% confluence; magnification, 40x); (B) morphology at high density
(100% confluence; magnification, 40x). (C) Indirect immunofluorescence staining of human fibroblast cultures with antibod-
ies against type | collagen (magnification, 100x). (D) Indirect immunofluorescence staining of human fibroblast cultures with
control antibodies (magnification, 100x). Briefly, fibroblasts were cultured for 2 days on LabTek chamber slides, fixed in 3%
paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100, and then subjected to immunofluorescence staining (UNIT
4.3) with rabbit anti-type | collagen (Chemicon), followed by labeling with FITC-conjugated anti-rabbit 1gG (Jackson
Immunoresearch).
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Figure 2.1.4 Fibroblast growth curve. A third passage of human fibroblast culture was plated on
35-mm dishes at either 30,000 (triangles) or 100,000 (circles) cells per dish, and cultured in
complete RPMI. At the indicated time points, cultures were harvested by incubation with 0.3%
trypsin/25 mM EDTA and counted to determine cell number. Note that cells grow relatively rapidly,
with an approximate doubling time of 24 hr, and then stop dividing as they reach confluency.
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Figure 2.1.5 Serum requirement for fibroblast growth. A third passage of human fibroblasts (3000
cells/well) was cultured in flat-bottom 96-well plates, pulsed with [3H]thymidine on day 3, and
harvested on day 4 using an automated cell harvester. The culture media were supplemented with
(A) different concentrations of FBS; (B) 10% FBS from different vendors; and (C) different
concentrations of human serum. Data shown are the means and standard deviations from triplicate
cultures.
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DISSOCIATED FIBROBLAST CULTURE

Although more complicated than the skin explant culture (see Basic Protocol), the
dissociated fibroblast culture described in this protocol is more suitable for those experi-
ments that require relatively large numbers of fibroblasts. After removal of the epidermis
by dispase treatment, fibroblasts are released from the remaining dermis by enzymatic
treatment with trypsin. The resulting dermal cells are then plated in suspension onto tissue
culture plates. The most tricky step is the enzymatic digestion of dermal tissues. Investi-
gators may need to compare various conditions (e.g., batches of trypsin, trypsin concen-
trations, and incubation periods) to maximize the cell yield while maintaining the cell
viability. Alternatively, collagenase, which is less cytotoxic than trypsin, can be used for
the same purpose.

Additional Materials (also see Basic Protocol)

1000 U/ml collagenase type IA in PBS (see recipe for PBS; store enzyme solution
up to 3 months at —20°C)

Nylon mesh (85-um mesh; Tetko; cut into 5-cm square, wrap in aluminum foil,
and sterilize by autoclaving)

CAUTION: When working with human blood, cells, or infectious agents, appropriate
biosafety practices must be followed.

NOTE: Use Milli-Q water or equivalent in all protocol steps and for preparing all
solutions.

Prepare dissociated cell suspension
1. Wash skin samples in PBS, remove the subcutaneous tissues, remove the epidermis
by enzymatic digestion, wash the dermal sample in PBS, and cut the sample into
small squares (see Basic Protocol, steps 1 to 5).

Since the trypsin that is used to digest the dermal connective tissue also dissociates
epidermal cells, the epidermis must first be separated from dermal layer. Otherwise, the
resulting cultures will be heavily contaminated by epidermal keratinocytes.

2. Place 10 to 20 dermal pieces in a 15-ml polypropylene tube with 3 ml of 0.3%
trypsin/PBS and incubate 10 min in a 37°C water bath, inverting the tube several
times every 2 to 3 min. Alternatively, incubate 10 to 20 dermal pieces 1 to 2 hr with
3 ml of 1000 U/ml collagenase at 37°C, agitating every 20 to 30 min.

3. Add 3 ml of ice-cold complete growth medium (DMEM or RPMI containing 10%
FBS) to stop the reaction. Vortex the tube vigorously several times.

Although fibroblasts detach from collagen fibers after treatment with trypsin or col-
lagenase, mechanical agitation is required for releasing them into the solution. Do not
vortex before the addition of complete medium.

4. Pass the fibroblast suspension through 85-um nylon mesh (placed over the top of a
tube) to remove dermal debris.

5. Centrifuge 10 min at 150 X g, 4°C. Aspirate the supernatant, then resuspend the pellet
in 100 to 200 pl of complete growth medium.

6. Count total and viable cells (see Basic Protocol, step 13).

The cell viability varies depending upon the conditions used for enzymatic digestion.
Cutting skin sample into smaller sizes usually increases cell recovery as well as cell
viability.

Current Protocols in Cell Biology



Culture fibroblasts

7.

10.

Plate 3—10 x 10* cells in 5 ml of complete growth medium in a 25-cm? tissue culture
flask and begin incubation.

Viable fibroblasts will attach to the flask within 24 hr and begin to exhibit the spindle-shape
in 2 to 3 days (Fig. 2.1.2D and E).

. Gently remove the medium containing nonadherent cells and add fresh medium on

day 2.

Because the presence of dead cells in culture affects the growth of viable fibroblasts,
nonadherent, dead cells must be removed from the culture.

Change medium every 3 to 4 days until the culture becomes confluent.

As fibroblasts become overconfluent, they appear as bundle clusters instead of spindle-
shaped cells (Fig. 2.1.2 and Fig. 2.1.3). Harvest the cells before they reach this level.

Harvest fibroblasts by washing with PBS followed by incubation with trypsin/EDTA
solution. Passage fibroblasts and prepare frozen stocks (see Basic Protocol, steps 10
to 16).

REAGENTS AND SOLUTIONS

Use Milli-Q water or equivalent in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Complete growth medium

500 ml DMEM or RPMI 1640 (Life Technologies or Sigma)
60 ml FBS (heat-inactivated 60 min at 56°C; APPENDIX 24)

5 ml 1 M HEPES buffer solution (Life Technologies)

5 ml 100x nonessential amino acid mixture (Life Technologies)
5 ml 100x L-glutamine (Life Technologies)

5 ml 100x penicillin/streptomycin (Life Technologies)

5 ml 100x sodium pyruvate (Life Technologies)

Store up to 1 month at 4°C

Phosphate-buffered saline (PBS)

4 liters distilled water

32 g NaCl (140 mM final)

0.8 g KH,PO, (1.5 mM final)

8.7 g Na,HPO,-7H,0 (8.1 mM final)
0.8 g KCI1 (2.7 mM final)

Adjust the pH to 7.4 with 1 N NaOH
Store indefinitely at room temperature

Trypsin/EDTA solution

Prepare the following stock solutions:

0.3% (w/v) trypsin (from bovine pancreas; Sigma) in PBS (see recipe for PBS)
1% (w/v) tetrasodium EDTA in PBS (see recipe for PBS)

Store stock solutions up to 3 months at —20°C

Combine 97.5 ml 0.3% trypsin/PBS and 2.5 ml 1% EDTA/PBS. Store trypsin/EDTA
solution up to 1 week at 4°C.
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COMMENTARY

Background Information

Fibroblasts are the major cellular compo-
nent of connective tissues, where they play an
important role in maintaining structural integ-
rity. They produce and secrete a wide array of
extracellular proteins, including proteinases,
thereby regulating the biochemical composi-
tion and remodeling of tissues. Because biopsy
samples can be easily obtained from skin, this
tissue serves as a most convenient source of
fibroblasts. Skin is composed of continually
renewing multilayered squamous epithelium
(the epidermis), connective tissue (the dermis),
and subcutaneous (adipose) tissue. Human epi-
dermis contains, in addition to keratinocytes
(epithelial cells producing keratin intermediate
filaments), relatively small numbers of Langer-
hans cells (antigen-presenting cells of the den-
dritic cell lineage) and melanocytes (which
produce pigment granules called melano-
somes). By contrast, mouse epidermis contains
keratinocytes, Langerhans cells, and resident
vo T cells called “dendritic epidermal T cells.”
The dermis, in both human and mouse skin, is
afibrous and filamentous connective tissue that
contains fibroblasts, endothelial cells, mast
cells, macrophages, and occasionally other leu-
kocyte populations. Despite the complexity of
cellular composition, relatively pure fibroblast
cultures can be obtained from skin specimens
without sophisticated purification processes.
This is primarily due to the fact that fibroblasts
grow rapidly and continuously when cultured
in the presence of serum, whereas other cell
types require additional growth factors (e.g.,
epidermal growth factor or keratinocyte growth
factor for keratinocytes), or show very little
mitotic activity in vitro (Schuhmachers et al.,
1995).

Morphological features—e.g., elongated
cell bodies, oval nuclei, and linear or bundle-
like alignment of cellular distribution—serve
as conventional markers of fibroblasts in cul-
ture (Fig. 2.1.2 and Fig. 2.1.3). It is important
to emphasize, however, that fibroblasts change
their morphology dramatically depending upon
the culture conditions, especially the extent of
confluency (compare Fig. 2.1.3 panels A and
B). Unfortunately, there is no antibody avail-
able that recognizes fibroblasts selectively. On
the other hand, the absence of specific markers
that are expressed by other dermal components
(e.g., cytokeratin in keratinocytes, VCAM-1 on
endothelial cells, IgE receptor on mast cells,
and CD14 on macrophages) serves as a pheno-

typic marker of fibroblasts (Xu et al., 1995).
Production of large amounts of type I collagen,
as detected by immunofluorescence staining
(Fig. 2.1.3C and D), can be used as a functional
marker (Schuhmachers et al., 1995). Neverthe-
less, because the fibroblast cultures established
by the standard protocols described in this unit
are rarely “contaminated” by other cell types,
especially after a few passages, it is generally
accepted that they can be used as “fibroblasts”
without further characterization.

Fibroblasts grow rapidly, with a doubling
time of 24 to 72 hr (Fig. 2.1.4), and can be
passaged successfully >10 times. Because of
this outstanding mitotic potential, fibroblasts
have been used for a variety of investigative
purposes. For example, they serve as useful
tools for studying the function and metabolism
of extracellular matrix proteins as well as other
fundamental aspects of cell biology. Fibroblast
cultures established from patients with inher-
ited disorders have often been used to identify
genetic abnormalities. Moreover, autologous
fibroblasts can be used as a “vector” in gene
therapy to deliver transgenes into patients
(Suhonen et al., 1996; Nolta and Kohn, 1997).
Fibroblast lines generated from healthy human
volunteers can be purchased from American
Type Culture Collection (ATCC).

The protocols described in this unit are also
applicable to other animal species. For exam-
ple, in the author’s laboratory, several fibroblast
lines from rats and rabbits have been developed
using the same protocols as described for
mouse fibroblasts. After enzymatic separation
of the dermal compartment, the remaining epi-
dermal portion can be used to grow epidermal
cells, such as keratinocytes and melanocytes.

As sources of human fibroblast cultures,
newborn foreskin (obtained in circumcision),
skin samples excised during surgical opera-
tions, cadaver skin (obtained from the trans-
plantation unit), or skin biopsies are routinely
used in the author’s laboratory. Fibroblast cul-
tures can be established from relatively small
skin specimens; the author routinely uses 4-mm
punch biopsies for this purpose (Pandya et al.,
1995). It is also practical and feasible to estab-
lish fibroblast cultures without sacrificing ex-
perimental animals; mouse “ear punch” sam-
ples are used for this purpose by the author.

Critical Parameters
Because fibroblast outgrowth occurs pre-
dominantly from sharp edges of skin speci-
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mens, it is crucial to use fine razor blades or
surgical scalpels for cutting skin into small
pieces. The author routinely uses disposable no.
22 surgical blades for this purpose. Drying of
skin specimens is another common cause of
poor fibroblast outgrowth. This can be avoided
by adding a few drops of PBS while cutting
skin specimens. If the surgical blades and for-
ceps are to be soaked with 70% ethanol for
sterilization, they should be rinsed well in PBS
before use. When performed appropriately, out-
growing fibroblasts should become detectable
within 3 to 4 days in skin explant cultures (Fig.
2.1.2B). In cell-dissociation cultures (see Al-
ternate Protocol), the enzymatic digestion
process is the most critical; if the viable cell
count of resulting suspensions is <70% by try-
pan blue exclusion, this indicates overdiges-
tion. When performed appropriately, the plated
cells should attach firmly to culture plates
within 24 hr and begin to spread in 2 to 3 days
(Fig. 2.1.2D and E).

Fibroblasts can be frozen safely in 10%
DMSO0/90% FCS or 10% DMSO/complete
DMEM and stored for >10 years in liquid
nitrogen. Thus, it is suggested that several ali-
quots be frozen at a relatively early phase in
culture (e.g., after the second or third passage).
Because the original features of the cells may
be altered during extended culture periods, it is
not recommended that they be cultured con-
tinuously without experimental usage. If the
cells suddenly stop dividing, or if the growth
rate accelerates, the cultures need to be re-
placed. In the author’s laboratory the original
cultures are routinely discarded after the sixth
passage and new cultures are started from a
frozen stock.

Care should be taken in harvesting fibro-
blasts from culture plates. Although fibroblasts
are more resistant to contact inhibition than
other cell types (e.g., keratinocytes), it is sug-
gested that cells be harvested during their ex-
ponential growth phase (Fig. 2.1.4). In the
author’s laboratory, after removal of culture
medium, culture plates are routinely washed
briefly with PBS, and then minimal amounts of
0.3% trypsin/25 mM EDTA are added. These
plates can be incubated at room temperature
under a microscope; as soon as the cells become
rounded (before being released spontaneously
from plates), the enzymatic reaction is stopped
by the addition of ice-cold growth medium
containing 10% FBS, and cells are harvested
by tapping the culture vessel or gentle pipetting.
These cells need to be centrifuged immediately
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to remove trypsin and EDTA. The cell viability
should be >90% by trypan blue exclusion.

Troubleshooting

Bacterial or fungal contamination

Clean the skin well with 70% ethanol before
taking a biopsy. Check all the culture media and
reagents, including PBS, dispase, trypsin, col-
lagenase, and complete growth medium. Ster-
ilize surgical blades and forceps with 70% etha-
nol. Always keep the incubator clean.

Contamination by keratinocytes

Remove the epidermis before setting up the
fibroblast cultures. Treat the contaminated cul-
tures with 0.5% dispase for 10 to 30 min at 37°C
to remove keratinocytes. Because keratino-
cytes usually require special growth factors for
continuous growth, they will eventually disap-
pear in the first or second passage.

Low cell yields or low cell viabilities after
enzymatic digestion

Optimize the concentrations, batches of en-
zymes, and incubation periods. Cut skin into
smaller pieces. Use freshly prepared trypsin (or
collagenase) solutions; they will lose enzy-
matic activity gradually when kept at 4°C. Al-
ternatively, prepare enzyme solutions in large
quantities, divide them into 5- to 10-ml ali-
quots, and freeze them at —20°C.

Low cell viabilities during passage

Care must be taken not to overtrypsinize
cultures. Wash the culture with PBS before
trypsin treatment. Use freshly prepared trypsin
solutions. Add ice-cold complete growth me-
dium to stop the enzymatic reaction immedi-
ately after fibroblasts round up as determined
by examination under a microscope. Avoid ex-
cessive pipetting.

Slow fibroblast growth

Increase FBS concentrations (up to 10%);
most of the commercially available FBS
batches work well for fibroblast cultures (Fig.
2.1.5). Check the temperature, CO, level, and
humidity of the incubator. The growth rates of
fibroblasts often slow down after >10 passages;
thaw a frozen stock and start new cultures to
avoid this.

Anticipated Results
In skin explant cultures, outgrowing fi-
broblasts become detectable within 3 to 4 days
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and continue to grow thereafter. When skin
pieces from one 4-mm punch-biopsy sample
are plated in a 35-mm tissue culture dish, it
usually takes 3 to 5 weeks to obtain a confluent
culture. Starting from one newborn foreskin
sample, one can obtain 5 to 10 confluent 35-mm
dishes in 3 to 5 weeks. Approximately 1-2 X
106 cells can be harvested from a confluent
35-mm dish. Cell yields are usually higher in
the dissociated fibroblast preparation (see Al-
ternate Protocol); after enzymatic digestion
with trypsin, ~1-3 X 103 cells can be harvested
from a 4-mm punch-biopsy sample and 1-3 x
106 cells can be harvested from a newborn
foreskin sample. The use of collagenase typi-
cally increases the yield up to 2-fold. When 1-2
x 10° cells are originally seeded in a 25-cm?
flask, they will become confluent within 2 to 3
weeks, producing 2-3 x 109 cells. After the first
passage to new culture plates, fibroblasts begin
to grow much faster, with a typical doubling
time of 24 to 72 hr (Fig. 2.1.4).

Time Considerations

Skin explant cultures can be set up in 30 to
60 min (without epidermal separation) or 2 to
4 hr (with epidermal separation). Dissociated
fibroblast cultures take 3 to 4 hr, depending
upon the extent of enzymatic digestion. Al-
though it has been possible in the author’s
laboratory to establish fibroblast cultures from
1- to 2-day-old skin samples kept in complete
growth medium at 4°C, it is highly recom-
mended that cultures be set up immediately
after taking biopsy samples. Subsequent pas-
sages can be made in 15 to 30 min.
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Preparation and Culture of Human
Lymphocytes

This unit describes procedures for preparation and culture of human lymphocytes and
lymphocyte subpopulations obtained from peripheral blood. Because of ease of access,
peripheral blood is the primary source of human lymphocytes (mononuclear leukocytes) used
in most studies of lymphocyte function. Peripheral blood is a mixture of cells including
lymphocytes, granulocytes, erythrocytes, and platelets. Density gradient centrifugation (see
Basic Protocol 1) has proven to be an easy and rapid method for separation of lymphocytes
from these other peripheral blood cell populations. Lymphocytes and platelets can be
separated from granulocytes and erythrocytes according to their lower densities—they will
float on top of a density gradient of Ficoll-Hypaque, whereas granulocytes and erythrocytes
will traverse this fluid and collect at the bottom of the tube (Fig. 2.2.1). Monocytes/macro-
phages can then be separated from the other lymphoid-cell populations by adherence to plastic
tissue culture vessels (see Basic Protocol 2). The procedures described in this section can be
applied to the isolation of peripheral blood lymphocyte populations obtained either from
whole blood or via a leukapheresis procedure.

Human lymphocyte subpopulations can be purified based on their cell-surface display of
specific distinguishing molecules that can be recognized by monoclonal antibodies. The
physical basis for such separation procedures involves the coupling of antibody reagents
to magnetic beads, which permit the rapid sequestration of cells that have been bound by
the specific antibodies. T and B cells can be positively selected using monoclonal
antibody—coated magnetic beads (see Basic Protocol 3) or by exposing the cells to
monoclonal antibody and then purifying cells that have bound the antibody using
magnetic beads coated with anti-immunoglobulin G (anti-IgG; see Alternate Protocol 1).

whole blood — 35 —+— plasma
plus PBS — and platelets

lymphocytes

Ficoll-Hypaque

granulocytes
and red cells

Figure 2.2.1 Isolation of human lymphocytes on a Ficoll-Hypaque gradient. (A) Before centrifu-
gation; (B) after centrifugation.

Contributed by William E. Biddison
Current Protocols in Cell Biology (1998) 2.2.1-2.2.13
Copyright © 1998 by John Wiley & Sons, Inc.
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In addition, specific subpopulations can be isolated by negative selection, in which all
unwanted subpopulations are removed using monoclonal antibodies and anti-IgG-coated
magnetic beads (see Alternate Protocol 2).

CAUTION: When working with human blood, cells, or infectious agents, appropriate
biosafety practices must be followed.

NOTE: All solutions and equipment coming into contact with living cells must be sterile,
and proper aseptic technique should be used accordingly.

NOTE: All culture incubations are performed in a humidified 37°C, 5% CO, incubator
unless otherwise specified. Some media (e.g., DMEM) may require altered levels of CO,
to maintain pH 7.4.

PREPARATION OF LYMPHOCYTES BY FICOLL-HYPAQUE GRADIENT
CENTRIFUGATION

In this procedure, whole blood or white blood cells from leukapheresis donors are
centrifuged in the presence of a density gradient medium to separate lymphocytes from
other peripheral blood cell populations.

Materials

Anticoagulated whole blood or white blood cells from leukapheresis donor

Phosphate-buffered saline (PBS), without calcium or magnesium (Bio-Whittaker),
room temperature

Ficoll-Hypaque solution (see recipe), room temperature

Lymphocyte culture medium (LCM; see recipe), room temperature

Iscove’s modified Dulbecco’s medium (IMDM; Life Technologies) containing
20% heparinized human plasma

Freezing medium (see recipe)

50-ml conical centrifuge tubes

Sorvall RT-6000B centrifuge with H-1000 rotor (or equivalent)
1.5-ml cryotubes (e.g., Nunc)

Controlled-rate freezer (e.g., CryoMed from Forma Scientific)
Liquid nitrogen freezer

Additional reagents and equipment for counting cells and determining cell
viability (unit 1.1) and flow cytometry (Robinson et al., 1998)

Prepare Ficoll-Hypaque gradient

For whole blood
la. Pipet 15 ml of whole blood into a 50-ml conical centrifuge tube and add 25 ml room
temperature PBS

2a. Using a 10-ml pipet, underlay with 10 ml room temperature Ficoll-Hypaque solution.

For leukapheresis preparation
1b. Pipet 10 ml of cell suspension from a leukapheresis preparation into a 50-ml conical
centrifuge tube and add 30 ml room temperature PBS.

2b. Using a 10-ml pipet, underlay with 7.5 ml room temperature Ficoll-Hypaque solution.

Separate cells
3. Centrifuge 20 min at 800 X g (2000 rpm in H-1000 rotor), 20°C, with the brake off.
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4. Aspirate most of the plasma- and platelet-containing supernatant above the interface
band (granulocytes and erythrocytes will be in red pellet; Fig. 2.2.1). Aspirate the
interface band (which includes the lymphocytes) along with no more than 5 ml of
fluid above the pellet into a 10-ml pipet, then transfer to a new 50-ml conical
centrifuge tube, combining the bands from 2 to 3 Ficoll-Hypaque gradients into one
50-ml tube. Add PBS to 50-ml mark.

5. Centrifuge 10 min at 600 X g (1500 rpm in H-1000 rotor), 20°C, with the brake on.

6. Aspirate supernatants and resuspend the pellet in each tube with 10 ml room
temperature PBS. Combine resuspended pellets into as few 50-ml tubes as possible.
Add PBS to 50-ml mark in each tube used.

7. Centrifuge 15 min 300 X g (750 rpm in H-1000 rotor), 20°C, with brake on.

This low-speed centrifugation permits as many platelets as possible to remain above the
pellet of lymphocytes.

Process cell pellet
8. Aspirate platelet-containing supernatant and resuspend lymphocyte pellet in room
temperature LCM. Count cells and determine number of viable cells by trypan blue
exclusion (UNIT 1.1).
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Figure 2.2.2 Flow cytometric analysis of human lymphocytes isolated by Ficoll-Hypaque density
gradient centrifugation stained with (A) fluorochrome-labeled anti—-mouse Ig antibody alone (nega-
tive control), (B) fluorochrome-labeled anti-CD45 monoclonal antibody, (C) fluorochrome-labeled
anti-CD3 monoclonal antibody, and (D) fluorochrome-labeled anti-CD19 monoclonal antibodies.
FL1-H refers to the pulse height for the fluorochrome.
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9. Determine purity of lymphocyte preparation by flow cytometry (see, e.g., Robinson
et al., 1998) using an anti-CD45 (anti-leukocyte common antigen) antibody (see Fig.
2.2.2 for typical results).

10. To cryopreserve cells, resuspend lymphocytes at twice the concentration desired in
the freezing vials using MDM/20% human plasma. Add an equal volume of freezing
medium, in increments, over a period of 1 to 2 min, mixing after each addition. Divide
the cell suspension into 1-ml aliquots in 1.5-ml cryotubes, place cryotubes in a
precooled 4°C controlled-rate freezer and freeze at —1°C/min until —50° or —60°C is
attained. Finally, place cryotubes in the gaseous phase of a liquid nitrogen freezer.

PREPARATION OF MONOCYTES/MACROPHAGES AND
“DENDRITIC-LIKE” CELLS FROM LYMPHOCYTE POPULATIONS
Monocytes/macrophages comprise 5% to 20% of the lymphocytes prepared by density
gradient centrifugation (see Basic Protocol 1). To isolate this cell population, or to deplete
these cells from the population of lymphocytes, the most expedient mechanism is to
exploit the adherence property of monocytes/macrophages. By coating plastic tissue
culture vessels with serum as a source of fibronectin and other components of the
extracellular matrix, monocytes/macrophages, but not T and B cells, will adhere to these
surfaces. This adherence can be significantly enhanced by the presence of recombinant
human interleukin 3 (rhIL-3; Biddison et al., 1997). Cells with properties of dendritic
cells and a markedly enhanced capacity for antigen processing and presentation can be
generated from the monocyte/macrophage population by differentiation in the presence
of rhIL-4 and granulocyte/macrophage colony stimulating factor (GM-CSF; Sallusto and
Lanzavecchia, 1994).

Materials

Lymphocyte culture medium (LCM; see recipe), 37°C

Lymphocyte population (see Basic Protocol 1)

Recombinant human interleukin 3 (rhIL-3), interleukin 4 (rhIL-4), and GM-CSF
(PeproTech)

5 mM tetrasodium EDTA in PBS (also available as Versene from Life
Technologies), filter-sterilized using 0.22-pum Nalgene filter, prewarmed to 37°C

175-cm? tissue culture flasks
50-ml conical centrifuge tubes
Sorvall RT-6000B centrifuge with H-1000 rotor (or equivalent)

Additional reagents and equipment for counting cells and determining cell
viability (unir 1.1) and flow cytometry (Robinson et al., 1998)

Allow monocyte/macrophage population to attach to plastic
1. Add 20 ml of 37°C LCM to 175-cm? tissue culture flasks. Incubate 30 min.

2. Add 500 x 10° lymphocytes in 10 ml LCM to each flask plus rhIL-3 to a final
concentration of 200 U/ml.

3. Incubate 3 hr, gently rocking flasks every hour.

4. Remove nonadherent cells by aspirating the medium. Wash flasks twice, each time
with 20 ml 37°C LCM.
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Isolate macrophages/monocytes or “dendritic-like” cells

To isolate monocytes/macrophages
S5a. Add 20 ml of 5 mM EDTA/PBS to each flask and incubate 20 min to release adherent
monocytes/macrophages.

6a. Vigorously pipet medium up and down to detach adherent cells, then transfer to 50-ml
centrifuge tube.

To generate and isolate “dendritic-like” cells
5b. Add 30 ml LCM containing 200 U/ml rhIL-4 and 200 U/ml GM-CSF to each flask
and incubate 60 hr.

6b. Remove nonadherent cells and place in 50-ml centrifuge tubes, then add 20 ml of 5
mM EDTA/PBS to each flask and incubate 20 min to release adherent cells. Vigor-
ously pipet medium up and down to detach adherent cells, then combine with
nonadherent cells in 50-ml centrifuge tubes.

Separate and analyze isolated cells
7. Centrifuge 10 min at 600 X g (1500 rpm in Sorvall H-1000 rotor), room temperature.
Aspirate supernatant and resuspend pellet in LCM.

8. Count cells and determine number of viable cells by trypan blue exclusion (UNIT 1.1).

9. Determine purity of the monocyte/macrophage or “dendritic-like” cell populations
by flow cytometry (see, e.g., Robinson et al., 1998).

Monocytes/macrophages can be distinguished from T and B cells by the absence of
cell-surface CD3 and CD19 and by the presence of CD14 or CD35. “Dendritic-like” cells
can be distinguished from monocytes/macrophages by the presence of cell-surface CDI
molecules (Sallusto and Lanzavecchia, 1994).

POSITIVE SELECTION OF T AND B CELLS BY MONOCLONAL
ANTIBODY-COATED MAGNETIC BEADS

In this procedure, T cells and B cells are positively selected based on their differential
cell-surface expression of CD3 (T cells) or CD19 (B cells). Monoclonal anti-CD3 and
anti-CD19 antibodies coupled to magnetic beads are commercially available. Aliquots of
a lymphocyte population purified as described in Basic Protocol 1 are incubated in
separate tubes with anti-CD3-coupled beads and anti-CD19-coupled beads. T cells and
B cells will be bound by their specific antibody-coupled beads and are then physically
separated from unbound cells by exposure of the tubes to a strong magnetic field. Unbound
cells are removed and washed away, and the specifically bound cells are released by
incubation with a soluble antiserum specific for mouse Fab fragments (Detachabead
solution from Dynal) which competes with the bead-coupled monoclonal antibody that
is bound to the surface of the cells and thus causes the cells to come off. The procedure
here describes specific reagents for separation of T cells and B cells, but is directly
applicable to separation of any lymphocyte subpopulation that can be distinguished by
monoclonal antibody—coated beads—e.g., purification of CD4* and CD8* T cell popula-
tions with anti-CD4- and anti-CD8-coated magnetic beads.

Materials

Lymphocyte population (see Basic Protocol 1)

Anti-CD3 and anti-CD19 antibodies for flow cytometry (Becton-Dickinson or
Coulter)

Anti-CD3- and anti-CD19-coated magnetic beads (Dynabeads M-450; Dynal)

PBS without calcium and magnesium (Bio-Whittaker)
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PBS/HSA: PBS without calcium and magnesium (Bio-Whittaker) containing 0.5%
(w/v) human serum albumin (American Red Cross Blood Services)

IMDM/HSA: Iscove’s modified Dulbecco’s medium (Life Technologies)
containing 0.5% (w/v) human serum albumin

Polyclonal anti—-mouse Fab antiserum (Detachabead; Dynal)

15-ml conical centrifuge tubes

Magnetic separation device (e.g., Dynal MPC-I or Advanced Magnetics Biomag
Separator)

Platform rocker (e.g., Clay Adams Nutator, Becton Dickinson Primary Care
Diagnostics)

Sorvall RT-6000B centrifuge with H-1000 rotor (or equivalent)

Additional reagents and equipment for flow cytometry (Robinson et al., 1998) and
for counting cells and determining cell viability (unir 1.1)

Prepare and wash magnetic beads

1.

Determine the approximate number of T cells and B cells in the starting population
of lymphocytes by flow cytometry (or indirect immunofluorescence staining) using
anti-CD3 and anti-CD19 antibodies, then determine the number of antibody-coated
magnetic beads that will be required to purify the required number of T cells and B
cells (5 to 10 beads will be needed for each specific target cell).

Based on the bead concentration supplied by the manufacturer, remove the required
volume of anti-CD3- and anti-CD19-coated beads from the source vials and place
each in a 15-ml conical centrifuge tube. Add PBS to the 14-ml mark and resuspend
the beads.

Place tubes on magnetic separation device (vertical magnet) for 2 min, then gently
aspirate supernatant, leaving beads clinging to one side of each tube.

Remove tubes from magnet. Add 10 ml PBS to each tube, resuspend beads, then place
tubes on vertical magnet for 2 min. Aspirate PBS as in step 3.

Perform magnetic separation

5.
6.

10.

11.

Resuspend each tube of beads in 2 ml PBS/HSA. Put tubes on ice for 15 min.

Resuspend lymphocyte population (<200 x 10° cells) in 10 ml PBS/HSA. Place on
ice for 15 min.

Add 5 ml of lymphocyte suspension to the tube with anti-CD3 beads and 5 ml to the
tube with anti-CD19 beads.

Incubate 45 min with gentle tilting and rotation on a platform rocker at 4°C.

Place tubes on vertical magnet for 2 min. Aspirate nonadherent cells, taking care not
to disturb the beads that are clinging to one side of each tube.

Add 5 ml IMDM/HSA to each tube. Gently resuspend beads, then place tubes on
vertical magnet for 2 min. Aspirate nonadherent cells as in step 9.

Add 3 ml IMDM/HSA to each tube. Gently resuspend beads, then place tubes with
their conical bottoms on the horizontal magnet. Incubate 2 min at room temperature.

Release T cells and B cells from beads

12.
13.

Carefully remove 2.5 ml of supernatant. Tap tubes gently to resuspend beads.

Add 200 pul Detachabead solution. Incubate 30 min at room temperature with gentle
resuspension every 5 min.

Smaller volumes of Detachabead solution may be used when starting with smaller numbers
of lymphocytes; see manufacturer’s instructions.
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14. Add 3 ml PBS/HSA to each tube and resuspend beads. Place tubes on vertical magnet
for 2 min, then aspirate and save supernatant containing detached cells, taking care
not to disturb the beads clinging to the side of each tube. Repeat this step four times,
saving and combining detached cell-containing supernatants from each separation.

15. Centrifuge detached cells 10 min at 600 x g (1500 rpm in H-1000 rotor), room
temperature.

16. Aspirate supernatants and resuspend cells in IMDM/HSA. Count cells and determine
number of viable cells by trypan blue exclusion (unIT 1.1).

17. Determine purity of the T cell and B cell populations by flow cytometry using
anti-CD3 and anti-CD19 antibodies (see, e.g., Robinson et al., 1998).

POSITIVE SELECTION OF T AND B CELLS BY MONOCLONAL
ANTIBODIES AND ANTI-IgG-COATED MAGNETIC BEADS

This procedure differs from Basic Protocol 3 in that it does not require the acquisition of
separate magnetic beads coupled with individual monoclonal antibodies. The procedure
is described for T and B cell separation, but can be applied to any lymphocyte subpopu-
lation that can be distinguished by monoclonal antibodies. The principle of the technique
is that a human mixed lymphocyte population is separately exposed to saturating amounts
of either anti-CD3 or anti-CD19 mouse IgG monoclonal antibodies, unbound antibodies
are washed away, then the cells that have bound these antibodies are physically separated
from unbound cells by magnetic beads coated with goat anti-mouse IgG. The cells that
are specifically bound to the goat anti-mouse IgG—coated beads are then detached by
exposure to soluble antiserum against mouse Fab fragments.

Additional Materials (also see Basic Protocol 3)

Anti-CD3 and anti-CD19 IgG monoclonal antibodies (Becton Dickinson or
Coulter)
Goat anti-mouse IgG—coated magnetic beads (Dynabeads M-450; Dynal)

Prepare cells and antibodies
1. Determine the approximate number of T cells and B cells in the starting population
of lymphocytes by flow cytometry using anti-CD3 and anti-CD19 antibodies (e.g.,
Robinson et al., 1998).

2. Determine the saturating concentration of the anti-CD3 and anti-CD19 antibodies to
be used by flow cytometry. Prepare a solution of each antibody in PBS/HSA at ten
times (10x) the saturating concentration.

Treat cells with antibodies
3. Resuspend the lymphocyte population (<200 x 10° cells) in 9 ml PBS/HSA and add
4.5 ml of the suspension to each of two 15-ml conical centrifuge tubes. Add 0.5 ml
of 10x anti-CD3 antibody to one tube and 0.5 ml of 10x anti-CD19 antibody to the
other tube.

4. Incubate 45 min with gentle tilting and rotation on a platform rocker at 4°C.

5. Wash cells twice, each time by centrifuging 10 min at 600 X g (1500 rpm in H-1000
rotor), room temperature, removing the supernatant, resuspending in 10 ml
PBS/HSA, and removing the supernatant. Finally, resuspend each tube in 5 ml
PBS/HSA and put on ice for 15 min.
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Prepare magnetic beads
6. Based on the number of T and B cells estimated in step 1, determine the number of
goat anti-mouse IgG—coated magnetic beads that will be required to purify the
required number of T and B cells (5 to 10 beads will be needed for each specific target
cell).

7. Based on the bead concentration supplied by the manufacturer, remove two aliquots
of the required volume of goat anti-mouse IgG—coated beads from the source vial
and place in 15-ml conical centrifuge tubes. Add PBS to the 14-ml mark and
resuspend the beads.

8. Wash beads (see Basic Protocol 3, steps 2 to 4).

Perform separation
9. Add 5 ml of anti-CD3-coated cells to one tube of washed anti-IgG-coated beads and
5 ml of anti-CD19-coated cell suspension to the other tube of anti-IgG-coated beads.

10. Perform magnetic separation to isolate T and B cells (see Basic Protocol 3, steps 8
to 17).

ISOLATION OF T AND B CELL SUBPOPULATIONS BY NEGATIVE
SELECTION

For certain experimental conditions, it is desirable to isolate lymphocyte subpopulations
without antibody engagement of cell-surface molecules such as the immunoglobulin
receptor on B cells and the CD3 complex on T cells. Therefore, negative selection
procedures are followed that aim to maximize the elimination of all lymphocyte subpopu-
lations except the desired one. For T cell isolation, the procedure involves elimination of
B cells (CD19%), monocytes/macrophages (CD14%), and NK cells (CD16%); for B cell
isolation T cells (CD3"), monocytes/macrophages, and NK cells are eliminated. The
procedure is very similar to the above protocol for selection of T and B cells using
anti-IgG—coated magnetic beads.

Additional Materials (also see Basic Protocol 3)
Anti-CD3, anti-CD14, anti-CD16, and anti-CD19 IgG monoclonal antibodies
(Becton-Dickinson or Coulter)
Goat anti-mouse IgG—coated magnetic beads (Dynabeads M-450; Dynal)

Prepare cells and antibodies
1. Determine the approximate number of T cells, B cells, monocytes/macrophages, and
NK cells in the starting population of lymphocytes by flow cytometry using anti-CD3,
anti-CD19, anti-CD14, and anti-CD16 antibodies (e.g., Robinson et al., 1998).

2. Determine the saturating concentrations of the anti-CD3, anti-CD19, anti-CD14, and
anti-CD16 antibodies to be used by flow cytometry. Prepare a solution of each
antibody in PBS/HSA at ten times (10xX) the saturating concentration.

Treat cells with antibodies
3. Resuspend the lymphocyte population (< 200 x 10° cells) in 3.5 ml PBS/HSA in a
15-ml conical centrifuge tube.

da. For T cell isolation: Add 0.5 ml each of 10x anti-CD19, 10x anti-CD14, and 10x
anti-CD16 antibody preparations to the tube.

4b. For B cell isolation: Add 0.5 ml each of 10X anti-CD3, 10x anti-CD14, and 10x
anti-CD16 antibody preparations to the tube.
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5.

Incubate 45 min with gentle tilting and rotation on a platform rocker at 4°C.

6. Wash cells twice, each time by centrifuging 10 min at 600 X g (1500 rpm in H-1000

rotor), room temperature, removing the supernatant, resuspending in 10 ml
PBS/HSA, and removing the supernatant. Finally, resuspend cells in 5 ml PBS/HSA
and put on ice for 15 min.

Prepare magnetic beads

7.

8.

0.

Based on the number of cells of each subpopulation estimated in step 1, determine
the number of goat anti-mouse IgG—coated magnetic beads that will be required to
bind the required number of antibody-coated lymphocytes (5 to 10 beads will be
needed for each specific target cell).

Based on the bead concentration supplied by the manufacturer, remove the required
volume of goat anti-mouse IgG—coated beads from the source vial and place in a
15-ml conical centrifuge tube. Add PBS to the 14-ml mark and resuspend the beads.

Wash beads (see Basic Protocol 3, steps 2 to 4).

Perform separation

10.

11.
12.

13.
14.
15.

16.

Add 5 ml of washed antibody-coated cells (from step 6) to the tube with the washed
anti-IgG-coated beads.

Incubate 45 min with gentle tilting and rotation on a platform rocker at 4°C.

Place tube on vertical magnet for 2 min. Aspirate and save supernatant containing
nonadherent cells, taking care not to disturb the beads clinging to the side of the tube.

Add 5 ml IMDM/HSA to tube. Gently resuspend beads.
Repeat steps 12 and 13 twice, saving and pooling nonadherent cells from each wash.

Centrifuge nonadherent cells 10 min at 600 X g (1500 rpm in H-1000 rotor), room
temperature. Aspirate supernatant and resuspend cells in 5 ml IMDM/HSA. Count
cells and determine number of viable cells by trypan blue exclusion (UNIT 1.7).

Determine purity of the T cell and B cell populations by flow cytometry using
anti-CD3 and anti-CD19 antibodies (see, e.g., Robinson et al., 1998).

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Ficoll-Hypaque solution (density 1.07 to 1.08 g/ml)

Dissolve 6.2 g Ficoll (mol. wt. 400,000; e.g., Sigma) in 75 ml distilled water with
slow stirring. Add 10.4 g sodium diatrizoate and stir until solution is clear. Add water
to 100 ml. Filter-sterilize using 0.22-um filter (Nalgene). Store up to 6 months at
4°C in the dark.

Alternatively, solutions can be purchased from commercial suppliers (e.g., Lymphocyte

Separation Medium from Organon Teknika Cappel or equivalent product from Bio-Whit-
taker).

Freezing medium

Mix 20 ml Iscove’s modified Dulbecco’s medium (IMDM; Life Technologies) and
20 ml heparinized human plasma. Cool to 4°C. Slowly add 10 ml dimethylsulfoxide,
mixing after each incremental addition. Cool to 4°C and filter sterilize using a
0.22-um filter.
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Lymphocyte culture medium (LCM)

Iscove’s modified Dulbecco’s medium (IMDM; Life Technologies) containing:

100 U/ml penicillin

100 pg/ml streptomycin

10% heparinized human plasma
Store up to 2 weeks at 4°C

COMMENTARY

Background Information

Density-gradient separation of lymphocytes

Isolation of human lymphocytes from pe-
ripheral blood by density gradient centrifuga-
tion provides the following advantages: it is a
simple technique, it is relatively inexpensive, it
does not require special laboratory equipment,
sterility is easily maintained, and high yields of
lymphocytes are provided (Boyum, 1968). A
typical yield of lymphocytes from whole blood
of healthy adult donors is 1-2 x 10° cells/ml.
Figure 2.2.2 shows a typical result from flow
cytometric analysis of density gradient—puri-
fied lymphocytes in which 98% of cells are
CD45* (positive for common leukocyte anti-
gen), 61% are CD3* (T cells), and 21% are
CD19* (B cells). The non-T non-B cell popu-
lation contains monocytes/macrophages and
natural killer (NK) cells.

Monocytes/macrophages can be easily pu-
rified from the lymphocyte population based
on their differential adhesiveness to immobi-
lized components of the the extracellular matrix
contained in human serum. A typical yield of
monocytes/macrophages from a lymphocyte
population is 5% to 10%. Flow cytometric
analysis shows that 295% of these cells are
HLA class I*, HLA-DR*, and CD35*, and
<1% are CD3* T cells (Fig. 2.2.3). A subset of
these monocytes/macrophages can be differen-
tiated into immature antigen-presentation-
competent “dendritic-like” cells by culture in
IL-4 and GM-CSF (Sallusto and Lanzavecchia,
1994). These “dendritic-like” cells have proven
to be extremely useful antigen-presenting cells
for the generation and cloning of rare self-re-
active T cells (Biddison et al., 1997).

Magnetic-bead separation of lymphocytes
Cell-separation procedures based on mag-
netic-bead technology have the advantages of
easy manipulation, safety from contamination
with microorganisms, and avoidance of high
shear forces that affect cell viability. The most
direct procedures involve positive selection
with specific monoclonal antibodies directly

coupled to magnetic beads and the subsequent
liberation of the bound cells by competing
anti-Fab antibodies. This procedure also has the
added advantage of providing a positively se-
lected lymphocyte subpopulation free of any
cell-bound selecting antibodies. A variation on
this approach involves precoating the lympho-
cyte subpopulation of choice with a specific
monoclonal IgG antibody and subsequent
physical sequestration with anti-IgG-coated
magnetic beads. In experimental situations in
which specific antibody binding to cell-surface
structures must be avoided, negative selection
procedures are employed, wherein the lympho-
cyte subpopulations that are not desired are
coated with specific IgG antibodies and are then
removed by anti-IgG-coated magnetic beads.
Each of these procedures has been used suc-
cessfully to isolate human T cells, mono-
cytes/macrophages, and B cells (Lea et al.,
1986; Vartdal et al., 1987; Funderud et al.,
1990).

Alternative procedures for positive selection
are cell sorting of fluoresceinated antibody—
coated cells with a flow cytometer and panning
of antibody-coated cells on plastic surfaces
containing immobilized anti-immunoglobulin
reagents. This author’s experiences with these
techniques indicate that they present a much
higher likelihood of contamination with micro-
organisms and subject the lymphocytes to con-
ditions that can lead to more loss of viable cells
than occurs with the magnetic-bead proce-
dures. Cell sorting also has a major limitation
in the number of cells that can be separated.
Negative selection can also be provided by
complement-fixing antibodies, but this ap-
proach involves the need to remove dead-cell
debris before the remaining viable cells can be
used for experimentation.

Critical Parameters and
Troubleshooting

To maximize the yield and purity of lym-
phocytes using the density gradient protocol
(see Basic Protocol 1), it is essential to harvest
all of the cells at the interface between the
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Figure 2.2.3 Flow cytometric analysis of isolated monocytes/macrophages. The solid lines rep-
resent cells stained with (A) fluorochrome-labled anti-CD3 monoclonal antibodies, (B) fluoro-
chrome-labeled anti-CD35 monoclonal antibodies, (C) fluorochrome-labeled anti-HLA class |
monoclonal antibodies, and (D) fluorochrome-labeled anti-HLA-DR monoclonal antibodies. The
dotted lines in panels B, C, and D represent cells stained with fluorochrome-labeled anti—-mouse

IgG alone.

Ficoll-Hypaque solution and the plasma/plate-
let layer. This may require harvesting up to 5
ml of the underlying Ficoll-Hypaque solution.
This is why it is recommended that at least 7.5
ml of this solution be used as an underlay for
each tube. Great care should be taken not to
disturb or harvest any of the pelleted granulo-
cytes and erythrocytes. One common problem
is the accumulation of platelets at the Ficoll-
Hypaque interface, which produces clumping
and contamination with platelets and erythro-
cytes. This problem can be partially avoided by
further dilution of blood with PBS and by not
centrifuging the cells at temperatures <20°C.
The platelet-contamination problem can be al-
leviated in the subsequent washing steps. If
significant cloudiness of the supernatant is ob-
served (due to platelet contamination) follow-
ing the 15-min centrifugation at 300 X g (see

Current Protocols in Cell Biology

Basic Protocol 1, step 7), aspirate the super-
natants, resuspend the cells in 50 ml PBS, and
do another 15-min, 300 X g centrifugation to
remove as many remaining platelets as possi-
ble.

Isolation of monocytes/macrophages by ad-
herence is significantly enhanced by precoating
the tissue culture flasks with serum-containing
medium and including IL-3 during the adhe-
sion incubation. No diminution in antigen-pre-
senting function has been observed in the
author’s laboratory by cells cultured in IL-3.
However, if the presence of IL-3 may add an
unknown variable to other types of experi-
ments, especially those that will utilize the
nonadherent lymphocyte fraction, it is recom-
mended that IL-3 not be included during the
adherence step.
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The specificity and avidity of the antibody
reagents used in these cell-separation proce-
dures are clearly of critical importance. Care
must be taken to utilize appropriate concentra-
tions of coating monoclonal antibodies to en-
sure that all specific target cells are coated with
antibody. Itis also crucial that, when precoating
cells with soluble antibodies, all unbound anti-
bodies are adequately removed during the
washing steps. Another critical factor is the use
of adequate numbers of antibody—coated mag-
netic beads to completely engage all appropri-
ate available cells. The use of 5 to 10 beads per
specific target cell helps to ensure a complete
saturation of the available target cells. Certain
pitfalls are relatively easy to avoid. Where
called for in the protocols, be sure to do ma-
nipulations on cells that have been precooled
and do appropriate incubations at4°C. This will
ensure that the selecting antibodies will not be
removed by capping. Use of a sufficiently
strong magnet will improve cell yields and
purity and reduce the amount of time for each
magnetic-selection step. This author’s experi-
ence is that the Biomag Separator available
from Advanced Magnetics is more than ade-
quate for the task of selecting the Dynal Dyna-
beads. Also note that the protocols do not in-
clude use of fetal bovine serum (FBS) in any
step. FBS and other heterologous sera should
be avoided in all steps because they can produce
unwanted activation of lymphocytes.

At the conclusion of each of the cell-sepa-
ration procedures, the purity of the cell popu-
lations produced should be assessed by flow
cytometry.

Anticipated Results

‘Whole blood from healthy adult donors will
typically yield 1-2 x 10° lymphocytes per ml
of blood by the density gradient protocol. A
typical leukapheresis in which lymphocytes are
collected from 5 liters of blood will yield 4-6
x 10° lymphocytes when processed by the den-
sity gradient protocol. Isolated lymphocytes
should be 295% viable.

Isolation of monocytes/macrophages from
500 x 106 lymphocytes will usually yield 25-50
x 106 cells with 295% viability. Generation of
“dendritic-like” cells from the same number of
starting lymphocytes will usually yield 5-10 x
108 cells with >90% viability.

The lymphocyte subpopulations produced
by the magnetic-bead techniques should be
295% pure and 295% viable by trypan blue dye

exclusion. The overall yield of T and B cells
from the starting lymphocyte preparation from
peripheral blood should be 40% to 60%.

Time Considerations

Isolation of lymphocytes from peripheral
blood (see Basic Protocol 1) usually takes 2 hr,
depending on the volume of blood obtained or
the number of lymphocytes collected by leuka-
pheresis. Monocyte/macrophage isolation (see
Basic Protocol 2) requires a subsequent 3.5-hr
time period, and culture of the isolated mono-
cytes/macrophages with IL-4 and GM-CSF re-
quires an additional 60 hr of incubation time.

Positive selection using monoclonal anti-
body—coated magnetic beads (see Basic Proto-
col 3) requires 2 to 3 hr. The method using
anti-IgG coated-beads (see Alternate Proto-
col 1) requires an additional hour for precoat-
ing of the cells with selecting antibodies.
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Preparation of Endothelial Cells

This unit presents various approaches to obtaining endothelial cells from tissues for cell
culture. The isolation of these cells from umbilical vein (see Basic Protocol) is particularly
useful because the tissue source is readily available and the cells can be obtained in
quantity. The isolated cells are generally pure and grow well. Although umbilical veins
are the most frequently employed source, cells can be obtained from other vessels and
from tissues—e.g., adipose tissue, nasal mucosa, and skin.

The isolation of human umbilical vein endothelial cells (HUVEC) is first described (see
Basic Protocol). Additional protocols describe the isolation of microvascular endothelial
cells from tissues with few contaminating cells (retroperitoneal adipose tissue and nasal
mucosa; see Alternate Protocol 1) and from tissues with a significant number of contami-
nating cells (skin; see Alternate Protocol 2).

CAUTION: When working with human blood, cells, or infectious agents, appropriate
biosafety practices must be followed.

NOTE: All solutions and equipment coming into contact with cells must be sterile, and
proper sterile technique should be used accordingly.

NOTE: All culture incubations should be performed in a 37°C, 5% CO, incubator unless
otherwise specified. Some media (e.g., DMEM) may require altered levels of CO, to
maintain pH 7.4.

PREPARATION OF ENDOTHELIAL CELLS FROM HUMAN
UMBILICAL VEIN

This protocol describes the isolation and culture of human umbilical vein endothelial cells
(HUVEC).

Materials

Fresh human umbilical cord

RPMI 1640 medium, 4° and 37°C

Phosphate-buftered saline (PBS; Life Technologies)

5 mg/ml collagenase CLSII (Worthington) in PBS (filter sterilized), 37°C
HUVEC medium (see recipe), 37°C

250-ml wide-mouthed tissue culture flasks

Sterile pads and gauze

Sterile scissors, razors, hemostats, and non-toothed forceps

Syringes and yellow 200-ul pipet tips

50-ml conical centrifuge tubes

Tabletop centrifuge

Nunc T-75 tissue culture flasks or 75-cm? gelatin-coated flasks (see recipe)
150-mm-diameter Nunc tissue culture dishes

Additional reagents and equipment for trypsinization of cells (unir 1.1)

1. Place the umbilical cord in a 250-ml wide-mouthed flask containing RPMI 1640
medium and store at 4°C for no more than 24 hr after delivery.

Cords older than 24 hr should be discarded. It is easiest to drop off the medium in a
wide-mouth flask at the hospital ahead of time so the staff can deposit the cord as soon as
it is available.

Contributed by Hynda K. Kleinman and Maria C. Cid
Current Protocols in Cell Biology (1998) 2.3.1-2.3.6
Copyright © 1998 by John Wiley & Sons, Inc.
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. Working in a sterile tissue culture hood with sterile pads on the hood counter top,

wash the cord with PBS. Using sterile gauze to hold the cord, cut the ends with a
razor to yield a 10- to 15-cm segment.

Wear a lab coat and two pairs of gloves. The cord is human tissue and could be infectious
or pathogenic.

. Dilate vein using non-toothed forceps.

Dilate carefully to avoid tears.

. Using a syringe with a yellow 200- pipet tip attached, flush 5 to 10 ml 37°C RPMI

1640 through the vein.

. Using a fresh syringe with a yellow 200-ul pipet tip, flush 5 to 10 ml of 5 mg/ml

collagenase through the vein.

. Clamp one end of the cord with a hemostat and squeeze ~10 ml more collagenase

solution into the vein. Clamp top of cord with a second hemostat and invert the cord
several times to spread the collagenase solution.

. Place the clamped umbilical cord in a 250-ml wide-mouthed flask with warm RPMI

1640 and incubate 15 min at room temperature.

. Open one end of the cord over a 50-ml conical centrifuge tube to catch the effluent

from the vein. Flush vein with 15 ml of 37°C HUVEC medium and collect the
effluent.

The HUVEC medium reduces the collagenase activity and helps the cells to remain viable.

. Add enough additional HUVEC medium to fill the tube and centrifuge 5 min at 170

X g in a tabletop centrifuge, room temperature.

Figure 2.3.1 Culture of human umbilical vein endothelial cells 2 days after passaging. Passage
3 cells were at ~70% confluence and were fixed and stained, respectively, with Diff-Quik Fix and
Solution Il (Baxter). Cells were viewed using a Zeiss inverted microscope.
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10.

11.

12.

Decant and discard supernatant, tap tube to resuspend cell pellet, then add 15 ml 37°C
HUVEC medium and transfer to two T-75 Nunc or 75-cm? gelatin-coated flasks.
Incubate 1.5 hr.

This is based on an average vyield from a 10- to 15-cm cord.

After 1.5 hr, remove medium and add 15 ml fresh medium. Incubate 2 to 3 days (until
confluent).

The medium that is removed can be used to plate additional cells in another flask; after
1.5 hr, that medium should be removed and discarded, and fresh medium added. It is
important with this second flask to be sure that there are not too many dead cells or
fibroblasts (which can be detected microscopically on the basis of morphology).

When cells become confluent, split flask 1:4 into 150-mm Nunc tissue culture dishes.

These cells are considered passage 1. Cells should not be used beyond passage 6. At
passage 2, there should be 32 dishes. Some of the passage 2 cells can be frozen and stored
in liquid nitrogen for future use (UNIT 1.1). Figure 2.3.1 shows a culture of endothelial cells
with typical elongated morphology.

ISOLATION OF ENDOTHELIAL CELLS FROM RETROPERITONEAL
ADIPOSE TISSUE OR NASAL MUCOSA

It is well recognized that not all endothelial cells behave in a similar manner or have
identical phenotypes. Preparations of endothelial cells from different tissue sources are
often needed. Retroperitoneal adipose tissue or nasal mucosa can be obtained at the time
of surgery. Usually, small pieces are provided from the normal edges of removed lesions
such as polyps in the nasal mucosa.

Additional Materials (also see Basic Protocol)

Retroperitoneal adipose tissue or nasal mucosa
0.02% (w/v) collagenase A (Boehringer Mannheim) in PBS (filter sterilized)

Cell scraper
Laminin-coated 6-well tissue culture plates (see recipe)

Additional reagents and equipment for trypsinization of cells (uniT 1.1)

. Cut tissue into 2- to 4-mm-square pieces and wash with sterile PBS.

Incubate 3 to 5 tissue pieces for 30 min with enough 0.2% collagenase at 37°C to just
cover the pieces.

Gently aspirate collagenase solution and wash the tissue once in PBS, discarding the
supernatants.

Add 3 ml RPMI 1640 medium, squeeze tissue with a cell scraper, and collect cells
in a 50-ml conical tube.

5. Filter through sterile gauze to remove tissue debris.

6. Centrifuge 5 min at 170 X g in a tabletop centrifuge, room temperature.

Discard supernatant, gently tap tube to resuspend cell pellet, and add 15 ml of room
temperature HUVEC medium.

Plate 3 ml of cell suspension onto each well of a laminin-coated 6-well plate. Incubate
1 hr, then remove medium (along with unattached cells) and add 3 ml fresh medium.

This step reduces the fibroblast contamination.

Incubate cells until confluent and passage as described above for HUVECs (see Basic
Protocol).
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ISOLATION OF MICROVASCULAR ENDOTHELIAL CELLS FROM DERMIS

Human microvascular endothelial cells can be isolated from neonatal foreskins (Kubota
et al., 1988). These cells are relatively easy to prepare and are widely used.

Additional Materials (also see Basic Protocol and Alternate Protocol 1)

Dermal tissue (e.g., neonatal foreskins)

Discontinuous Percoll gradient (see recipe)

5 mM tetrasodium EDTA in PBS (also available as Versene from Life
Technologies), filter-sterilized using 0.22-pum Nalgene filter, prewarmed to 37°C

PBS containing 5% FBS, room temperature to 37°C (store up to 1 month at 4°C)
Laminin-coated 6-well tissue culture plates (see recipe)

Anti-CD31-coated petri dishes (see recipe)

Gelatin- or fibronectin-coated 6-well tissue culture plates (see recipes)

Additional reagents and equipment for trypsinization of cells (uniT 1.1)

1. Prepare a cell suspension from dermal tissue as described for retroperitoneal adipose
tissue or nasal mucosa (see Alternate Protocol 1, steps 1 to 6). Resuspend the pellet
in 1 ml of RPMI 1640 medium.

2. Carefully layer 1 ml of the resuspended pellet on top of the discontinuous Percoll
gradient. Centrifuge 20 min at 670 X g in a tabletop centrifuge, room temperature.

3. Collect each layer separately and transfer to individual tubes. Wash by centrifuging
5 min at 170 X g, room temperature, adding 10 ml RPMI 1640 medium, then
centrifuging again and removing the supernatant.

Endothelial cell fractions are usually in the 32% and 34% layers.

4. Resuspend pellets in HUVEC medium and culture each fraction in a well of a
laminin-coated 6-well plate (see Alternate Protocol 1, steps 7 to 9).

Usually the yield of cells is very low due to the small amounts of biopsy material available.
All of the pellet obtained from each fraction should be placed in a well. The number of
endothelial cell colonies will be small.

5. After 2 days, remove medium, wash cells with PBS, and detach cells by incubating
~5 min with 1.0 ml/well of 5 mM EDTA/PBS at room temperature.

6. Centrifuge 5 min at 170 X g, room temperature. Discard supernatant, tap tube to
resuspend cell pellet, add 15 ml RPMI 1640 medium (prewarmed to 37°C), and
incubate 1 to 3 hr on a CD31-coated dish at 37°C.

7. Gently aspirate the medium containing nonadherent cells and wash the dish twice
gently with 15 ml of room temperature to 37°C PBS containing 5% FBS.

8. Wash dish gently with 15 ml of room temperature to 37°C PBS and release attached
cells by trypsinization.

The cells usually detach within a few minutes.

9. Centrifuge cells 5 min at 170 X g, room temperature. Discard the supernatant, tap the
tube gently to resuspend the cell pellet, add HUVEC medium and culture on gelatin-
or fibronectin-coated 6-well tissue culture plates (see Basic Protocol).

Fibronectin is more expensive than gelatin.
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REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Anti-CD31-coated petri dishes
Prepare 10 pg/ml anti-CD31 monoclonal antibody in 50 mM Tris-Cl, pH 9.5 (store
according to supplier’s instructions). Add 10 ml of this solution to a 10-cm-diameter
petri dish and incubate 1.5 hr at 37°C. Remove the solution and use it to coat two
more dishes in the same way. Wash each dish three times with 0.15 M NaCl, then
add 10 ml of 1 mg/ml bovine serum albumin (BSA) to each dish and incubate
overnight at 4°C. Remove the liquid before adding the cells.

The anti-CD31 is available from several suppliers. Preparations without BSA work better.
The coated plates should be used immediately.

Fibronectin-coated 6-well tissue culture plates
Prepare 333 ug/ml fibronectin in PBS (Life Technologies) and filter sterilize (store
up to 1 week at 4°C). Add 0.3 ml to each well and incubate 30 min at 37°C just prior
to addition of cells. Remove the solutions containing unbound fibronectin prior to
addition of the cells.

Gelatin-coated tissue culture flasks and plates
Prepare 0.1% (w/v) gelatin in PBS (Life Technologies) and filter sterilize (store up
to 1 month at 4°C). Incubate flasks with the gelatin solution 30 min at 37°C, then
remove gelatin and rinse with sterile PBS. Store coated flasks up to 1 day at 4°C or
air dry and use within 1 week.

HUVEC medium
500 ml RPMI-1640 medium
100 ml defined iron-supplemented calf serum (HyClone)
100 mg endothelial cell growth supplement (ECGS; Collaborative Biomedical)
2500 U heparin
5 ml 100x glutamine
5 ml 100X penicillin/streptomycin
5 ml 100x Fungizone
0.5 ml 1000x gentamicin
Store up to 1 month at 4°C

Laminin-coated 6-well tissue culture plates
Prepare 333 pg/ml laminin in PBS (Life Technologies) and filter sterilize (store up
to 1 year at —=80°C). Add 0.3 ml to each well and incubate 30 min at 37°C just prior
to addition of cells. Remove the solutions containing unbound laminin prior to
addition of the cells.

Percoll gradient, discontinuous
Prepare 30%, 34%, and 38% (v/v) Percoll in PBS
Prepare 32%, 36%, and 40% (v/v) Percoll in RPMI-1640 medium (with phenol
red)
Pipet 2 ml of the 40% Percoll solution into a 15-ml round-bottom Nalgene centrifuge
tube. Carefully layer 2 ml of the 38% Percoll on top of this, followed successively
by the 36%, 34%, 32%, and 30% Percoll.

The Percoll solutions are prepared in an alternating fashion with PBS and (phenol red
containing) RPMI 1640 to make it possible to distinguish the layers easily.
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COMMENTARY

Background Information

Endothelial cells line blood vessels and are
attached to each other (cell-to-cell) and to the
underlying basement membrane matrix (cell-
to-matrix). Various methods have been devel-
oped to isolate these cells in quantity for cell
culture. Human umbilical vein is an ideal
source because it is easy to obtain, cells can be
isolated in quantity, and the cells are generally
pure and grow well (Gimbrone, 1976; Jaffe,
1980). A disadvantage is the expensive medium
needed to propagate the cells. The ECGS (en-
dothelial cell growth supplement) is costly but
can be prepared by the investigator if very large
quantities are needed (Gordon et al., 1983).
Newer media are under development and ap-
pear to maintain the survival of the cells. Pre-
viously, tumor-conditioned medium had been
used (Folkman et al., 1979), but that material
was somewhat variable and the results were not
as reproducible as those observed with the HU-
VEC medium used in this unit (see Reagents
and Solutions). Another disadvantage of HU-
VEC is that the cells cannot be used beyond
passage 6, due to changes in the phenotype.

Other blood vessel and tissue sources have
yielded endothelial cells for culture. For exam-
ple, endothelial cells have been prepared from
nasal mucosa (Fukuda et al., 1989), bovine
capillary, pancreatic islet, mouse hemangioen-
dothelioma ( Folkman et al., 1979; Voest et al.,
1995), adrenal cortex, and human dermis
(Kubota et al., 1988).

Critical Parameters and
Troubleshooting

Once the cells are isolated, their identity as
endothelial cells can be confirmed by their
characteristic cobblestone morphology or by
specific markers such as factor VIII or uptake
of acetylated LDL (Kubota et al., 1988; Kibbey
et al., 1992). The type of dish used to culture
the cells is important and the protocols should
be followed exactly.

Because the cells are of human origin, full
precautions for infectious and viral diseases
must be employed. Gloves (at least two pair)
should be used even after the cells have been in
culture for several passages.

As compared with other types of primary
cells, HUVEC are more “delicate” and problems
with growth are observed with slight changes
in the carbon dioxide or the temperature.

Umbilical cord or biopsy tissue should be
stored at 4°C in medium and should not be used
if it is >24 hr old.

Anticipated Results

One umbilical vein should yield two conflu-
ent T-75 flasks in 3 to 5 days. By passage 2 there
should be 32 confluent 150-mm dishes with ~1
x 107 cells per dish. The yield from tissues is
less than that from umbilical vein.

Time Considerations
Preparation of the cells for all three methods
should not take more than half a day.
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Generation of Continuously Growing B Cell
Lines by Epstein-Barr Virus Transformation

Epstein-Barr virus (EBV) has been widely used to transform human B cells in vitro and
to produce continuously growing B cell lines for use in a variety of in vitro studies. Most
human B cell lines that are transformed by EBV secrete little or no infectious viral
particles. For this reason, a marmoset line transformed with the human Hawley strain of
EBY, which secretes active infectious EBV into the culture supernatant, is used as a source
of transforming virus (Miller and Lipman, 1973). This protocol explains how to prepare
the marmoset-derived EBV and transform human B cells obtained from peripheral blood.

CAUTION: EBYV is a known human pathogen. Appropriate biosafety practices must be
followed.

Materials

Complete culture medium (see recipe), 37°C

B95-8 EBV-transformed marmoset cell line (ATCC #CRL 1612)

Anti-CD3 monoclonal antibody produced by OKT3 hybridoma (ATCC #CRL
8001)

25-cm? and 75-mm? tissue culture flasks

Sorvall RT-6000B centrifuge with H-1000 rotor (or equivalent refrigerated
centrifuge and rotor) and 50-ml centrifuge tubes

0.45-um sterile filter

Additional reagents and equipment for growing cells, determining cell viability by
trypan blue exclusion, and cryopreservation of cells (unvir 1.1) and preparation of
peripheral blood lymphocytes (UniT 2.3)

NOTE: All solutions and equipment coming into contact with cells must be sterile, and
proper aseptic technique should be used accordingly.

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO,
incubator unless otherwise specified. Some media (e.g., DMEM) may require altered
levels of CO, to maintain pH 7.4.

1. Resuspend B95-8 cells in complete culture medium at 1 X 10° cells/ml and incubate
in 75-mm? tissue culture flasks at 50 ml of culture per flask for 3 days (until 295%
viable and in exponential growth phase; see uni 1.1 for basic culture technique and
determination of cell viability).

2. Transfer cultures to 50-ml centrifuge tubes. Centrifuge 10 min at 600 X g (1500 rpm
in H-1000 rotor), 4°C. Filter supernatant through 0.45-um sterile filter, divide into
0.6-ml aliquots, and store at —70°C.

The culture supernatants should contain 10? to 10° infectious units/ml (Miller and Lipman,
1973). Determination of EBV titers can be done by quantitative assessment of transforma-
tion of umbilical cord leukocytes (Miller and Lipman, 1973); however, because of the
difficulty in obtaining such cells, this determination is usually omitted.

3. Prepare peripheral blood lymphocytes as described in unit 2.3. Resuspend lympho-
cytes in 37°C complete culture medium at 1 x 10° cells/ml, then place 5 ml of the
lymphocyte suspension in an upright 25-cm? tissue culture flask.

4. Add anti-CD3 antibody to final concentration of 10 pg/ml. Incubate cells and
anti-CD3 antibody for 1 hr with the flask in the upright position.

Contributed by William E. Biddison
Current Protocols in Cell Biology (1999) 2.4.1-2.4.3
Copyright © 1999 by John Wiley & Sons, Inc.
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5. Add 0.5 ml of the EBV-containing B95-8 supernatant (from step 2) to flask. Incubate
with the flasks in the upright position for 1 to 2 weeks (until medium begins to turn
orange/yellow and small clumps of cells become visible).

6. Add 5 ml of fresh 37°C complete medium, then incubate 2 to 3 days. After that period,
remove 5 ml of the supernatant and add 5 ml of fresh 37°C complete medium and
continue incubating. Repeat the feedings as described in this step until total cell

number exceeds 5 x 10°.

7. Transfer growing cells to 75-cm? flask in 50 ml of 37°C complete medium and
incubate until cell concentration is >1 x 10%/ml.

8. Cryopreserve aliquots of cells (uniT 1.7) and maintain B cell line by splitting to 1 X
10° cells/ml in complete medium, incubating to 1 x 10°cells/ml, then splitting again.

The cells can be maintained this way indefinitely in the absence of any contamination with

microorganisms.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Complete culture medium
RPMI 1640 medium containing:

5% fetal bovine serum (FBS, heat-inactivated; APPENDIX 24)

100 U/ml penicillin

100 pg/ml streptomycin
100 pg/ml gentamycin

2 mM L-glutamine

10 mM HEPES

Store up to 2 weeks at 4°C

COMMENTARY

Background Information

EBV is able to transform a subset of human
resting B cells from peripheral blood (Sugden
and Mark, 1977; Aman et al., 1984). The out-
growth of EBV-transformed B cells is pre-
vented by the presence of EBV-immune T cells
contained within the peripheral blood lympho-
cyte population (Rickinson et al., 1979). For
this reason, soluble anti-CD3 antibody is in-
cluded in the transformation process to inhibit
the ability of T cells torespond to EBV antigens
presented by the transformed B cells. Other
procedures to eliminate T cell reactivity that
could be utilized include T cell depletion of the
lymphocyte population (uni72.3) and functional
T cell inactivation by cyclosporin A (Tosato et
al., 1982).

EB V-transformed B cell lines have proven
useful in studies of the cell biology of antigen
presentation (Roche and Cresswell, 1990) and
in the production of large-scale protein prepa-
rations for characterization of MHC antigens

(Orr et al., 1979) and MHC-bound peptides
(Falk et al., 1991).

Critical Parameters

EBV-transformed B cells will not survive if
there is an effective anti-EBV T cell response
in the culture. Itis essential that T cell functions
be blocked with an adequate concentration of
anti-CD3 antibody (10 pg/ml is sufficient).
Also the number and viability of resting B cells
in the culture must be sufficient to permit an
efficient transformation by EBV (at least 5 x
106 peripheral blood lymphocytes are recom-
mended). In addition, the titer of infectious
EBYV in the B95-8 culture fluid must be ade-
quate for transformation. If transformation fails
to occur, it will be necessary to obtain umbilical
cord leukocytes to measure EBV infectivity
(Miller and Lipman, 1973). Different batches
of FBS have variable capacities for promoting
the growth of EBV-transformed B cells. It is
best to predetermine whether the available FBS
can support the growth of existing EB V-trans-
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formed B cell lines before using it for estab-
lishing new EB V-transformed lines. Great care
should be taken to avoid contamination with
mycoplasma (also see uniT 1.5). Mycoplasma-
containing EB V-transformed B cell lines will
lose their capacity for continuous growth.

Anticipated Results

With the procedure described above, EB V-
transformed B cell lines should be obtained
which can maintain continuous growth indefi-
nitely in the absence of contamination by mi-
croorganisms.

Time Considerations

Preparation of B95-8 culture supernatants
requires a 3-day incubation. The establishment
of the cultures for transformation takes 1 to 2
hr once the peripheral blood lymphocyte popu-
lation has been obtained. Culture for 2 to 3
weeks is required to produce continuously
growing EBV-transformed B cell lines.

Literature Cited

Aman, P., Ehlin-Henriksson, B., and Klein, G. 1984.
Epstein-Barr virus susceptibility of normal hu-
man B lymphocyte populations. J. Exp. Med.
159:208-220.

Falk, K., Rotzschke, O., Stevanovic, S., Jung, G.,
and Rammensee, H.-G. 1991. Allele-specific
motifs revealed by sequencing of self-peptides
eluted from MHC molecules. Nature 351:290-
293.

Miller, G. and Lipman, M. 1973. Release of infec-
tious Epstein-Barr virus by transformed marmo-

Current Protocols in Cell Biology

set leukocytes. Proc. Natl. Acad. Sci. U.S.A.
70:190-194.

Orr, H., Lopez de Castro, J., Parham, P., Ploegh, H.,
and Strominger, J. 1979. Comparison of amino
acid sequences of two human histocompatibility
antigens: HLA-A2 and HLA-B7: Location of
putative alloantigenic sites. Proc. Natl. Acad.
Sci. U.S.A. 76:4395-4399.

Rickinson, A., Moss, D., and Pope, J. 1979. Long-
term T cell-mediated immunity to Epstein-Barr
virus in man. II. Components necessary for re-
gression in virus-infected leukocyte cultures. Int.
J. Cancer 23:610-617.

Roche, P. and Cresswell, P. 1990. Invariant chain
association with HLA-DR molecules inhibits
immunogenic peptide binding. Nature 345:615-
618.

Sugden, B. and Mark, W. 1977. Clonal transforma-
tion of adult human leukocytes by Epstein-Barr
virus. J. Virol. 23:503-508.

Tosato, G., Pike, S., Koski, 1., and Blaese, R. 1982.
Selective inhibition of immunoregulatory cell
functions by Cyclosporin A. J. Immunol.
128:1986-1991.

Key Reference
Miller and Lipman, 1973. See above.

Presents detailed description of B cell transforma-
tion and determination of EBV titers using umbilical
cord leukocytes.
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Laser Capture Microdissection

This unit describes a method for isolating pure populations of cells for biochemical and
molecular analysis, called laser capture microdissection (LCM; see Basic Protocol). A
second protocol outlines procedures for staining frozen or paraffin-embedded tissue
samples for LCM (see Support Protocol).

ISOLATION OF A PURE CELL POPULATION FROM TISSUE SECTIONS

Laser capture microdissection (LCM) provides the scientific community with a rapid and
reliable method for obtaining pure cell populations from tissue sections under direct
microscopic visualization. It incorporates both an inverted light microscope (with or
without a fluorescent module) and a near-infrared laser to facilitate the visualization and
procurement of cells. Briefly, a stained slide is placed under a microscope, and a specific
adherence cap with an ethylene vinyl acetate (EVA) film is placed onto the tissue. The
user moves the slide until the area of interest lies in the center of the microscope’s field
of view. When the cells of interest are located, a near-infrared laser is fired, which melts
the EVA film in the targeted area. The EVA film expands into the void of the stained tissue
and solidifies within 200 msec as it rapidly cools. The targeted tissue bonds to the EVA
film, retaining the exact cellular morphology, DNA, RNA, and proteins intact. Both frozen
and fixed tissue samples are successfully microdissected using LCM. Recovered cells can
be analyzed for DNA, RNA, and protein content, and used to construct cell-specific cDNA
libraries (Emmert-Buck et al., 1996; Krizman et al., 1996; Simone et al., 1998, 2000;
Banks et al., 1999). LCM offers a quick means of procuring pure cell populations;
however, it is necessary to follow strict protocols pertaining to fixation, preparation, and
handling of tissue samples to be microdissected.

Materials

Stained tissue samples, either frozen or formalin paraffin-embedded, cut into 2- to
10-um sections, and mounted on plain, uncharged microscope slides

PixCell II Laser Capture Microdissection System (Arcturus Engineering)

CapSure transfer film (Arcturus Engineering)

Compressed gas duster

CapSure pads (Arcturus Engineering)

Cap removal tool (Arcturus Engineering)

Setup LCM apparatus
1. Load the CapSure cassette module with a CapSure cartridge.

2. Move joystick into vertical position to properly position the cap in relation to the
capture zone. Place the microscope slide containing the prepared and stained tissue
sample on microscope stage. When the target zone for microdissection appears in the
viewing area, turn on Vacuum on front of controller to hold slide in place.

3. Slide CapSure cassette backward or forward to place cap at Load position. Slide
transport arm over CapSure cap, then lift transfer film transport arm and place cap
onto slide.

4. To enable the PixCell II laser, turn the keyswitch located on front of the controller
and press the Laser Enable button.

Figure 2.5.1 shows components of the PixCell II.
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NIH Laser capture microdissection
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Figure 2.5.1 Schematic overview of the Laser Capture Microdissection Microscope. Through activation of a laser beam
and under direct microscopic visualization, individual cells can be isolated for use in molecular analysis of any kind.
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. Verify that target beam is focused by selecting a spot size of 7.5 wm, using the Spot

Size Adjust lever found on the left side of the microscope. Rotate microscope
objectives until the 10X objective is in place. Reduce light intensity through the optics
until field seen on the monitor appears almost dark and target beam is easily viewed.
Using the Fine Focus Adjust located below the Spot Size Adjust lever, adjust target
beam until it reaches the point of sharpest intensity and most concentrated light with
little or no halo effect (Fig. 2.5.2).

The laser is now focused for any of the three laser spot sizes.

Select the laser spot size suitable to perform the microdissection.

. Adjust Power and Duration of the laser pulse on front of the controller to vary the

diameter of the “capture zone”, using target settings as a reference point. Adjust these
settings up or down to customize the laser to the type and thickness of the tissue to
be dissected. Suggested settings are listed in Table 2.5.1.
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focused

unfocused

unfocused

Figure 2.5.2 Focusing of the target beam. If transfer of cells to the cap is not adequate, improper
focus may be the cause. Select a spot size of 7.5 um using the Spot Size Adjust lever found on the
left side of the microscope. Rotate the objectives of the microscope until the 10x objective is in
place. Reduce the intensity of the light through the optics until the field viewed on the monitor is
almost dark and the target beam is easily viewed. Compare the target beam with this figure. If the
target is not focused, refocus the target beam as described (see Basic Protocol, step 2).
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Table 2.5.1 Settings for LCM

Spot size Power Duration
7.5 um 25 mW 3.0 msec
15 wm 30 mW 5.0 msec
30 um 30 mW 8.0 msec

Perform LCM
8. Microdissect cells of interest. Guide microdissection with target beam and press
Pendant switch for a single microdissection. To microdissect multiple shots, hold
Pendant switch down.

The tissue sample slide must contain no residual xylene, because it melts the transfer film,
making microdissection impossible. Dry slide with a compressed gas duster before mi-
crodissection to remove residual liquid from staining procedure (see Support Protocol).

To adjust the frequency interval, select Repeat on controller, then choose the desired time
between laser pulses.

9. Observe wetting as the laser fires, maintaining a distinct clear circle surrounded by
a dark ring (Fig. 2.5.3). If proper wetting is not observed, refocus the target beam
(step 5).

Collect microdissected cells

10. After collecting the desired number of cells, lift cap from slide using the transport
arm. Lift and rotate transport arm until cap reaches the Cap Removal Site. Lower
transport arm, then rotate it back toward slide, leaving the cap in place at the removal
site. Remove cap using the provided cap tool.

11. Blot polymer surface of CapSure transfer film with CapSure pads to remove nonspe-
cific debris adhered to it.

12. Inspect slide and cap for successful microdissection (Fig. 2.5.3).
13. Insert polymer end of cap into top of a 500-ul microcentrifuge tube.

The sample is ready for extraction of desired components or can be frozen at —80°C for
later analysis.

HEMATOXYLIN AND EOSIN STAINING OF TISSUES FOR LCM

A reaction sequence for performing basic hematoxylin and eosin staining is outlined in
Table 2.5.2. Although LCM is not limited to hematoxylin and eosin staining, it is probably
the most versatile stain used. Staining can be done using Coplin jars or racks and dishes.
DNA can be retrieved from frozen as well as paraffin-embedded tissue that has been fixed
in formalin or ethanol. RNA and protein retrieval is best when frozen tissue is used or
alternatively when ethanol-fixed paraffin-embedded tissue is used. RNA and protein are
cross-linked when fixed in formalin. However, the morphology of formalin- or ethanol-
fixed paraffin-embedded tissues is almost always better than that of frozen tissues, and
this is often the deciding factor as to what tissue fixation to use.
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before dissection

after dissection

captured cells

Figure 2.5.3 LCM capture of complex tissue structures. Successful transfer is achieved when
nonspecific cells are absent on cap and when microdissection does not leave residual cells behind
(see Critical Parameters and Troubleshooting). Example of good microdissection: (A) heterogene-

ous prostate tissue, (B) removal of normal epithelium, and (C) transfer to EVA film in <5 min.

COMMENTARY

Background Information

One of the problems encountered during the
study of disease in actual pathologic lesions
arises from the fact that cells in tissue do not
exist in a vacuum, but rather interact with each
other and neighboring cells in a complex envi-
ronment. Components of this microenviron-
ment—such as cell-to-cell contact, autocrine
and paracrine growth factors, vascular and lym-
phatic circulation, among many others—influ-

Current Protocols in Cell Biology

ence growth and differentiation. Even more
troublesome is the study of changes that occur
during disease progression. Most solid tumors
are comprised of a large variety of mixed cell
populations. For example, a biopsy of breast
tissue harboring a malignant tumor may also
contain fat cells in the abundant adipose tissue
surrounding the ducts, normal epithelium,
myoepithelium in the branching ducts, fi-
broblasts and endothelial cells in the stroma and
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Table 2.5.2 Reaction Sequence for Hematoxylin and Eosin
Staining Frozen and Paraffin-Embedded Tissues for LCM

Paraffin-embedded

Reagent? Frozen tissue .

tissue
Xylene — 2 X 5 min
100% ethanol — 30 sec
95% ethanol — 30 sec
70% ethanol 5 sec 30 sec
Deionized water 10 sec 20 sec
Mayer’s hematoxylin 30 sec 30 sec
Deionized water 10 sec 20 sec
Scott’s tap water 10 sec 20 sec
70% ethanol 10 sec 20 sec
Eosin-Y 60 sec 60 sec
95% ethanol 2 % 10 sec 2 %20 sec
100% ethanol 2 X% 10 sec 2 %20 sec
Xylene 30-60 sec 30-60 sec

“Mayer’s hematoxylin and Eosin-Y are available from Sigma-Aldrich; Scott’s

tap water is available from Fisher.

blood vessels, premalignant carcinoma in situ
lesions, and invasive carcinoma. Thus, one can-
not simply grind up such tissue and hope to
analyze molecular events taking place in pre-
malignant lesions.

In the past, several approaches have been
used to overcome this problem. The use of
immunological techniques to visualize cells of
interest or to deplete contaminating cells has
been used to purify or at least enrich cell popu-
lations. Modern techniques, such as flow cy-
tometry with cell sorting and affinity-labeled
magnetic beads, allow separation of subpopu-
lations from heterogeneous pools of single cells
in suspension. However, these techniques are
generally not practical when applied to tissue,
as there is a requirement for the dissolution of
intercellular adhesion and the formation of a
suspension of individual cells. Alternatively,
other approaches aim to imitate in vivo condi-
tions such as cell cultures of specific cell popu-
lations. However, cultured cells may not accu-
rately represent the molecular events taking
place in the actual tissue they were derived
from. Assuming methods are successful to iso-
late and grow the tissue cells of interest, the
gene-expression pattern of the cultured cells is
influenced by the culture environment and can
be quite different from the genes expressed in
the native tissue state. Another method of ob-
taining a pure or enriched cell population in-
volves manual extraction of the cells from the
tissue sections. This method has been widely

used, but it requires a high level of manual
dexterity and is often quite time consuming.

Laser capture microdissection (LCM) per-
mits, under direct microscopic visualization, a
quick and reliable means of procuring a se-
lected cell population from a heterogeneous
tissue, while maintaining the basic integrity of
the RNA, DNA, and proteins within the cells
(Emmert-Buck et al., 1996; Krizman et al.,
1996; Simone et al., 1998, 2000; Banks et al.,
1999).

Critical Parameters and
Troubleshooting

Problems are rarely encountered during la-
ser capture microdissection, but the most likely
causes of difficulty are discussed below. The
most probable cause for unsuccessful microdis-
section is improper handling of the tissue prior
to microdissection. For best results, the use of
plain uncharged and uncoated microscope
slides is recommended. Although, some suc-
cess has been achieved using positively charged
slides, these are not recommended. Tissue sec-
tions should be flat and free of folds and wrin-
kles. The smallest of these imperfections in a
prepared tissue section can prevent the proper
seating of the polymer cap and limit effective
cell capture.

Incomplete deparaffinization of embedded
tissues also limits the amount of tissue trans-
ferred during microdissection. The times for
deparaffinization listed in Table 2.5.2 are mini-
mal and can be extended to allow for complete

Current Protocols in Cell Biology



removal of the paraffin from the sample, if
necessary.

Incomplete dehydration of the tissue section
prior to LCM will limit the operator’s success
in microdissection of the tissue. The xylene
rinse, which is the final step of both staining
protocols outlined in Table 2.5.2, is essential
for the complete dehydration of the tissue on
the slide. LCM is compatible with a wide range
of immunohistochemical and fluorescent stains
in addition to the outlined hematoxylin/eosin
stain. It is necessary, however, for the final step
of any staining protocol used to be a thorough
dehydration step in xylene. If it is suspected
that the slide is not completely dehydrated,
allow it to sit in xylene for additional time.

Another cause for unsuccessful microdis-
section is improper focusing of the laser. To
avoid this problem, the laser should be focused
at the beginning of each LCM session, and
whenever there is a change in the type of slide
being used (see Basic Protocol).

Anticipated Results

Individual tissue cells can vary in their spac-
ing density, shape, and volume. Therefore, the
estimated cell yield is more precise when cells
are collected using a greater number of laser
pulses. Using the 30-um laser spot size, the
operator can expect to collect, on the average,
five to six cells per laser pulse (Fig. 2.5.3).

Time Considerations

The output of LCM is the molecular infor-
mation derived from analysis of the procured
cells. Great care should be taken to ensure the
stability of DNA, RNA, or protein molecules
analyzed. Delays incurred during staining or
while performing LCM can adversely affect
molecule stability. DNA is by far the most
stable of cellular components. The cellular ma-
terial collected on the cap for DNA analysis is
stable when refrigerated or stored at —20°C
until testing is resumed. In contrast, samples
microdissected for RNA or proteomic analysis
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are far less stable because of the endogenous
RNases and proteinases. The amount of time
that lapses between the start of the staining
protocol and completion of microdissection
should be closely monitored. Do not exceed 30
min from the time of thawing or deparaffinizing
the tissue slide to refreezing of the final dis-
sected sample at -80°C or immediate extrac-
tion.
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Preparation of Human Epidermal
Keratinocyte Cultures

This unit describes a protocol for establishing keratinocyte cultures from human newborn
foreskins. The foreskins are incubated with trypsin to dissociate the dermis and epidermis.
Keratinocytes are obtained from the epidermis as described in the steps below, and
fibroblasts can be obtained from the dermis as described in UNIT2.1.

NOTE: All incubations are performed in a humidified 37°C, 5% CO, incubator.

NOTE: All solutions and equipment coming into contact with cells must be sterile, and
proper aseptic technique must be used.

Materials

Human newborn foreskin (for sources, see Background Information)

Betadine (Purdue Frederick) or 5% (v/v) Wescodyne (STERIS Corporation)

HEPES-buffered saline (see recipe)

0.25% (w/v) trypsin in HEPES-buffered saline

Keratinocyte primary culture medium (see recipe)

Hanks’ balanced salt solution (HBSS; APPENDIX 24)

Keratinocyte growth medium (either Keratinocyte-SFM from Invitrogen or KGM
from Cambrex)

Trypsin/EDTA solution (Invitrogen) diluted 1:1 with Hanks’ balanced salt solution
(final 0.025% w/v trypsin, 0.26 mM EDTA)

10 mg/ml soybean trypsin inhibitor (Sigma) in Hanks’ balanced salt solution

Freezing medium: 10% (v/v) DMSO/10% (v/v) heat-inactivated fetal bovine
serum/80% (v/v) keratinocyte growth medium

100-mm sterile tissue culture dishes

Small curved forceps (4 pairs), sterile

Small sharp straight or curved scissors, sterile

Coarse filter such as a tea strainer or several layers of cheesecloth taped over the
top of a 50-ml centrifuge tube, sterile

15- and 50-ml sterile disposable centrifuge tubes

75-cm? sterile tissue culture flasks

1-ml sterile cryotubes

Liquid nitrogen freezer

Additional reagents and equipment for cell culture (unviT 1.1)

CAUTION: When working with human tissue, appropriate biosafety practices must be
followed.

Prepare foreskin
1. Incubate foreskin in Betadine or 5% Wescodyne for 1 min.

2. Wash foreskin four times, each time by incubating for 30 sec in HEPES-buffered
saline at room temperature, to remove the disinfectant.

3. Place foreskin in a 100-mm tissue culture dish and trim away as much subcutaneous
tissue as possible by snipping it away with a small pair of sharp scissors. Cut the
foreskin into 4- to 6-mm pieces, and float them, epidermis-side-up, in 5 ml of 0.25%
trypsin in a 100-mm tissue culture dish overnight at 4°C.

IMPORTANT NOTE: The scissors used in this step must be sharp.
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When the epidermis is ready to be removed (as described in step 4), there is a change from
the shiny and transparent appearance of the fresh epidermis to a more dull and
white/opaque surface. Alternatively, the trypsin incubation can be performed at 37°C for
several hours. Exposure times must be carefully controlled to curtail trypsin damage to the
cells (see Critical Parameters and Troubleshooting ).

Remove epidermis

4.

10.

Using two pairs of forceps, peel the epidermis from the pieces of tissue and place the
detached epidermis in a dish containing 5 ml keratinocyte primary culture medium.

If the epidermis does not detach from the tissue, incubate as in step 3 for another 8 to 24
hr in fresh trypsin at 4°C. The dermis can be used to isolate fibroblasts (see UNIT 2.1).

. Release cells from the epidermis by pipetting up and down ten times with a 5-ml

disposable plastic pipet.

The pieces of epidermis may have a tendency to stick to the inside of the pipet. Coating the
inside of the pipet with serum proteins by rinsing it with keratinocyte primary culture
medium may help prevent this problem.

Filter out the epidermal sheets and other debris by passing the cell suspension through
a coarse filter such as a tea strainer or several layers of cheesecloth and collecting the
filtrate in a 50-ml disposable centrifuge tube.

Centrifuge the filtered suspension 5 min at 200 X g, room temperature. Aspirate the
supernatant and resuspend the cells in 10 ml keratinocyte primary culture medium.
Plate the cells in a 75-cm? flask (see uniT 1.1 for basic cell culture techniques).

Place the culture in a humidified 37°C, 5% CO, incubator. The next day, inspect for
cells attached to the flask.

The cells may not spread overnight, but there should be some cells attached to the flask. If
there are few or no cells attached after an overnight incubation, leave the culture in
keratinocyte primary culture medium for up to 1 additional day before changing the
medium. Many or most of the cells will never attach.

Wash the flask gently three times with Hanks’ balanced salt solution and add 15 ml
keratinocyte growth medium.

Incubate the flask, changing the medium every other day, until the keratinocytes have
reached no more than 70% to 80% confluency.

IMPORTANT NOTE: Do not permit the cells to become confluent. Confluent cells are very
difficult to remove and can begin to differentiate and stop dividing (see Critical Parameters
and Troubleshooting).

Subculture cells

11.

To subculture the cells, wash the flask twice with Hanks’ balanced salt solution. Add
5 ml trypsin/EDTA warmed to 37°C and incubate at room temperature for about 5
min or until most of the cells are rounded up. Rap the side of the flask against the
palm of the hand to release the cells from the flask. If most of the cells do not come
off, wait 1 to 2 min and rap again.

Not all of the cells will detach easily, and it is better to leave a few behind than to
overtrypsinize the rest. In general, keratinocytes are more difficult to remove than fi-
broblasts, and they are also more sensitive to being overtrypsinized (see Critical Parame-
ters and Troubleshooting). It is therefore important that the trypsin/EDTA solution be very
fresh. One may wish to freeze aliquots and defrost only as much as needed.

Current Protocols in Cell Biology



12.

13.

14.

After the cells are released from the flask surface, add an equal volume of soybean
trypsin inhibitor solution to the trypsinized cell suspension and transfer to a 15-ml
disposable centrifuge tube. Centrifuge 5 min at 200 X g, at room temperature. Aspirate
the supernatant and resuspend the pellet of cells in keratinocyte growth medium.
Count cells (unIT 1.1).

Plate at ~6 x 10° cells per cm?in 75-cm? tissue culture flasks.

This represents about a 1:5 split ratio, and the cells will usually be ready to trypsinize again
in about 4 or 5 days. At this split ratio, keratinocyte cultures will usually stop growing at
around passage 10 or 11. However, other characteristics of the cultures may begin to
change well before this time, and investigators should determine the maximum useful
lifespan of these cells for their individual purposes.

Change the medium every other day.

Freeze cells and defrost at time of use

15.

16.

Resuspend the pellet of trypsinized cells in freezing medium. Dispense into 1-ml
sterile cryotubes at 5 x 10° cells/ml, and place in a styrofoam box in a —80°C freezer
overnight. Transfer the cryotubes to liquid nitrogen the next day.

To defrost cells, thaw a tube of cells in a 37°C water bath. As soon as the cell
suspension is thawed, transfer to a 75-cm? tissue culture flask containing 15 ml
keratinocyte growth medium and incubate at 37°C. As soon as most of the cells have
attached, which should take several hours, wash gently several times with Hanks’
balanced salt solution and add fresh keratinocyte growth medium.

The addition of serum to the freezing medium ensures better survival of the frozen cells,
but results in high calcium levels once they have been defrosted. Therefore, it is important
to wash the cells and change into fresh keratinocyte growth medium as soon as they have
attached.

REAGENTS AND SOLUTIONS

Use Milli-Q-purified water or equivalent in all recipes and protocol steps. For common stock solutions,
see APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

HEPES-buffered saline

480 ml water

0.5 ml 1 M HEPES buffer solution (1 mM final)

0.9 g glucose (10 mM final)

1.5 ml 1 M KCI (3 mM final)

1 ml 0.5 M Na,HPO,-7H,O (1 mM final)

3.8 g NaCl (130 mM final)

0.1 ml 0.5% (w/v) phenol red solution (final 1 pg/ml)
Adjust the volume to 500 ml

Filter sterilize through a 0.22-um filter

Store up to 1 year at 4°C

Keratinocyte primary culture medium

500 ml DMEM (APPENDIX 2B)

12 ml 1 M HEPES (20 mM final)

100 ml fetal bovine serum (FBS; heat-inactivated 30 min at 55°C)

0.6 ml 100 pg/ml EGF (Sigma-Aldrich; 10 ng/ml final)

0.6 ml 10" M cholera toxin (Vibrio cholerae, lyophilized powder; Sigma-
Aldrich; 10°M final)

continued
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2.4 ml 100 pg/ml hydrocortisone (Sigma-Aldrich; 0.4 pg/ml final)
6 ml 100x penicillin/streptomycin (100 U/ml penicillin G and 100 pg/ml strepto-

mycin sulfate final)

0.6 ml 250 pug/ml amphotericin B (0.25 pug/ml final)
0.6 ml 10 mg/ml gentamicin (10 pg/ml final)

Store up to 1 month at 4°C in the dark

As an alternative to the 100 ml of FBS, it is possible to use 50 ml calf serum and 50 ml FBS,

both heat-inactivated.

CAUTION: Cholera toxin is very toxic. Use appropriate precautions when handling.

COMMENTARY

Background Information

Early attempts to grow keratinocytes used
medium supplemented with serum and fre-
quently required fibroblast feeder layers (Rhe-
inwald and Green, 1975). The development of
serum-free MCDB 153 (Boyce and Ham, 1983)
permitted keratinocyte culture without feeder
layers. Both of the commercially available se-
rum-free media recommended in this unit
(Keratinocyte-SFM from Invitrogen and KGM
from Cambrex) are modifications of MCDB
153. They feature low Ca?* concentrations to
inhibit keratinocyte differentiation and sup-
press fibroblast growth and are supplemented
with bovine pituitary extract as the primary
mitogen. If the undefined composition of bo-
vine pituitary extractis a problem in the experi-
mental system, a medium that replaces it with
several defined mitogens is available (Defined
Keratinocyte-SFM from Invitrogen).

This protocol can also be adapted to use
biopsies or samples of skin from surgical op-
erations or cadavers. A similar protocol has
been used to obtain murine keratinocytes (Dlu-
gosz et al., 1995). However, murine keratino-
cytes are difficult to passage successfully,
which can limit their usefulness.

Neonatal human foreskins from circumci-
sions may be available locally, or they can be
obtained through the Cooperative Human Tis-
sue Network (http://www-chin.ims.nci.nih.gov/).
Foreskins can be stored immersed in HEPES-
buffered saline or serum-free medium such as
DMEM (appenpix 28) with 100 U/ml penicillin
G, 100 pug/ml streptomycin, and 0.25 pg/ml
amphotericin B, at 4°C for up to 3 days before
use.

Critical Parameters and
Troubleshooting

This protocol specifies two media: keratino-
cyte primary culture medium and keratinocyte
growth medium. Keratinocyte primary culture

medium contains DMEM with 20% serum and
is used initially to encourage the keratinocytes
from the epidermis to attach. As soon as they
attach, the medium is changed to keratinocyte
growth medium, a commercially available low-
calcium, serum-free medium, which is used in
all subsequent cultures.

The concentration of calcium in the medium
can regulate whether keratinocytes differenti-
ate or continue to proliferate. The calcium lev-
els in the recommended growth media are low:
0.09 mM in Keratinocyte-SFM from Invitro-
gen, and 0.15 mM in KGM from Cambrex.
Raising the calcium concentration, either inten-
tionally, e.g., by adding CaCl, to 1 mM, or
unintentionally, e.g., by adding factors dis-
solved in solutions containing calcium, will
cause keratinocytes to terminally differentiate.
Their growthrate will greatly decrease and their
morphology will change markedly (Fig. 2.6.1)
from flattened cells with ruffled edges that
associate only loosely with neighboring cells
to more tightly packed and well-circumscribed
colonies of less-spread cells. Differentiated
cells are often more phase-dense by phase-con-
trast microscopy, with phase-bright borders
where they contact neighboring cells because
the cells are more closely packed and thicker.
Ruffled cell margins, if present, are seen only
in cells with free edges at the perimeter of
colonies. Whereas cells in low calcium can be
quite motile, particularly those with semicircu-
lar ruffles, cells in high calcium move much
less and tend to associate strongly with other
cells. Permitting the cells to become confluent
will also signal them to slow their growth and
differentiate, and cultures that have been al-
lowed to grow to confluence should be replaced
with new cells from a frozen stock.

Keratinocytes are relatively sensitive to
overtrypsinization, so care should be exercised
when passaging the cultures. Use fresh trypsin
and expose the cultures for a minimal period.

Current Protocols in Cell Biology
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Figure 2.6.1 Human keratinocytes in culture (passage ~6) in: (A) low (0.09 mM) or (B) high (1 mM)

calcium. Magnification: 130x.

Do not trypsinize until all the cells have been
removed from the flask; there should always be
some cells left attached. Immediately add soy-
bean trypsin inhibitor solution to neutralize the
trypsin.

Anticipated Results

After 1 to 2 days in keratinocyte primary
culture medium, one should be able to see cells
attached to the flask, although they may not be
spread. After changing the medium to one of
the low-calcium keratinocyte growth media,
spread keratinocytes should be visible within 1
to 2 days. Cultures should be ready for passage
within 1 or 2 weeks, depending on the initial
yield. Early-passage cells should be frozen
promptly. From a 75-cm? flask at about 80%
confluence, it should be possible to harvest ~2
x 100 cells.

Time Considerations

Trimming of the foreskin and placing it into
trypsin may take 1 to 2 hr, with another hour or
less the next day to peel off the epidermis and
place the cells into culture. If the epidermis
cannot be separated from the dermis after over-
night trypsinization, another 8- to 24-hr incu-
bation may be necessary.

Current Protocols in Cell Biology
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Figure 2.6.1 Human keratinocytes in culture (passage ~6) in: (A) low (0.09 mM) or (B) high (1
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CHAPTER 3

Subcellular Fractionation and Isolation
of Organelles

INTRODUCTION

In the early 1700s, Leeuwenhoek noted that avian and amphibian blood cells contained
a “clear area,” almost certainly corresponding to the structure we now know as the
nucleus. This represents probably the earliest recognition that eukaryotic cells are not simply
sacs of protoplasm, but instead contain subcellular structures. Although the concept of the
nucleated cell became firmly established in the 18th and 19th centuries, the real beginning of
subcellular fractionation had to await the emergence in the mid-1940s of the art form known
as electron microscopy. The electron microscope revealed much more complexity than
Leeuwenhoek could have imagined. Concurrent with improvements in the techniques of
electron microscopy was the development of methodologies for subcellular fractionation.
Through the 1950s, these parallel approaches resulted in the discovery and isolation of the
major organelles that comprise the eukaryotic cell. Finally, as biochemical functions were
associated with specific subcellular compartments, a much clearer picture of the eukaryotic
cell began to emerge and with it the field of modern cell biology.

Chapter 3 is dedicated to methods for subcellular fractionation. The chapter begins with an
overview of cell fractionation (uniT 3.1) which covers some basic principles as well as the
instrumentation of centrifugation. The various centrifugation media, ranging from sucrose to
the newer media (Ficoll, Percoll, metrizamide, Nycodenz, and Iodixanol), are described.

Much of the earliest work in subcellular fractionation utilized rat liver as starting material.
The second unit of Chapter 3 provides protocols for the isolation of plasma membrane
sheets and domains from rat liver (unir 3.2). This method is used to isolate plasma
membrane sheets in sufficient yield and purity to be suitable for a variety of analytical
and preparative purposes. For example, these preparations can be used as starting material
for the isolation of hepatocyte plasma membrane proteins. The sheets also serve as the
starting material for the protocols within unir 3.2 that yield the apical and basolateral
domains comprising the polarized hepatocyte plasma membrane.

The densities of mitochondria, peroxisomes, and lysosomes are very similar and as a result these
organelles cosediment in density gradients as the so-called “light mitochondrial fraction.” The
development of separation media has significantly improved the ability to separate these
organelles from each other. uniTs 3.3-3.6 deal with separation of these organelles.

UNITS 3.3 & 3.4 describe methods for isolating mitochondria from rat liver as well as other
sources including other tissues, cultured mammalian cells, and yeast. uniT 3.3 focuses on
methods involving differential centrifugation for rapid isolation of metabolically active
mitochondria, whereas methods involving density-gradient centrifugation for further
purification of mitochondria are described in UNIT 3.4.

UNIT 3.5 provides methods for the isolation of peroxisomes from mammalian tissues and
cells in tissue culture. Also included in this unit are a method for preparation of
peroxisomes from yeast and descriptions of assays for assessment of the success of
subcellular fractionation of the various starting materials.

The yeast Saccharomyces cerevisiae contains all the membrane-bound subcellular organ-
elles that are characteristic of higher eukaryotes, yet this organism has a haploid genome

Subcellular
Fractionation and
Isolation of
Organelles
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that is less than 4 times the size of that of E. coli. The availability of the entire S. cerevisiae
genome sequence together with the ease with which yeast are cultured (unviT 1.6) and
genetic manipulations performed have made this organism a popular model in eukaryotic
cell biology. Indeed, it is yeast cell biology that may provide insights into the function of
many yeast genes and their mammalian counterparts. While some attention to certain
subcellular organelles from yeast is given in earlier units of this chapter, uniT 3.7 provides
a comprehensive overview of yeast subcellular fractionation.

UNIT 3.8 describes centrifugation-based methods for isolating most of the major organelles
of the yeast Saccharomyces cerevisiae. Most of these procedures begin with the prepara-
tion of spheroplasts as described in the Support Protocol near the beginning of the unit.
Lysates for subcellular fractionation can also be generated by glass-bead lysis to disrupt
intact yeast cells (also described). Because of the fragility of most yeast organelles, lysates
of spheroplasts are best used for most protocols; however, glass-bead lysates can be used
for preparation of cytosol and plasma membranes. Several of the protocols are analytical
for assessment of the distribution of proteins along exocytic, endocytic, and biosynthetic
pathways in yeast cells. The unit also includes preparative methods for isolating yeast
nuclei, vacuoles, mitochondria, peroxisomes, endoplasmic reticulum, plasma mem-
branes, and cytosol.

The organelle named for the pioneering cell biologist, Camillo Golgi, was identified on
the basis of a then-correct protocol developed by Golgi for fixing and staining tissues.
Although observations of what he then referred to as the “internal reticular apparatus”
probably date even earlier in the 19th century, the Golgi remains an intracellular site of
intense investigation by today’s cell biologists. unIT 3.9 describes the isolation of Golgi
membranes on a preparative basis. Individual protocols describe isolation of dextrose-
treated Golgi stacks from rat liver using a sucrose density barrier and by flotation from a
light mitochondrial fraction. Isolation from cultured cells is also described as is a method
to assay for the Golgi marker enzyme, UDP-galactose galactosyl transferase.

UNIT 3.10 focuses on the “clear area” of Leeuwenhoek—the nucleus. As noted above, rat
liver has been the most frequently used source of material for subcellular fractionation.
This unit contains two protocols for isolation of nuclei from rat liver. The first utilizes a
sucrose density barrier, whereas the second employs Nycodenz as a density medium.
Although the vast majority of methods for preparing nuclei uses soft tissue (e.g., liver),
the protocols described in this unit can be applied to other source materials (e.g., cultured
cells, plants) provided appropriate homogenization can be achieved. uniT3.10 also contains
two protocols for purification of nuclear membranes from isolated nuclei and Support
Protocols describing methods to assay DNA and RNA.

Free-flow electrophoresis (unir 3.11) provides the opportunities for both analytical and
preparative applications for isolating subcellular organelles such as rat endosomes. En-
dosome-enriched fractions are prepared from rat liver using discontinuous sucrose gradients,
and these are used to prepare endosomal subpopulations by free-flow electrophoresis. The
analytical approach can be used to study the kinetics and cellular subpopulations involved in
endocytic traffic. Three distinct subpopulations of endosomes are revealed in such studies.
Support Protocols include methods for analyzing markers for endosomal subpopulations and
for demonstrating retention of endosomal function (acidification) in vitro. Methods are also
included for preparing and labeling ligands that traffic through endosomes.

Future supplements will provide protocols for isolation of additional organelles from cells
of higher eukaryotes, including isolation of specialized organelles such as synaptic
vesicles and chromaffin granules.

Joe B. Harford
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Overview of Cell Fractionation

Cell fractionation has enjoyed widespread
use among cell biologists for half a century. It
continues to be a fruitful, if not essential, ap-
proach in the reductionistic efforts to define the
composition and functions of the multiple com-
partments in eukaryotic cells. It also provides
the essential ingredients for the increasing
number of cell-free assays now being used in
test-tube reconstructions of complex cellular
events involving intercompartmental interac-
tions. Much of the knowledge regarding the
composition and function of cell organelles has
resulted from fractionation of mammalian tis-
sues, where cells are both abundant and highly
differentiated (and thus organelle-rich). How-
ever, with new techniques in molecular biology
and widened interest in combining studies of
intact cells and functional reconstitution, inter-
est in fractionation has spread to cultured cell
lines and genetically tractable lower eukaryotic
cells.

The goals of cell fractionation often differ
depending on the nature of the experiments
being conducted. In preparative procedures, in
which the intent is to isolate quantities of a
particular cell organelle for further study or for
subfractionation, the emphasis is on purity and
(secondarily) on yield. In analytical experi-
ments, in which the intent is not isolation of
organelles but evaluation of associations of
selected macromolecules with particular or-
ganelles, the emphasis is on using one-step
procedures that result in different distributions
of various organelles (as defined by marker
activities) rather than on separating organelles
outright. Finally, in preparing organelles for
cell-free reconstitution, the goal is to maintain
them in a functional state. The investigator
generally has developed a specific assay for
intercompartmental interaction that does not
rely on organelle purity, so the extent of con-
tamination by irrelevant organelles is less
important.

The separation of distinct organelles during
cell fractionation results from their differing
physical properties—size (and shape), buoyant
density, and surface charge density—which re-
flect their differing compositions. Particular
fractionation techniques capitalize on one or
more of these properties. For example, gel fil-
tration separates on the basis of size, centrifu-
gation separates on the basis of size and density,

and electrophoresis separates on the basis of
surface charge density. As knowledge of the
specific composition of particular organelles
has developed, it has become possible to apply
newer techniques such as affinity chromatog-
raphy and selective density-shift perturbation.
Whichever fractionation method is used, the
procedures may have to be modified to adapt
them to individual needs. Even isolation of a
particular kind of organelle from different tis-
sue or cell sources may necessitate adjustment
of fractionation conditions. This also means
that in addition to isolating the organelle of
interest, one should also plan on confirming the
identity of what has been isolated.

Centrifugation is the most widely used pro-
cedure in cell fractionation. It is the only ap-
proach commonly used to separate crude tissue
homogenates (often having quite large vol-
umes) into subfractions as starting material for
more refined purification procedures. Further,
the technology available, using rotors with a
variety of geometries and diverse media that
enable separation according to size, density, or
both, now routinely permits refined separations
on volumes ranging from submilliliter to sev-
eral liters. No other technology is this versatile.
Gel filtration is limited by the pore sizes of
available resins, such that only regularly shaped
vesicles with diameters <100 to 200 nm can be
purified away from larger or irregularly shaped
organelles. Use of electrophoresis for organelle
purification, especially at the preparative level,
is relatively recent, and, as with gel filtration,
its success relies on generating starting material
by centrifugation. Although it shows promise
for purifying selected organelles (e.g., en-
dosomes) that have been difficult to obtain
otherwise, surface charge densities on most
organelles may not be different enough (or able
to be manipulated sufficiently) to make this a
versatile procedure. For these reasons, the re-
maining comments in this overview focus pri-
marily on fractionation of organelles by cen-
trifugation. For more detailed coverage of each
of the topics, the reader is referred to the excel-
lent book edited by Rickwood (1984).

BASIC PRINCIPLES OF
CENTRIFUGATION

One of the best ways to understand the
rationale for various cell fractionation proce-

Contributed by J. David Castle
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dures is to examine the Svedberg equation,
which describes mathematically the sedimen-
tation of a spherical particle in a viscous fluid:
2
dX/dt _ 27‘ (pp _pm)
w’x 9In

where x is the distance from axis of rotation, ¢
is time, Wis the angular velocity, 7 is the radius
of the particle, p, and py, are the densities of
the particle and medium, and ) is the viscosity
of the medium.

This equation states that the sedimentation
velocity, dx/dt, per unit centrifugal field w’x
(which is set by the instrumentation) increases
with the square of the particle radius and the
difference in density between the particle and
the medium, and decreases with increasing vis-
cosity. In practical terms, when sedimentation
is performed by differential velocity in a me-
dium such as 0.25 M sucrose, which is less
dense than all particles and has a low viscosity,
the radius of the particle is the dominant factor
that determines the sedimentation rate. In con-
trast, when isopycnic density gradient centrifu-
gation is used, the density of the medium
changes from top to bottom in the centrifuga-
tion tube, and the range of densities typically
includes the buoyant densities of most particles
(vesicles). Thus individual types of vesicles
will sediment until p, = p, and the vesicles
will then stop at their isopycnic densities. Al-
ternatively, in flotation procedures p, < py
initially and dx/dt is negative, meaning that
particles will move toward the axis of rotation
(i.e., toward the top of the tube). Clearly, the
equation also indicates that sedimentation or
flotation, as the case may be, is slowed in media
ofhigher viscosity. As discussed below, various
media used in centrifugation are distinguished
by their viscosities (and osmolarities) at high
densities.

The Svedberg equation can also be used to
discuss three other basic relationships encoun-
tered in using centrifugation. First, the velocity
of a particle per unit centrifugal field (left side
of the equation) is the sedimentation coeffi-
cient. Its dimensions are in seconds, and it is
generally reported in units known as Svedbergs
(S).1S=10"1sec, the same order of magnitude
as the sedimentation coefficient of several bio-
logical macromolecules (e.g., 5S RNA). Sec-
ond, the centrifugal field, w’x is usually nor-
malized to gravity and is expressed in the lit-
erature as a relative centrifugal force (RCF =
WPx/g). Centrifugation conditions are best re-
ported as X g. RCF is usually expressed at the

midpoint of the tube (g,,). The centrifugal field
term includes the angular velocity in units of
radians per second, which is easily converted
to revolutions per minute (rpm), the unit most
often given in the literature, as follows: RCF =
11.18 #(N/1000)2, where N is rpm. Third, inte-
gration of the Svedberg equation over time
yields the following relationship:

5002 Xmin §

where k= %ln[&j
w Xmin

This is a measure of the clearance time, the
time required for a particle of given sedimen-
tation coefficient to travel from the top to the
bottom of the tube. Included in k are the geome-
try of the rotor (Xjax and X,i,) and the angular
velocity. k-factors are reported in the printed
information that accompanies most rotors.
They are useful for estimating the length of
centrifugation required to pellet a particular
particle and for translating centrifugation con-
ditions between two rotors. For a given particle
or vesicle, k/t (rotor 1) = k/t(rotor 2).

INSTRUMENTATION

Several pieces of equipment must be avail-
able to carry out cell fractionation by centrifu-
gation. These include homogenizers, centri-
fuges (generally one low-speed and one ul-
tracentrifuge) with compatible rotors, a
refractometer for measuring the refractive in-
dex of centrifugation media (before centrifuga-
tion) and gradient fractions (after centrifuga-
tion), a gradient-forming device for generating
preformed density gradients, and a gradient-
collecting device for unloading the gradients
after the run. The refractometer, gradient-form-
ing device, and gradient-collection device are
very useful, if not essential, for density gradient
and rate zonal sedimentation.

Centrifuges. Most organelle purification
procedures require that samples be maintained
at <4°C, so the centrifuges used need to be
refrigerated. The low-speed centrifuge is used
in the early steps of the typical purification
procedure for sedimenting large particulates
such as nuclei and unbroken cells, frequently
from large volumes. The ultracentrifuge is used
for subsequent spins at higher speeds and often
with smaller volumes. These instruments have
a vacuum system as the rotors are spun in an
evacuated chamber to reduce friction (and thus
heating).
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Rotors. Commonly used rotors come in
three configurations: fixed-angle, vertical (or
near-vertical), and swinging-bucket (Fig.
3.1.1). Continuous-flow and zonal rotors,
which are loaded and unloaded during the run,
are less widely used. Fixed-angle rotors empha-

generate RCFs in excess of 600,000 x g, mean-
ing low k-factors, and can handle a few hundred
milliliters of solution at one time. As a result,
they are used frequently for pelleting fractions,
particularly from large volumes. Most fixed-
angle rotors hold tubes in a fixed incline sub-

size speed and capacity. Many of these rotors stantially away from the vertical. When the

fixed-angle rotor

VAYAYA

durlng spin after

before

vertical rotor

LTI EE

before start — acceleration —p | — deceleration - stop
C swinging-bucket rotor
— acceleration
& deceleration —

start stop

Figure 3.1.1 Rotors used in ultracentrifuges. (A) Fixed-angle rotor. In each profile, the tube on the
left shows pelleting from a uniform suspension and the tube on the right shows sedimentation of a
band layered at the top above a higher-density fluid. Sedimentation is radial (particles move toward
the outer wall of the tube and then down this wall to the pellet). Note how the band in the right tube
reorients during the spin and then again at the end of the run. (B) Vertical rotor. The rotor profile
shows tubes with sample layered above a higher-density solution before a run. Note that during the
run (successive tube profiles shown at right), the layer reorients along the inner wall of the tube and
then the bands resolve vertically. During deceleration the bands reorient to a horizontal position.
(C) Swinging-bucket rotor. Note the tube on the left in the upper profile has a sample layered at the
top. The buckets are mounted vertically on the rotor. During the run, the buckets reorient to the
horizontal position, and the bands separate along the length of the tube. Because sedimentation is
radial, the particulates in the bands are more concentrated at the walls facing and away from the
viewer than in the center of the tube. Toward the end of deceleration, the buckets reorient to the
vertical position.
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Table 3.1.1

Density and Refractive Index of Aqueous Sucrose Solutions at 20°C*

P(e\:var)lt Molarity  Density Reiféggzve I’(fif\;c\,r)lt Molarity  Density Reiflrggilve
2 0.06 1.006 1.3359 38 1.30 1.166 1.3958
4 0.12 1.014 1.3388 40 1.38 1.176 1.3997
6 0.18 1.022 1.3418 42 1.46 1.187 1.4036
8 0.24 1.030 1.3448 44 1.54 1.197 1.4076

10 0.30 1.038 1.3479 46 1.62 1.208 1.4117
12 037 1.046 13510 48 1.71 1.219 1.4158
14 0.43 1.055 1.3541 50 1.80 1.230 1.4200
16 0.50 1.064 1.3573 52 1.88 1.241 1.4242
18 0.56 1.072 1.3606 54 1.98 1.252 1.4285
20 0.63 1.081 1.3639 56 2.07 1.263 1.4329
22 0.70 1.090 1.3672 58 2.16 1.275 1.4373
24 0.77 1.099 1.3706 60 2.26 1.286 1.4418
26 0.84 1.108 1.3740 62 2.35 1.298 1.4464
28 091 1.118 1.3775 64 2.45 1.310 1.4509
30 0.99 1.127 1.3811 66 2.55 1.322 1.4558
32 1.06 1.137 1.3847 68 2.65 1.335 1.4605
34 1.14 1.146 1.3883 70 2.76 1.347 1.4651
36 1.22 1.156 1.3920

“Modified from Hofmann (1977) by permission of ISCO, Inc.

centrifugal force is applied, it is radial rather
than along the length of the tube. Thus the path
length is across the tilted tube and is reasonably
short; particles travel outward until they hit the
outer wall and then “slide” down the wall to
form a pellet (see Fig. 3.1.1). In vertical rotors,
the path is only the width of the tube. As is
evident from the figure, in both fixed-angle and
vertical rotors the solution in the tubes reorients
from the horizontal to the vertical during accel-
eration and reverses during deceleration. These
rotors can be advantageous for density gradi-
ents because equilibrium is reached quite rap-
idly with the short path, and the separation of
bands of different density increases as the con-
tents of the tube reorient during deceleration.
With swinging-bucket rotors, the tube and its
contents reorient from vertical to horizontal
during acceleration and reverse during the end
of deceleration. The centrifugal force in this
case is along the length of the tube. Note,
however, that because the force is directed ra-
dially, sedimenting particles tend to concen-
trate peripherally near the tube walls. Also, the
long path length and the generally lower cen-
trifugal forces required for these rotors mean
that k-factors are usually much higher than with
fixed-angle rotors. Thus these rotors have been

used more for density gradient and rate zonal
centrifugations and less for pelleting fractions.
Refractometers. A refractometer measures
refractive indices of solutions used for organ-
elle separations. Refractive index is linearly
related to density, and tables relating these two
parameters over a large range of concentrations
have been prepared for sucrose (Table 3.1.1)
and can readily be constructed for other gradi-
ent media by weighing aliquots of accurately
prepared solutions of different concentrations.
The measurement of refractive index/density is
particularly useful for characterizing the posi-
tion of organelles in gradients after centrifuga-
tion and for ensuring reproducibility of gradi-
ents from one experiment to another.
Gradient-forming devices. These devices
consist of two chambers with an interconnect-
ing channel along the bottom and an outlet from
one chamber that connects to a peristaltic pump
on its way to the centrifuge tube (see Fig. 3.1.2).
The channel is gated by a stopcock. For linear
gradients (the type most frequently used), the
chambers have the same cross-sectional area.
Solutions representing the extremes in density
of the desired gradient are each placed in one
chamber, and a stirring device is placed in the
chamber with the outlet going to the tube. As

Current Protocols in Cell Biology



A lower density first

back mixing
reservoir chamber
.oo ..o. L4 °
® o .o °

[ ] [ ) °
°. °, N °
[ ] ® ) . ?
o.:..o...(: )....o ° .b

tube

higher density first

back mixing
reservoir chamber

| NN NN |

tube

Figure 3.1.2 Linear gradient-forming device showing the back reservoir connected to the mixing
chamber via a channel with a stopcock. A delivery tube leads from the mixing chamber to a peristaltic
pump and then to the centrifuge tube. (A) Configuration used when the lower-density solution is
delivered first; the lower-density solution is in the mixing chamber and the outlet is at the bottom of
the centrifuge tube. (B) Configuration used when the higher-density solution is delivered first; the
higher-density solution is in the mixing chamber and the outlet tube is always above the surface of

the liquid entering the tube.

fluid is pumped out of the mixing chamber,
fluid also flows through the connecting channel
from the reservoir to maintain the same pres-
sure head in the two chambers. Consequently,
the density of the solution in the mixing cham-
ber changes progressively. Gradients can be
generated either highest density first, if the
higher-density solution is placed in the mixing
chamber, or lowest density first, if the lower-
density solution is placed in the mixing cham-
ber. Note that for highest density first, the de-
livery point must be located above the level of
the solution filling the centrifuge tube, whereas
for lowest density first, the delivery point must
be at the bottom of the tube.
Gradient-collection devices. Gradient col-
lection at the end of centrifugation requires a
systematic and reproducible means of empty-
ing the tube. Gradients can be collected from
the top or from the bottom. With care, a pipettor
(e.g., Pipetman, Rainin) of suitable volume can
be used for manual collection from the top,
taking care to withdraw equal-volume fractions
from just below the meniscus. Alternatively,
Buchler markets a pumping device (Autoden-
siflow) that continually adjusts to the height of
the meniscus and withdraws gradients from the
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top, and both MSE Scientific and Nyegaard
market devices that pump high-density solution
beneath the gradient and progressively displace
the gradient, which is again collected at the top.
For collection from the bottom, the centrifuge
tube is punctured with a needle and the gradient
is collected dropwise.

FRACTIONATION MEDIA

Early in the development of centrifugation
as a tool for purification of cellular organelles,
it was established that nonelectrolyte-based
media are preferable to electrolyte-based media
forreducing organelle aggregation (Hogeboom
et al., 1948). Most media used today are
nonelectrolyte-based, although some do have a
substantial electrolyte content (e.g., STKM
medium, which contains 50 mM Tris[CTI, 25
mM KCl, and 5 mM MgCl, in addition to 0.25
M sucrose; Adelman et al., 1973). Moreover,
media are generally isoosmotic or hyperosmo-
tic as compared to 0.15 M NaCl. Organelles are
osmometers, with water moving across their
limiting membranes to maintain osmotic equi-
librium; thus lysis can occur in hypoosmotic
media.
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The nonelectrolyte solute most commonly
used in subcellular fractionation is sucrose.
High-quality sucrose (free of RNase) is reason-
ably inexpensive, very soluble, and can be used
readily to prepare solutions that span the range
of densities of most biological organelles (Table
3.1.1). In addition, procedures have been devel-
oped for purifying most biological organelles
in sucrose. Sucrose, however, has limitations;
at higher concentrations solutions are quite
viscous and hyperosmotic. Isoosmotic sucrose
(0.25 M; [P% w/v) has a density of only 1.03
g/ml, which is at the lower-density end for
biological organelles. Thus all isopycnic den-
sity gradient centrifugation performed in su-
crose constitutes hyperosmotic conditions; in-
traorganellar water redistributes to the surround-
ing medium, and the organelles shrink and
increase in density. These changes are revers-
ible for some, but not all, organelles.

Various sugar alcohols have been used in
place of sucrose in some procedures. Glycerol
is one, but although its viscosity is lower than
that of sucrose, so is its density at a given
concentration, and it also permeates some or-
ganelles. Mannitol has been used in a few
procedures where the use of sucrose is not
feasible—e.g., for isolation of epithelial brush
border membranes that contain sucrase (Malathi
et al., 1979)—and sorbitol has been a favorite
for fractionating yeast, which secrete invertase
(a form of sucrase; e.g., Walworth and Novick,
1987).

Polysaccharides have also been employed
as substitutes for sucrose. Ficoll 400 (Pharma-
cia Biotech), a chemical polymer of sucrose
with epichlorohydrin that has an average mo-
lecular weight of 400,000, has been a popular
choice (a 70,000-MW form is also available, as
Ficoll 70). At low concentrations, it has very
low osmolarity, but as can be seen in Figure
3.1.3, the osmolarity rises sharply above 30%
(w/v; density [11.09 g/ml), and it is quite viscous
at all concentrations above 10% (w/v). Ficoll
has been used widely for separating different
cell populations and is frequently most useful
as an additive to media containing other density-
modifying agents.

Iodinated nonelectrolytes increase the den-
sity of fractionation media through most of the
range of biological organelles while maintain-
ing reasonably low viscosity and osmolarity as
compared to sucrose. Three popular and closely
related compounds are metrizamide, Ny-
codenz, and iodixanol (OptiPrep; marketed by
Nyegaard; Accurate Chemical—listed in the
suppLIERS APPENDIX—Is the U.S. outlet). As seen

from Figure 3.1.3, 40% (w/v) solutions of both
metrizamide and Nycodenz have a density >1.2
g/ml (above that of most organelles) and an
osmolarity <400 mOsm with reasonable vis-
cosity. 60% iodixanol has a density of 1.32 g/ml
and an osmolarity of 260 mOsm with only
moderate viscosity, making this medium espe-
cially useful for density gradient fractionation
under isoosmotic conditions. With all these
advantageous features, why aren’t they used
more? They are rather expensive, which cer-
tainly limits their use for large-scale work. In
addition, they absorb in the UV and have been
reported to inhibit selected enzyme activities.

A different alternative for achieving high
densities at low viscosity and osmolarity in-
volves the use of Percoll, colloidal silica coated
with polyvinylpyrrolidone to reduce its adsorp-
tion to biological organelles. For fractionation
of cellular organelles, Percoll is almost always
used in combination with isoosmotic sucrose,
because pure Percoll is only 10 mOsm. As can
be seen from Figure 3.1.3, Percoll-containing
media can achieve very high densities with
reasonably low viscosities. Because Percoll
particles have a significant size (range 30 to 150
A) and density, they sediment during centrifu-
gation. Thus, concentration gradients self-form
fairly rapidly during a spin and the profile of
density along the length of the tube continu-
ously changes with time. The shallow gradients
achieved with Percoll can be very advantageous
in separating organelles whose densities differ
only slightly; however, for reproducibility, the
centrifugation conditions must be quite care-
fully set. Percoll also has its limitations: it
absorbs in the UV, interferes with protein as-
says, precipitates in acid and organic sol-
vents—do not attempt to precipitate Percoll-
containing fractions with trichloroacetic acid
(TCA) or acetone—is difficult to get rid of
entirely.

EVALUATION OF
FRACTIONATION

In setting up a procedure for separating or
purifying cellular organelles, it is advisable to
evaluate the steps of the protocol to confirm that
the outcome is as desired and as stated. This
means setting up assays for marker activities
and protein and accounting for the totality of
both throughout the procedure. This meticu-
lousness enables the investigator to evaluate the
homogenization, yield, fold purification, and
extent of contamination by other undesirable
organelles, and to account for 100% of the
activity at each step. The extent of cell breakage
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Figure 3.1.3 Plots of density, viscosity, and osmolarity of gradient media used to fractionate
cellular organelles as a function of concentration. Data are shown for sucrose, Ficoll 400, Percoll,
metrizamide, Nycodenz, and iodixanol. Modified from Rickwood (1984) by permission of IRL Press.
Data for iodixanol by permission of Nycomed Pharma AS Diagnostics (Nycomed Pharma, 1996).

during homogenization can be estimated by
determining the fraction of a marker activity of
a particular organelle that pellets in the first
low-speed centrifugation step (and is likely still
to be associated with unbroken cells), while the
extent of organelle breakage can be estimated
by determining the fraction of the total amount
of a soluble intraorganellar protein that is not
sedimented by a high-speed spin that pellets all
of the organelle. Following marker activity
throughout purification enables the investiga-
tor to determine the yield of the desired organ-
elle, and, if markers of other organelles are
followed, the extent of residual contamination.
Finally, if protein concentration is determined
in parallel, calculation of the ratio of activity to
protein (known as specific activity) at each step
provides an estimate of fold purification or
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enrichment. In the event that analytical rather
than preparative procedures are used, determi-
nation of marker activity in every fraction is
essential for specifying the distribution of a
particular organelle. Finally, it is very impor-
tant to note that subcellular fractionation is
never perfect! The entirety of a particular or-
ganelle is never obtained in completely pure
form. In fact, the term “fraction” signifies both
incomplete yield and incomplete purity. The
careful investigator will always be cognizant of
the limitations of the procedures and the con-
sequent limitations of the results.

DEFINITIVE PROCEDURES

A useful starting point in isolating a particu-
lar cellular organelle may be to examine a
procedure that has been designed for the spe-
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Table 3.1.2 Preparing Organelle Fractions from Mammalian Tissues and Cells

Organelle Procedure Reference

Nucleus Centrifugation through high- Blobel and Potter (1966)
density sucrose

Endoplasmic Discontinuous sucrose gradient Adelman et al. (1973)

reticulum

Golgi complex
discontinuous
Secretion granules
Endocrine
Exocrine
Synaptic vesicles

Metrizamide gradient

Chromatography on
controlled-pore glass

Plasma membrane  Discontinuous sucrose gradient

Endosomes Free flow electrophoresis
Density shift with sucrose
gradient

Lysosomes Metrizamide gradient

Mitochondria Velocity sedimentation in sucrose

Peroxisomes Sucrose gradient, discontinuous

and continuous

Sucrose gradient, continuous and

Discontinuous sucrose gradient

Bergeron et al. (1982)

Loh et al. (1984)
Cameron and Castle (1984)

Carlson et al. (1978)
Huttner et al. (1983)

Hubbard et al. (1983); UNIT 3.2

Marsh et al. (1987)
Beaumelle et al. (1990)

Wattiaux et al. (1978)
Schnaitman and Greenawalt (1968)
Leighton et al. (1968)

cific organelle of interest. Table 3.1.2 lists ref-
erences to procedures for purifying most of the
membranous organelles found in eukaryotic
cells. Unfortunately, it is not possible to make
this listing comprehensive, but the procedures
selected have achieved unusually good purity
and in many cases have documented their
achievement by bookkeeping of marker activi-
ties. Although several of the procedures are
reasonably old, they have been used either as
starting points for subfractionation (e.g., nu-
cleus, endoplasmic reticulum, secretion gran-
ules, plasma membranes, lysosomes, mito-
chondria, and peroxisomes) or for functional
studies in cell-free assays (e.g., Golgi, en-
doplasmic reticulum, and mitochondria). The
adventurous investigator may want to consider
the newer-generation reagent iodixanol (Op-
tiPrep). The ability to fractionate under isoos-
motic conditions over a large density range
seems quite appealing. Sample procedures for
various fractionations in iodixanol can be ob-
tained from Nycomed/Accurate Chemical Co.
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Isolation of Rat Hepatocyte Plasma Membrane
Sheets and Plasma Membrane Domains

The plasma membrane of polarized epithelial cells is separated into discrete domains
(apical and basolateral) that are functionally distinct. In polarized hepatocytes, the
basolateral surface includes the sinusoidal front, which is specialized for the exchange of
metabolites with the blood, and the lateral surface, which is adjacent to neighboring
hepatocytes. The apical or bile canalicular plasma membrane domain is separated from
the basolateral surfaces by tight junctions and is specialized for bile secretion. The
functional and morphological differences between the two domains are matched by
differing biochemical compositions. In order to examine the constituents of the hepatocyte
plasma membrane, isolation of preparative amounts of this organelle is required.

This unit describes isolation of purified plasma membrane sheets from rat hepatocytes
(see Basic Protocol 1). Since relatively high yields of plasma membrane sheets are
obtained from this procedure, these preparations are suitable for a variety of analytical or
preparative uses. For example, integral plasma membrane proteins can be extracted from
preparative amounts of the sheets and further purified. The sheets also serve as the starting
material for the separation of the two membrane domains (see Basic Protocol 2). The
sheets are vesiculated by sonication, applied to continuous sucrose gradients, and centri-
fuged to equilibrium. The fractionation is generally an analytical procedure, and is useful
for determining the distributions of plasma membrane—associated molecules between the
two domains. The recovery and purity of plasma membrane sheets can be determined by
measuring alkaline phosphodiesterase 1 activity (see Support Protocol 1); basolateral
membrane recovery and purity can be assessed by measuring K'-stimulated p-ni-
trophenylphosphatase activity (see Support Protocol 2); and apical membrane recovery
and purity can be assessed by measuring 5'-nucleotidase activity (see Support Protocol
3). Distributions of proteins at the hepatocyte plasma membrane can also be determined
morphologically (see Support Protocol 4). The large plasma membrane sheets readily
adhere to glass coverslips and are easily processed for indirect immunofluorescent
detection of specifically labeled antigens. The biochemical and morphological procedures
described in this unit provide a relatively simple, yet powerful approach to examining
molecules associated with the plasma membrane in rat hepatocytes.

ISOLATION OF PLASMA MEMBRANE SHEETS

This protocol describes a rapid and effective method for the purification of plasma
membrane sheets from rat hepatocytes. Rat livers are first gently homogenized in buffered
sucrose, and the plasma membrane sheets are separated from other intracellular compart-
ments by a series of four differential centrifugations followed by a single flotation through
a one-step sucrose gradient.

NOTE: All solutions and glassware should be prechilled to 4°C before the procedure, and
kept on ice throughout.

Materials

125- to 150-g male Sprague-Dawley rats

Ether

0.9% (w/v) NaCl, ice cold (store 1 to 2 weeks at 4°C)
0.25 and 2.0 M STM solutions (see recipes), ice cold
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Supplement 2

Protease inhibitor solutions (see recipe)
0.25 M sucrose solution (see recipe), ice cold

40-ml Dounce homogenizer (Wheaton) with tight- and loose-fitting pestles (size A
and B, respectively, although certain manufacturers reverse these designations)

Cheesecloth, grade 60

Abbe refractometer (Bausch and Lomb)

7-ml Dounce homogenizer (Wheaton) with loose-fitting pestle (size B)

Additional reagents and equipment for SDS-PAGE (uniT6.1), quantitative
immunoblotting (UNIT 6.2), and densitometry (UNIT 6.3)

Subfractionate liver homogenate

1.

10.

11.

Starve a 125- to 150-g male rat for 18 to 24 hr.

For analytical work, one 6- to 8-g rat liver provides sufficient material. For preparative
work, use up to 40 g of liver at a time (five to six rats and scale up solution volumes
proportionally to number of livers used). The protocol described here and the volumes of
sucrose solutions given (see Reagents and Solutions) are for the isolation of plasma
membrane sheets from one rat liver.

Anesthetize the rat with ether and sacrifice by decapitation. Drain the blood from the
animal under cold running water and carefully excise the liver.

. Rinse the liver with ice-cold 0.9% NaCl to remove excess blood and hair. Using a

squirt bottle, perfuse the liver with 0.9% NacCl via the portal vein until the liver is
blanched. Quickly weigh the perfused liver and place it in a prechilled beaker on ice.

This perfusion will remove any contaminating blood trapped within the liver. All subsequent
steps are performed at 4°C.

Use scissors to mince the liver into [0).5-cm? pieces and add 4.5 vol (4.5 ml/g tissue)
of 0.25 M STM solution with protease inhibitors. Pour the mixture into a 40-ml
Dounce homogenizer.

If the liver weighs more than 8 g, divide it in half and homogenize separately.

. Homogenize with 10 up-and-down strokes with the loose-fitting pestle (B).

Avoid producing bubbles during homogenization by moving the pestle slowly and steadily.
Wipe off any connective tissue that sticks to the pestle.

Filter homogenate into a graduated cylinder through a funnel lined with four layers
of grade-60 cheesecloth premoistened with 0.25 M STM solution. Add 0.25 M STM
solution to adjust the filtered volume to five times the original wet weight (5 ml/g)
of the liver, producing a 20% (w/v) homogenate. Mix by gently inverting 3 to 5 times.

. Pour 25- to 30-ml aliquots of homogenate into 50-ml conical tubes. Centrifuge 5 min

at 260 x g (e.g., 1100 rpm in Beckman GS-6R), 4°C.

. Carefully decant supernatant (S1) into a fresh tube, avoiding contamination from the

soft pellet, and place on ice.

. Resuspend pellet in one-half the original homogenate volume (step 6) 0f 0.25 M STM

solution with protease inhibitors, using three strokes of the loose-fitting pestle (B) in
a 40-ml Dounce homogenizer. Centrifuge as in step 7.

Decant supernatant and pool with supernatant from step 8 (S1). Centrifuge 25- to
30-ml aliquots of pooled supernatant per 50-ml conical tube, 10 min at 1500 X g (e.g.,
2600 rpm in Beckman GS-6R), 4°C.

Pour off supernatant (S2).

If assaying all fractions for recoveries, save S2 on ice and use on the same day.
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Float plasma membrane sheets

12.

13.

14.

15.

16.

17.

18.

19.

Add two-thirds the original homogenate volume (step 6) of 0.25 M STM solution
with protease inhibitors to the pellet (P2). Resuspend in a 40-ml Dounce homogenizer
with three strokes of the loose-fitting pestle (B) followed by one stroke of the
tight-fitting pestle (A).

Pour the suspension into a graduated cylinder and adjust to 2 times the original

homogenate volume (step 6) with 2.0 M STM solution. Mix by gently inverting 3 to
5 times.

Check the density of the mixture with an Abbe refractometer, and adjust with either
0.25 M or 2.0 M STM solution until a density of 1.18 g/cm? (refractive index = 1.4016)
is achieved.

Fill ultracentrifuge tubes equally with the resuspended P2 to [D0% total volume.
Carefully overlay each tube to within a few millimeters from the top with ice-cold
0.25 M sucrose solution.

For the Beckman SW28 rotor, 90% is 32 ml.

Centrifuge 60 min at 113,000 x g (e.g., 25,000 rpm in Beckman SW28 rotor), 4°C,
in a swinging-bucket rotor with no brake.

Collect and pool the pellicules at the interface of each tube with a blunt-ended plastic
transfer pipet.

If assaying all fractions for recoveries, pour off and save the load fraction and resuspend
the pellet (P3) to the desired volume (e.g., 5 to 10 ml).

Resuspend pellicules in 0.25 M sucrose solution at 0.8 to 1.0 times the original
homogenate volume (step 6) and gently homogenize with three strokes of the
loose-fitting pestle in the 40-ml Dounce homogenizer.

Check density of the suspension and adjust to 1.05 g/cm? (refractive index <1.3500)
by diluting with 0.25 M sucrose solution, if necessary.

Recover and characterize plasma membrane sheets

20.

21.

22.

23.

Centrifuge 25- to 30-ml aliquots of resuspended pellicules per 50-ml conical tube,
10 min at 1500 x g (e.g., 2600 rpm in Beckman GS-6R), 4°C.

Carefully remove supernatant with a pipet and resuspend the pellet (plasma mem-
brane sheets) in 1 to 2 ml of 0.25 M sucrose solution per liver in a 7.0-ml Dounce
homogenizer with a loose-fitting pestle. Divide the purified plasma membrane sheets
into 0.5- to 1.0-ml aliquots and save indefinitely at —80°C.

Use caution when removing the supernatant, as this pellet is loose.

Apply (20 pl of resuspended membrane sheets to a glass slide and examine at 25x
magnification by phase-contrast microscopy.

There should be relatively few small (<1-um) vesicles and membrane fragments, and an
abundance of relatively large (20- to 40-um), Y-shaped structures. If large (10-ym) spheres
are also observed, these are nuclei. To avoid this form of contamination, pour less
supernatant off of the pellet in step 8.

Check recovery and purity of an aliquot of the plasma membrane sheets by SDS-
PAGE (unit 6.7) and immunoblotting (uniT 6.2), assaying immunoreactivity with
antibodies specific for various intracellular membrane marker proteins (see Table 3.2.1).
Determine distributions by densitometric analysis (UniT6.3) of immunoreactive bands.

Alternatively, recovery and purity can be checked by using the relatively simple colorimet-

ric assay for the plasma membrane marker alkaline phosphodiesterase I (see Support
Protocol 1) and by assaying protein concentration (APPENDIX 3).
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Table 3.2.1 Recovery and Enrichment of Various Organellar Markers During the
Isolation of Plasma Membrane Sheets*

Marker? % Recovery Fold-enrichment
Protein 0.4+0.13 —
5'-nucleotidase (PM) 1746 39+£10
Alkaline phosphodiesterase I (PM) 17.0+5.6 40+9
Asialoglycoprotein binding activity (PM) 1636 478 +18
NADH-cytochrome c reductase (ER) 03+0.2 1£0.5
Glucose-6-phosphatase (ER) 0.5 0.8
[3-N-acetylglucosaminidase (lysosomes) 0.22 £0.13 0.66 £ 0.3
Cytochrome oxidase (mitochondria) 0.12£0.07 0.22 £0.1
DNA (nuclei) 0.26 0.3
Galactosyltransferase (Golgi) 1.0 1.9

“Values are reported as the mean + standard deviation (7 = 3), when available. Reproduced from Hubbard
et al. (1983) by copyright permission of the Rockefeller University Press.

bPM, plasma membrane; ER, endoplasmic reticulum.

ASSAY FOR ALKALINE PHOSPHODIESTERASE I ACTIVITY

Alkaline phosphodiesterase I is a plasma membrane—associated enzyme that distributes
equally between the two surface domains. Since its enzymatic activity is easily assayed
(Touster et al., 1970), alkaline phosphodiesterase is an excellent marker for total plasma
membranes in biochemical subcellular fractions. In general, the assay described below is
used to determine the recovery and purity of plasma membrane sheets in the preparative
fractions obtained during the isolation procedure (Basic Protocol 1).

Materials

Preparative fractions and isolated plasma membrane sheets (see Basic Protocol 1)
Alkaline phosphodiesterase I reaction buffer (see recipe)

5% and 10% (w/v) trichloroacetic acid (TCA), ice cold

2 N NaOH

0.25 mM p-nitrophenol in 5% (w/v) TCA

1-cm-pathlength cuvettes

Analyze samples
1. Determine the necessary volume of alkaline phosphodiesterase I reaction buffer by
multiplying the number of assay points plus one substrate blank by 0.8 ml (0.2
ml/assay tube X 4 tubes/fraction) and prepare it fresh.

In general, all preparative fractions from the isolation of plasma membrane sheets, as well
as the substrate blank, are assayed in duplicate for alkaline phosphodiesterase activity.
Also, two incubation times are usually used.

Substrate blanks are processed along with the other fractions and account for the amount
of substrate hydrolyzed without added enzyme.

2. Setup four disposable glass tubes per fraction and substrate blank, and distribute 0.2
ml reaction buffer to each tube at room temperature.

3. Add 50 pl of each fraction (kept on ice until ready to assay) to the appropriate sample
tubes and 50 pl water to the substrate blank tubes. Vortex gently.

4. Incubate fractions and blanks at 37°C in a shaking water bath, half for 30 min and
half for 60 min.

Current Protocols in Cell Biology



5. Stop the reaction by adding 0.25 ml ice-cold 10% TCA. Gently vortex and let stand
on ice.

6. Add 1.5 ml of 2 N NaOH to each tube and gently vortex.
7. Read A4y, using a 1-cm-pathlength cuvette.

Analyze standards
8. Distribute 0, 0.1, 0.25, 0.3, 0.4, and 0.5 ml of 0.25 mM p-nitrophenol in 5% TCA to
duplicate tubes.

The corresponding amounts of p-nitrophenol are 0.0, 25.0, 62.5, 75, 100, and 125
nmoles/tube, respectively.

9. Adjust the volume of each tube to 0.5 ml with 5% TCA.
10. Add 1.5 ml of 2 N NaOH to each tube and read A4, as in step 7.

Perform calculations
11. Generate a standard curve by plotting A4y, versus the amount of p-nitrophenol.

12. Subtract the substrate blank from each sample absorbance reading.
13. Determine the p-nitrophenol released in each sample tube from the standard curve.

If the unknown alkaline phosphodiesterase activity is too high, dilute the fraction, assay a
smaller aliquot, or generate another standard curve in a higher concentration range. Do
the opposite if the activity is too low.

14. Calculate enzyme activity (Umoles substrate hydrolyzed/hr/ml) by multiplying the
number of micromoles of p-nitrophenol in the samples by 20 (to correct the sample
volume to 1.0 ml), by 2 (for the 30-min sample only, to correct the time to 1 hr), and
by 1/dilution (if sample was diluted before addition to tube in the 50-pl aliquot).

ISOLATION OF PLASMA MEMBRANE DOMAINS

The isolated sheets prepared above (see Basic Protocol 1) are used as the starting material
for the separation of the apical and basolateral domains, which constitute the intact rat
hepatocyte plasma membrane. Gentle sonication of the plasma membrane sheets results
in the formation of vesicles derived from either the apical or the basolateral domains. The
two resultant vesicle populations are separated by equilibrium centrifugation on linear
sucrose gradients and are identified by immunodetection of domain-specific antigens.

Materials

Plasma membrane sheets (see Basic Protocol 1)

0.25, 0.46, and 1.42 M sucrose solutions (see recipes)

Protease inhibitor solutions (see recipe)

Antibodies specific for apical and basolateral domains (e.g., anti—dipeptidyl
peptidase IV for apical domain and CE9 antibody for basolateral domain;
Hubbard et al., 1985)

Sonicating water bath (e.g., Laboratory Supplies)
Peristaltic pump

Gradient maker

Abbe refractometer (Bausch and Lomb)

Additional reagents and equipment for preparing and collecting sucrose gradients
(unir 5.3), SDS-PAGE (uniT 6.1), immunoblotting (UNIT 6.2), and densitometry
(UNIT 6.3)
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. Dilute purified plasma membrane sheets to 1.0 mg protein/ml with 0.25 M sucrose

solution containing protease inhibitors.

If using a Beckman SW28 rotor, use 4 mg plasma membrane protein/32-ml gradient.

. Sonicate 2.0-ml aliquots in 15-ml conical tubes using a sonicating water bath

containing an ice/water slurry. Sonicate for 10-sec bursts with 1-min pauses on ice
between bursts. Monitor vesiculation by phase-contrast microscopy (25% magnifica-
tion; see Basic Protocol 1, step 22) every 1 to 5 bursts.

Vesiculation is complete when no, or very few, large Y-shaped structures are observed. In
general, this takes 3 to 20 bursts, depending on the strength of sonication. If a sonicating
water bath is not available, vesiculation can also be achieved using a Polytron homogenizer
(Brinkmann) fitted with a 12-mm tip at a setting of 8.

. Pour linear gradients from 0.46 to 1.42 M sucrose (UNIT 5.3).

If using a Beckman SW28 rotor, each gradient is 32.0 ml.

. Layer the vesiculated plasma membrane sheets onto the gradients to within 2 to 5

mm from the top.

Ifusing a Beckman SW28 rotor; this volume is [3.9 to 4.0 ml. Scale sucrose sample volumes
proportionally for other types of tubes.

. Centrifuge 16 to 20 hr at 72,000 x g (e.g., 38,000 rpm in Beckman SW28 rotor) with

no brake at 4°C.

. Collect fractions of desired volume (uniT5.3). Resuspend the pellet in 0.25 M sucrose

to the same volume as the fractions. Invert each fraction to mix the sucrose solution
and measure the refractive index of each with an Abbe refractometer. Store fractions
indefinitely at —80°C.

For 36-ml gradients, 3.0-ml fractions are usually collected.

. Determine the distributions of apical and basolateral plasma membrane proteins by

SDS-PAGE (uniT 6.1) and quantitative immunoblotting (UnIT 6.2) with specific anti-
bodies (e.g., dipeptidyl peptidase IV antibodies for the apical plasma membrane
marker and CE9 antibodies for the basolateral), followed by densitometric analysis
(unIT 6.3) of immunoreactive bands.

Alternatively, domain distributions can be determined by assaying for marker enzyme
activities. For the basolateral vesicles, assay K*-stimulated p-nitrophenyl phosphatase
activity (see Support Protocol 2), and for the apical vesicles, assay 5'-nucleotidase activity
(see Support Protocol 3).

A typical plot of domain distribution is shown in Figure 3.2.1. For discussion, see
Commentary.

ASSAY FOR K'-STIMULATED p-NITROPHENYLPHOSPHATASE ACTIVITY

K*-stimulated p-nitrophenylphosphatase activity is primarily associated with the basolateral
plasma membrane in polarized epithelial cells. The assay outlined below (Stieger et al., 1986)
is a straightforward method to determine the distribution of basolateral plasma membranes
in sucrose gradient fractions containing vesiculated plasma membrane sheets (Basic Protocol
2). When used in combination with the assay for 5'-nucleotidase activity (Support Protocol
3), the distributions of both domains are easily determined for a single gradient.

Materials

Domain gradient fractions and resuspended pellet fraction (see Basic Protocol 2)
p-Nitrophenylphosphatase reaction buffer, with and without K* (see recipe)

Substrate mix (see recipe)
continued
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Figure 3.2.1 Distribution of one apical and two basolateral markers in the plasma membrane
domain gradient. Isolated hepatocyte plasma membrane sheets were sonicated and the resulting
vesicles separated on linear sucrose gradients. Collected fractions were analyzed by SDS-PAGE
and quantitative immunoblotting with antibodies against known plasma membrane marker proteins.
The data obtained from densitometry of the immunoreactive species detected in each fraction
relative to the total recovered were plotted and indicated as percent distribution. The blotting data
for each of the proteins are shown in the inset. The majority of the apical plasma membrane marker
DPPIV was distributed to fractions 4 to 6, while the basolateral markers HA321 and CE9 were
detected in fractions 8 to 10. The data shown are representative of three to ten experiments.
Abbreviations: DPPIV, dipeptidyl peptidase IV; PM, plasma membrane; ppt, pellet. Reproduced from
Fujita et al. (1998) by copyright permission of Portland Press.

1 and 10 N NaOH
0.25 mM p-nitrophenol in 1 N NaOH
1-cm-pathlength cuvette

Analyze samples
1. Determine the necessary volumes of K* and K'-free p-nitrophenylphosphatase reac-
tion buffers by multiplying the number of assay points plus one substrate blank by
3.28 ml (0.82 ml/assay tube x 4 tubes/fraction). Freshly prepare this volume of each
reaction buffer.

In general, all gradient fractions (including the resuspended pellet fraction) and a substrate
blank are assayed in duplicate for both K*-stimulated and K -independent activity. Also,
two incubation times are usually used.

Substrate blanks are processed along with the other fractions and account for the amount
of substrate hydrolyzed without added enzyme.

2. Set up eight disposable glass tubes per fraction and substrate blank. Distribute 0.82
ml of each reaction buffer to four tubes/fraction. Distribute 0.87 ml of each reaction
buffer to four substrate blank tubes.

3. Add 50 pl of each gradient fraction and the pelleted fraction (kept on ice until ready
to assay) to the appropriate sample tubes and vortex gently.

4. Add 30 pl of substrate mix to all sample and blank tubes to begin the reaction.
Incubate at 37°C in a shaking water bath, half for 30 min and half for 60 min.

5. Stop reaction by adding 100 pl of 10 N NaOH and vortex.
6. Read A,ys using a 1-cm-pathlength cuvette.
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Analyze standards
7. Distribute 0, 0.1, 0.25, 0.3, 0.4, and 0.5 ml of 0.25 mM p-nitrophenol in 1 N NaOH
to duplicate tubes.

The corresponding amounts of p-nitrophenol are 0, 25.0, 62.5, 75, 100, and 125 nmo-
les/tube, respectively.

8. Adjust the volume of each tube to 1.0 ml with 1 N NaOH and read A,ys as in step 5.

Perform calculations
9. Generate a standard curve by plotting 4,5 versus the amount of p-nitrophenol.

10. Subtract the substrate blank from each sample absorbance reading.
11. Determine the p-nitrophenol released in each sample tube from the standard curve.

If the unknown phosphatase activities are too high, dilute the fraction, assay a smaller
aliquot, or generate another standard curve in a higher concentration range. Do the
opposite if the activity is too low.

12. Calculate enzyme activity (Umoles substrate hydrolyzed/hr/ml) by multiplying the
number of micromoles of p-nitrophenol in the samples by 20 (to correct the sample
volume to 1.0 ml), by 2 (for the 30 min sample only, to correct the time to 1 hr), and
by 1/dilution (if sample was diluted before addition to tube in the 50-pl aliquot).

13. To determine the K'-stimulated p-nitrophenylphosphatase activity (the basolateral
domain marker enzyme), subtract the values obtained using the buffer containing K*
from those obtained using the K'-free buffer.

ASSAY FOR 5'-NUCLEOTIDASE ACTIVITY

5'-nucleotidase is a plasma membrane—associated enzyme that distributes exclusively to
the apical domain in many polarized epithelial cells. The assay described below (Widnell
and Unkeless, 1968) serves as a straightforward means of determining the distributions
of the apical plasma membranes in sucrose gradients containing vesiculated plasma
membrane sheets (Basic Protocol 2).

Materials

Domain gradient fractions and resuspended pellet fraction (see Basic Protocol 2)
5'-Nucleotidase reaction buffer (see recipe)

5% and 30% (w/v) trichloroacetic acid (TCA), ice cold

10% (w/v) ascorbic acid, prepared fresh

0.42% (w/v) ammonium molybdate (see recipe)

0.1 mM KH,PO, in 10% (w/v) TCA

1-cm-pathlength cuvette

Analyze samples
1. Determine the necessary volume of 5'-nucleotidase reaction buffer by multiplying
the number of assay points plus one substrate blank by 1.8 ml (0.45 ml/assay tube X
4 tubes/fraction) and prepare it fresh.

In general, all gradient fractions (including the resuspended pellet fraction) and the
substrate blank are assayed in duplicate for 5'-nucleotidase activity. Also, two incubation
times are usually used.

A substrate blank consists of a mixture of 0.45 ml reaction buffer and 50 ul of H,O also
done in duplicate. These samples are processed along with the other fractions and account
for the amount of substrate hydrolyzed without added enzyme. Two such blanks are
required: one for the 30-min reaction and one for the 60-min reaction.
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2. Setup four disposable glass tubes per fraction and substrate blank, and distribute 0.45
ml reaction buffer to each tube.

3. Add 50 pl of each gradient fraction (kept on ice until ready to assay) to the appropriate
sample tubes and 50 pl water to the substrate blank tubes. Vortex gently.

4. Incubate at 37°C in a shaking water bath, half for 30 min and half for 60 min.

5. Stop reaction by adding 0.1 ml ice-cold 30% TCA and vortexing. Keep samples on
ice.

6. Mix one part 10% ascorbic acid with six parts 0.42% ammonium molybdate
(AA/AM).

7. To the tubes in step 4, add 1.5 ml AA/AM, cover with aluminum foil, and incubate
an additional 20 min at 45°C.

8. Read 4,5, using a 1-cm-pathlength cuvette.

Analyze standards
9. Distribute 0, 0.05, 0.1, 0.2, 0.3, and 0.4 ml of 0.1 mM KH,PO, in 10% TCA to
duplicate tubes.

The corresponding amounts of PO are 0, 5, 10, 20, 30, and 40 nmoles/tube, respectively.
10. Adjust the volume of each tube to 0.6 ml with 5% TCA.
11. Add 1.5 ml AA/AM to each tube and incubate at 45°C as in step 6.
12. Read 45 as in step 8.

Perform calculations
13. Generate a standard curve by plotting 4,5, versus the amount of PO,.

14. Subtract the substrate blank from each sample absorbance reading.
15. Determine the PO, released in each sample tube from the standard curve.

If the unknown 5'-nucleotidase activity is too high, dilute the fraction, assay a smaller
aliquot, or generate another standard curve in a higher concentration range. Do the
opposite if the activity is too low.

16. Calculate enzyme activity (imoles substrate hydrolyzed/hr/ml) by multiplying the
number of micromoles of PO, in the samples by 20 (to correct the sample volume to
1.0 ml), by 2 (for the 30 min sample only, to correct the time to 1 hr), and by 1/dilution
(if sample was diluted before addition to tube in the 50-pl aliquot).

INDIRECT IMMUNOFLUORESCENT DETECTION OF PROTEINS
ASSOCIATED WITH PLASMA MEMBRANE SHEETS

The distribution of plasma membrane—associated molecules between the two domains
can be easily determined by processing the purified sheets for indirect immunofluores-
cence. The sheets are settled onto glass coverslips by gravity and fixed with methanol at
—20°C. The sheets are labeled with specific primary antibodies and visualized by indirect
immunofluorescent detection of fluorophore-conjugated secondary antibodies. For addi-
tional discussion of immunofluorescent detection, see UNIT 4.3.

Materials

Plasma membrane sheets (see Basic Protocol 1)
0.25 M sucrose solution (see recipe)
PBS (4PPENDIX 24)
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Methanol, prechilled to —20°C

PBS/1% (w/v) BSA, prepared fresh

Primary antibody for marker protein

PBS/0.2% (w/v) BSA, prepared fresh

Fluorochrome-conjugated secondary antibody specific for Ig of the species of the
primary antibody

Phenylenediamine mounting medium (see recipe)

Nail polish
22 x 22—-mm glass coverslips

Adhere plasma membrane sheets to glass coverslips

L.

2.

Dilute plasma membrane sheets to 1.0 mg protein/ml with 0.25 M sucrose solution.
Apply 100 to 200 pl to a 22 x 22—mm glass coverslip and distribute evenly across the
surface with the side of a pipet tip.

Allow the plasma membrane sheets to settle onto the coverslip by gravity for 20 to
30 min at room temperature.

The solution should not dry out during this time.

Prepare fixed samples

3.

S.

Wash off unattached plasma membrane sheets by rapidly dunking the coverslip 10
times in a small beaker of PBS. Remove excess liquid by touching an edge of the
coverslip to a paper towel.

Quickly place the coverslip in prechilled (—20°C) methanol and incubate 5 min at
—20°C.

Remove the coverslip from the methanol and rehydrate by washing three times in
PBS for 5 min each.

This and all subsequent steps are carried out at room temperature.

Stain samples for immunofluorescence

6.
7.

10.
11.

12.

13.

Block the plasma membrane sheets by incubating 15 min with PBS/1% BSA.

Remove excess blocking reagent as in step 3 and replace with 100 pl fresh PBS/1%
BSA containing the desired primary antibody. Incubate 30 min.

Wash the coverslip three times with PBS/0.2% BSA, 5 min each, and remove excess
wash buffer as in step 3.

Incubate 15 min in 100 pl PBS/1% BSA containing the desired concentration of
fluorochrome-conjugated secondary antibody.

Wash coverslip as in step 8.

Place a drop of the phenylenediamine mounting medium in the middle of a glass
slide. Place the coverslip with plasma membrane sheets face down on top of the drop.

Wick excess liquid with filter paper placed adjacent to the coverslip. Seal the coverslip
into place with nail polish.

Allow specimen to dry at least 15 min and view with a fluorescent microscope
equipped with a 63 or 100% objective.
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REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Alkaline phosphodiesterase I reaction buffer
5.0 ml 100 mM Na,CO;/NaHCO;, pH 10.5 (40 mM final)
1.25 ml 1% (v/v) Triton X-100 (0.1% final)
1.0 ml 20 mM TMP solution (see recipe; 2 mM final)
H,0 to 10.0 ml
Prepare fresh and use at room temperature

This volume is sufficient for assaying all the preparative fractions and substrate blanks in
duplicate for two incubation times (enough for 50 assay tubes).

Ammonium molybdate, 0.42% (w/v)
27.8 ml concentrated H,SO, (1 N final)
4.2 g ammonium molybdate
H,O to 1 liter
Store indefinitely at room temperature

p-Nitrophenylphosphatase reaction buffer, with and without K*
5 ml 100 mM KCI (10 mM final)
1.5 ml 100 mM MgCl, (3 mM final)
25 ml 100 mM Tris(Cl, pH 7.4 (4pPENDIX 24; 50 mM final)
45 mg theophylline (5 mM final)
H,0 to 50 ml
Adjust pH to 7.4
Prepare fresh and use at room temperature

For buffer without K*: Use 5 ml of 100 mM NaCl (10 mM final) in place of KCI.

This volume is sufficient for assaying all the gradient fractions and substrate blanks in
duplicate for two incubation times (enough for 60 assay tubes).

5'-Nucleotidase reaction buffer
27.0 ml 100 mM Tris(Cl, pH 8.0 (4pPENDIX 24; 90 mM final)
3.0 ml 100 mM MgCl, (10 mM final)
15 mg adenosine-5'-monophosphate
Prepare fresh and use at room temperature

This volume is sufficient for assaying all the gradient fractions and substrate blanks in
duplicate for two incubation times (enough for 66 assay tubes).

Phenylenediamine mounting medium
2.5 ml 2x TBS (see recipe)
2.5 ml glycerol
10 mg phenylenediamine (2 mg/ml final)

Adjust pH to between 9.5 and 10.5. Place medium in a 5-ml syringe, attach a
0.22-um syringe-tip filter, and wrap in aluminum foil. Prepare fresh and keep on
ice. Pass solution directly onto slide through the filter when needed.

This medium is very light sensitive.

Protease inhibitor solutions

Antipain: Prepare a 5-ml aqueous solution containing 5 mg antipain (1 mg/ml final)
and 10% (v/v) dimethyl sulfoxide (DMSO). Divide into aliquots and store up to 1
year at —20°C. Add immediately before use at a 1:1000 dilution (1 pg/ml final).
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Aprotinin: Prepare a 10-ml aqueous solution containing 13.6 mg (1.36 mg/ml final)
aprotinin. Store up to 1 year at 4°C. Add immediately before use at a 1:200 dilution
(6.8 mg/ml final).

Benzamidine: Prepare a 10-ml aqueous solution containing 0.313 g benzamidine
(200 mM final). Divide into aliquots and store up to 1 year at —20°C. Add
immediately before use at a 1:200 dilution (1 mM final).

Leupeptin: Prepare a 5-ml aqueous solution containing 5 mg leupeptin (1 mg/ml
final) and 10% (v/v) DMSO. Divide into aliquots and store up to 1 year at —20°C.
Add immediately before use at a 1:1000 dilution (1 pg/ml final).
Phenylmethylsulfonyl fluoride (PMSF): Prepare a 10-ml solution of 100% ethanol
containing 0.348 g PMSF (200 mM final). Store indefinitely at 4°C. Add immedi-
ately before use at a 1:200 dilution (1 mM final).

STM (sucrose/Tris/MgCl,) solution, 0.25 M

17.12 g sucrose (0.25 M final)

2.0 ml 1.0 M Tris[Cl (4pPENDIX 24), pH 7.4 (10 mM final)

0.2 ml 1.0 M MgCl, (4PPENDIX 24; 1.0 mM final)

H,0 to 200 ml

Adjust to pH 7.4. Determine density (refractive index) at room temperature. Filter
through a 0.2-pm nitrocellulose filter and store up to 48 hr at 4°C.

Refractive index = 1.3453 + 0.0005. Solution can also be stored up to 1 year at —=20°C, but
density and pH should be checked before use.

STM solution, 2.0 M

Prepare as for 0.25 M STM solution (see recipe), but use 68.4 g sucrose per 100 ml
(2.0 M final), and filter with a 1.2-pm nitrocellulose filter.

Refractive index = 1.4295 £ 0.0005.

Substrate mix

1.0 ml 10% (w/v) saponin (0.5% final)

0.92 g p-nitrophenylphosphate ditris salt (100 mM final)
H,0 to 20 ml

Store for up to 1 year at —20°C

Sucrose solution, 0.25 M

12.84 g sucrose

H,O to 150 ml

Adjust to pH 7.4. Determine density (refractive index) at room temperature. Filter
through a 0.2-pm nitrocellulose filter and store up to 48 hr at 4°C.

Refractive index = 1.3453 + 0.0005. Solution can also be stored up to 1 year at —=20°C, but
density and pH should be checked before use.

Sucrose solution, 0.46 M

7.87 g sucrose

0.5 ml 1.0 M TrislCl (4pPENDLX 24), pH 7.5 (10 mM final)

H,0 to 50 ml

Adjust to pH 7.5. Determine density (refractive index) at room temperature. Filter
through a 0.2-pum nitrocellulose filter and store up to 48 hr at 4°C.

Refractive index = 1.3557 £ 0.0005. Solution can also be stored up to 1 year at —=20°C, but
density and pH should be checked before use.

Sucrose solution, 1.42 M

Prepare as for 0.46 M sucrose solution (see recipe) but use 24.3 g sucrose.
Refractive index = 1.4016 £ 0.0005.
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Thymidine-5'-monophospho-p-nitrophenyl ester (TMP), 20 mM

92 mg TMP
H,0 to 10.0 ml
Store up to 1 year at —20°C

Tris-buffered saline (TBS), 2%
2.42 g Tris base (100 mM final)
3.51 g NaCl (300 mM final)
H,0 to 200 ml

Adjust pH to 10.5 with concentrated HCI

Store indefinitely at 4°C

COMMENTARY

Background Information

The plasma membrane of polarized epithelial
cells is divided into two functionally and compo-
sitionally distinct plasma membrane domains: the
apical domain and the basolateral domain. In
order to examine the biochemical constituents of
each domain, isolation of highly purified plasma
membranes is required. Not only must the prepa-
rations be pure, they must also contain each of the
domains in similar amounts to that found in intact
hepatocytes.

Early stereological studies revealed that the
basolateral surface accounts for [B7% of the total
plasma membrane surface area in hepatocytes;
the apical domain for only [113% (Weibel, 1976;
Weibel etal., 1969; Blouinetal., 1977). However,
early purification methods were deficient in sub-
stantial amounts of the basolateral surface, as
discussed in Hubbard et al. (1983). This is largely
due to the fact that the plasma membranes were
vesiculated in the initial homogenization step,
rendering the basolateral-derived vesicles both
physically and morphologically indistinguish-
able from other intracellular vesicular structures.
To circumvent this problem, the method pre-
sented here (first presented in Hubbard et al.,
1983) avoids vesiculation of plasma membranes
in the initial purification. Rather, using gentle
homogenization, entire plasma membrane sheets
are prepared and purified. These purified sheets
retain both the apical and basolateral domains in
near-normal surface area ratios (Hubbard et al.,
1983), as well as a full complement of intercellu-
lar junctions and the subplasmalemmal cy-
toskeletal network (Hubbard and Ma, 1983).

This isolation procedure offers several other
advantages over previously published methods.
For one, this procedure is fast, taking a total of
only 4 to 5 hr. It is also simple, requiring only four
low-speed centrifugation steps and a single flota-
tion through a one-step sucrose gradient. Perhaps
most importantly, this method is effective, with
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routinely high yields and substantial enrich-
ment of plasma membrane marker proteins (see
Anticipated Results). This preparation also has
substantially lower recoveries of membranes
derived from other organelles, including the
plasma membranes of other liver cell types
(e.g., Kupffer and endothelial cells; see Table
3.2.1).

Once isolated, the plasma membrane sheets
are useful for a variety of preparative and analyti-
cal procedures ranging from the identification of
plasma membrane—associated molecules to their
purification. Because domain-specific integral
membrane proteins of the rat hepatocyte maintain
their membrane localizations during isolation
(Hubbard et al., 1983), the sheets are also useful
as the starting material for purification of plasma
membrane domains and determination of the
distribution of molecules between domains. For
this procedure, the plasma membrane sheets are
vesiculated by sonication, applied to linear su-
crose gradients, and centrifuged to equilibrium
(Bartles et al., 1985). The basolateral-derived
vesicles are more dense, probably due to asso-
ciated cytoskeletal elements, and are readily
separated from apical membrane vesicles.
However, since the apical and basolateral ves-
icles partially overlap in the gradients (see Fig.
3.2.1), this method is only appropriate for ana-
lytical purposes.

The distributions of plasma membrane—asso-
ciated molecules between domains can also be
determined by processing isolated sheets for in-
direct immunofluorescence (Fujita et al., 1998).
The large sheets readily adhere to uncoated glass
coverslips and can be fixed in place with metha-
nol. Conventional methods are then used to spe-
cifically label antigens with primary antibodies
and visualize them with fluorophore-conjugated
secondary antibodies. This method provides a
much less time-consuming and labor-intensive
alternative to density centrifugation followed
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Figure 3.2.2 Immunofluorescent detection of domain-specific
proteins and a tight junction—associated molecule in isolated
plasma membrane sheets. Isolated plasma membrane sheets
(0.1 mg) were absorbed to glass coverslips, fixed with metha-
nol for 5 min at —20°C, and processed for indirect immunofluo-
rescence. (A), (B), and (C) are phase images of the plasma
membrane sheets labeled for HA4 (D), HA321 (E), and ZO-1
(F), respectively. HA4 (an apical plasma membrane protein) was
localized strictly to the bile canalicular area, whereas HA321 (a
basolateral plasma membrane marker) was excluded from
these membranes. The tight junctions, as indicated by ZO-1
staining, were detected in narrow regions immediately adjacent
to the canalicular membranes. Reproduced from Fujita et al.

(1998) by copyright permission of Portland Press.
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by immunoblotting. In addition, the fluorescent
staining patterns for domain-specific markers
and tight junction components are dramatic and
distinct (see Anticipated Results and Fig.
3.2.2). The authors have also found that plasma
membrane proteins that were not observed in
intact cells can often be detected in isolated
sheets (Fujita et al., 1998). The reasons for this
are not clear, but may be linked to increased
accessibility of antigens for antibody binding.
The sheets can also be processed for immu-
nostaining by electron microscopy (Hubbard et
al., 1983). However, the time and expertise
required for ultrastructural analysis far exceed
that required for light-level evaluation, making
the latter approach much more accessible to the
average experimenter.

Critical Parameters and
Troubleshooting

Several features of the isolation procedure are
essential to the successful preparation of purified
plasma membrane sheets. To reduce aggregation
of subcellular organelles by glycogen, rats must
bestarved atleast 18 hrpriorto sacrifice. Ratlivers
from younger rats (125 to 150 g) are preferable
for isolation and should be used to avoid the
increased amounts of connective tissue and
plasma membrane—associated filaments found in
preparations from larger rats. Homogenization of
the perfused livers should be performed within 5
min of excision to avoid autolysis. To reduce both
the vesiculation of the plasma membrane sheets
and/or the production of membrane fragments,
homogenization should be gentle, with minimal
generation of bubbles or vacuum during the up
and down strokes with the pestle. To reduce
contamination by endoplasmic reticulum, it is
recommended to resuspend the second pellet (P2,
after centrifugation at 1500 X g) in twice the initial
homogenate volume in preparation for flotation
(see Basic Protocol 1, steps 12 and 13).

The most commonly encountered problem in
the domain separation procedure is incomplete
vesiculation of the membrane sheets resulting
from undersonication. Incomplete vesiculation is
characterized by >25% of the plasma membrane
markers being found in the pelleted fraction and
by the apical plasma membrane markers having
more basolateral-like distributions. This problem
can be corrected by increasing the number of
sonication bursts until no Y-shaped membrane
structures are visible by phase-contrast micros-
copy. Oversonication is a less prevalent problem,
but results in basolateral markers having a more
apical-like distribution in the gradient. This prob-
lem can be avoided by more closely monitoring

Current Protocols in Cell Biology

vesiculation (e.g., after every sonication burst)
by phase-contrast microscopy.

The assays to determine the recovery and
purity of the plasma membrane sheets and of the
two domains are relatively straightforward and
easily interpreted. The most common problem is
determining the appropriate dilution of the prepa-
rative fractions such that their activity levels fall
within the values of the standard curve. In Table
3.2.2, suggested dilutions for preparative frac-
tions are listed for both the enzyme assays and
protein concentration determination using BCA
reagent (Pierce). Alternatively, different standard
curves can be prepared shifting the concentrations
either higher or lower, or different incubation
times can be used. In general, dilution of the
domain gradient fractions is not suggested when
assaying enzyme activities. Thus, altering the
standard curve concentrations and incubation
times are advised if problems are encountered.

Anticipated Results

The plasma membrane sheets purified accord-
ing to Basic Protocol 1 are enriched 20- to 40-fold
in plasma membrane markers. This preparation
contains substantial amounts of both domains in
continuity with each other in ratios approaching
those of intact hepatocytes. The yield is 10% to
20% of total plasma membranes. The protein
concentration of the purified sheets generally
ranges from 1 to 2 mg/ml, corresponding to [l
mg of plasma membrane protein/g of starting liver
wetweight. The major contaminant ofthe isolated
sheets is endoplasmic reticulum, which is en-
riched in these fractions 1-fold (see Table 3.2.1).

The vesicles derived from the apical and ba-
solateral domains are partially resolved on the
basis of differences in equilibrium density (see
Fig. 3.2.1). The density profile for apical vesicles
is characterized by a single peak with its center at
a density of 1.10 g/cm® (refractive index =
1.3713). Basolateral vesicles have a bimodal dis-
tribution, with a peak centered at 1.14 g/cm?
(refractive index = 1.3859) and a smaller (and
variable) amount found in the pelleted fraction.

The apical and basolateral plasma membrane
antigens, as well as tight junction components,
exhibit distinct staining patterns in plasma mem-
brane sheets. Asshownin Fig. 3.2.2, therelatively
intense staining for HA4 (an apical protein) is
restricted to the bile canalicular membranes in an
evenly distributed pattern. In contrast, staining for
HA321 (a basolateral protein) is excluded from
the canalicular structures and is detected in the
surrounding membranes as a more diffuse and
less intense signal. The tight junction protein
Z0-1 is detected in regions immediately adjacent
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Table 3.2.2 Suggested Dilutions for Analysis of Plasma Membrane

Preparative Fractions

Dilutions for enzyme

Dilutions for BCA

Fraction assays® protein assay
H 1:50; 1:100 1:50; 1:100
S1 1:25; 1:50 1:25; 1:50
P1 1:50; 1:100 1:20; 1:40
S2 1:20, 1:40 1:25; 1:50
P2 1:10; 1:20 1:5; 1:10

I 1:10; 1:20 No dilution; 1:2
1.18 g/m3 1:2; 1:4 1:2; 1:4

P3 1:5;1:10 1:50; 1:100
S3 1:2; 1:4 No dilution
PM 1:50; 1:100 1:5; 1:10

%In these listings, “1:50” indicates 1 part enzyme in a total of 50 parts (i.e., 1 part enzyme

plus 49 parts diluent).

to (outside) the apical plasma membrane in a
ring-like pattern, indicating the location of the
junctional complexes that form the barrier be-
tween plasma membrane domains.

Time Considerations

The isolation of plasma membrane sheets
starting from the excision of the rat liver to the
final plasma membrane pellet takes only 4 to 5 hr.
Preparation of the sheets for density centrifuga-
tion by sonication generally takes 15 to 30 min.
Each of the enzyme assays takes approximately
3 to4 hrto perform, including setting up the assay,
incubating the samples, reading the absorbances,
and performing the calculations. Processing the
sheets forindirectimmunofluorescence is accom-
plished within 2 to 3 hr. SDS-PAGE also takes 2
to 3 hr and immunoblotting takes 18 to 24 hr.
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Isolation of Mitochondria from Tissues and
Cells by Differential Centrifugation

The protocols in this unit are simple and rapid methods for the isolation of a mitochondrial
fraction from three different mammalian tissues (liver, heart, and skeletal muscle), from
cultured cells, and from yeast. Unlike the protocols in UNIT 3.4, they only require routine
differential centrifugation in low- and high-speed centrifuges and should be accessible to
any laboratory. These mitochondrial fractions will be contaminated to varying degrees by
smaller particles (lysosomes and peroxisomes), although the heavy mitochondrial fraction
from rat liver is relatively pure ((D0%). These preparations can be used as starting material
for the density-gradient separations described in UNIT 3.4.

Basic Protocol 1 describes the isolation of the heavy mitochondrial fraction from rat liver;
this fraction has high respiratory control and can be used in oxygen electrode studies for
>4 hr after preparation. Centrifuging the postnuclear supernatant at only 3000 x g avoids
significant contamination of the pellet by other more slowly sedimenting organelles (e.g.,
lysosomes, peroxisomes, endoplasmic reticulum). Contamination is reduced further by
gently washing the 3000 x g pellet. A mannitol-containing buffer is the medium of choice
for this preparation.

Other protocols describe methods for obtaining crude total mitochondrial fractions from
bovine heart (see Basic Protocol 2), rat skeletal muscle (see Basic Protocol 3), cultured
cells (see Basic Protocol 4), and yeast (see Basic Protocol 5). The major differences
between these protocols is their mode of homogenization. Although the easy availability
of rat liver in most laboratories makes it a popular choice as a source of mitochondria, those
from bovine heart are also often used for respiratory studies. Indeed, they may even be
more tightly coupled than liver mitochondria, and they can generally be stored for longer
periods while maintaining good functional integrity. This may be allied to the lower levels
of proteases and slower release of fatty acids in this tissue. Heart mitochondria also tend
to provide better yields of the various structural components of electron transport and ATP
synthesis. Basic Protocol 2 also provides a strategy for large-scale preparation. The
increasing use of yeast as a model for mammalian membrane and organelle synthesis points
to the importance of Basic Protocol 5. Although rat brain is another widely used source of
mitochondria, they are rarely purified by differential centrifugation alone (see UNIT 3.4).

Methods for measuring succinate dehydrogenase, catalase, and [3-galactosidase (as mito-
chondrial, peroxisomal, and lysosomal markers, respectively) in density-gradient fractions
are given in UNIT 3.4, but they can also be applied to assessing the purity of mitochondria
prepared by differential centrifugation.

Protease inhibitors (see UNIT 3.4, Reagents and Solutions) can be included in any or all of
the media at the discretion of the investigator, except in the protease-containing solutions
used in Basic Protocols 3 and 5.

NOTE: For all protocols, all g values are given as g.

PREPARATION OF THE HEAVY MITOCHONDRIAL FRACTION FROM
RAT LIVER

Young adult male animals (150 to 200 g) are routinely used, providing livers of [110 g wet
weight. This protocol is designed for one such liver, but can be scaled up or down
proportionally for different amounts of liver. The animals are normally deprived of food
overnight toreduce the glycogen content of the liver; this facilitates the separation process.

Contributed by John M. Graham
Current Protocols in Cell Biology (1999) 3.3.1-3.3.15
Copyright © 1999 by John Wiley & Sons, Inc.

UNIT 3.3

BASIC
PROTOCOL 1

Subcellular
Fractionation and
Isolation of
Organelles

3.3.1

Supplement 4



Isolation of
Mitochondria by
Differential
Centrifugation

3.3.2

Supplement 4

A homogenization medium containing mannitol and sucrose, a chelating agent (either
EGTA or EDTA), and a buffer (normally HEPES or MOPS) is best suited to respiratory
studies.

NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental
regulations regarding the care and use of laboratory animals.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout. When handling the glass vessel of the Potter-
Elvehjem homogenizer, a thermally insulated glove or silicone rubber hand protector
should be used, not only to avoid heat transfer from the skin, but also to protect the hand
in the unlikely event that the vessel breaks.

Materials
150- to 200-g male Sprague-Dawley rat
Liver homogenization medium (LHM; see recipe), ice cold

Dissecting tools

Potter-Elvehjem homogenizer ([1.09-mm clearance; 25-ml working volume)

Overhead high-torque electric motor (thyristor-controlled)

Low-speed centrifuge with swinging bucket rotor and appropriate tubes

High-speed centrifuge with fixed-angle rotor and 40- to 50-ml polycarbonate tubes

Vacuum pump

Dounce homogenizer (30- to 40-ml volume) with loose-fitting pestle (Wheaton
type B)

Isolate liver
1. Deprive a 150- to 200-g male Sprague-Dawley rat of food overnight.
2. Sacrifice the animal by cervical dislocation or decapitation.
This must be supervised or carried out by an experienced animal technician.

3. Open the abdominal cavity and transfer the liver to a chilled beaker containing [ 20
ml LHM.

4. Decant the medium and finely mince the liver using scissors.
The pieces of liver should be no more than (25 mm?’.
5. Agitate the minced tissue in [BO ml ice-cold LHM and allow the pieces to settle out.
6. Decant the medium and replace with [#0 ml fresh medium.
Homogenize liver

7. Transfer half the suspension to the chilled glass vessel of a Potter-Elvehjem homoge-
nizer.

8. Attach the cold pestle to an overhead high-torque electric motor and homogenize the
minced liver using five to six up-and-down strokes of the pestle, rotating at L500 rpm.
Decant the homogenate into a beaker on ice.

The motor should be securely mounted either to a wall, to a bench via a G clamp, or in a
floor-standing cradle. Attachment to a free-standing retort stand is not adequate.

9. Rinse the homogenizer with medium and wipe the pestle to remove any adhering
connective tissue. Repeat the procedure with the other half of the suspension.
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Isolate mitochondria
10. Centrifuge the homogenate 10 min at 1000 x g, 4°C, in a swinging-bucket rotor using
a low-speed centrifuge.

11. Aspirate the supernatant and transfer to 40- to 50-ml polycarbonate tubes.

It is convenient to use a 20- to 30-ml syringe attached to a metal filling cannula (i.d. 0.8
to 1.0 mm) to aspirate supernatants that are to be recentrifuged.

12. Centrifuge the supernatant 10 min at 3000 x g, 4°C, in a fixed-angle rotor using a
high-speed centrifuge.

13. Using a glass Pasteur pipet attached to some form of vacuum pump, aspirate the
supernatant from each tube, keeping the tip of the pipet at the meniscus to remove as
much of the floating lipid layer as possible. Also remove as much as possible of the
loose-packed pinkish layer that overlies the brown mitochondria.

14. Wipe away any remaining lipid adhering to the wall of the tube with a paper tissue.

Removal of this lipid is essential, as free fatty acids are potent uncouplers of phosphory-
lation from electron transport.

15. Add a small amount of LHM ([B ml) to each pellet and crudely resuspend the pellet
with a glass rod. Then resuspend fully using 3 to 4 very gentle strokes in a Dounce
homogenizer.

16. Make up to the original volume with LHM, transfer to new tubes, and recentrifuge
10 min at 3000 % g in the high-speed centrifuge.

17. Repeat steps 13 to 16 twice more.

For large-scale preparations, the total volume of LHM used to resuspend the pellet can be
reduced by [50% for the second and third washes.

18. Resuspend the purified mitochondria in a buffer whose composition is compatible
with any subsequent analysis or processing; in many instances, LHM will be
satisfactory.

See Time Considerations for information about storage of mitochondria prior to further
processing.

LARGE-SCALE PREPARATION OF MITOCHONDRIA FROM BOVINE
HEART

It is important that fresh slaughterhouse material be used for this preparation, and that
any adhering connective and adipose tissue be carefully removed. Because of the scale
of the preparation and the size of the homogenization equipment, the procedure must be
carried out in a cold room. The procedure is suitable for 500 to 600 g of material, and is
adapted from Smith (1967) and Rice and Lindsay (1997).

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice or in a cold room throughout.

Materials

Bovine heart, freshly isolated

Heart wash buffer (see recipe)

2.0 M Tris base

Sucrose/succinate solution (SS; see recipe)
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Commercial mincer with a total capacity of 2 to 3 liters

Waring blender or other large-capacity rotating blades homogenizer

Cotton muslin

Low-speed centrifuge with swinging-bucket rotor and 250- to 750-ml bottles
High-speed centrifuge with fixed-angle rotor

Glass rod

Dounce homogenizer (50-ml volume) with loose-fitting pestle (Wheaton type B)

Prepare the heart

1.

4,

Cut freshly isolated bovine heart tissue into small cubes (¥ cm®) and pass once
through a commercial mincer.

Suspend in 800 ml ice-cold heart wash buffer. While stirring, adjust the pH to 7.8 by
adding 2.0 M Tris base.

Pour through two layers of cotton muslin and then squeeze to remove as much of the
liquid as possible.

Transfer minced tissue to a clean beaker and suspend in 800 ml ice-cold SS.

Homogenize the heart

5.

Transfer half the suspension to a Waring blender and homogenize at high speed for
20 sec.

6. Readjust the pH to 7.8 using 2.0 M Tris base and then reblend for 60 sec.

Repeat the procedure with the other half of the suspension. Combine the two
homogenates and dilute with ice-cold SS to [R.2 liters.

Isolate mitochondria

8.

10.

11.

12.

13.
14.
15.

16.

Transfer homogenate to 250- to 750-ml centrifuge bottles and centrifuge 20 min at
800 x g, 4°C, in a swinging-bucket rotor using a low-speed centrifuge.

Carefully decant the supernatants and recentrifuge 20 min at 26,000 X g, 4°C, in a
fixed-angle rotor using a high-speed centrifuge.

A rotor such as the Sorvall SLA-1500 will allow this to be carried out in two centrifugations.
Decant and discard the supernatant.
The pellet is clearly tripartite.

Tilting the bottles, gently pour LJ10 ml SS on top of each pellet and gently swirl the
contents to resuspend the top light-brown layer of partially disrupted mitochondria.
Discard this material.

Crudely resuspend the remaining dark-brown mitochondria in [20 ml SS using a
glass rod, avoiding the almost-black hard-packed button at the bottom.

Completely resuspend mitochondria using 2 to 3 gentle strokes in a Dounce homogenizer.
Dilute the suspension to [B00 ml with SS and recentrifuge 20 min at 26,000 x g, 4°C.
Collect and resuspend the middle layer of the pellet as in steps 10 to 13.

The upper and lower layers of this second pellet should be relatively minor components.

If the composition of the SS medium is incompatible with any subsequent analysis,
centrifuge the suspension 20 min at 26,000 x g and resuspend the pellet in a suitable
medium.

See Time Considerations for information about storage of mitochondria prior to further
processing.
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PREPARATION OF MITOCHONDRIA FROM SKELETAL MUSCLE

This protocol uses a commercially available protease to facilitate the homogenization of
the muscle tissue. Using this approach, the severity of the shear forces used to disrupt the
tissue can be reduced, thus minimizing any damage to the mitochondria. The protocol is
adapted from Bhattacharya et al. (1991). The protocol is designed for 4 to 5 g muscle
tissue, but can be scaled up or down proportionally.

NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental
regulations regarding the care and use of laboratory animals.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice or in a cold room throughout. When handling the glass vessel
of the Potter-Elvehjem homogenizer, a thermally insulated glove or silicone rubber hand
protector should be used, not only to avoid heat transfer from the skin, but also to protect
the hand in the unlikely event that the vessel breaks.

Materials

150- to 200-g male Sprague-Dawley rat
Muscle wash buffer (see recipe)

Muscle homogenization medium I (see recipe)
Muscle homogenization medium II (see recipe)

Dissecting tools

Potter-Elvehjem homogenizer ([1).3-mm clearance, 40-ml working volume)
Overhead high-torque electric motor (thyristor-controlled)

Fine nylon mesh (200-pm pore size)

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes
High-speed centrifuge with fixed-angle rotor

Dounce homogenizer (30-ml volume) with loose-fitting pestle (Wheaton type B)

Isolate muscle tissue
1. Sacrifice a 150- to 200-g male Sprague-Dawley rat by cervical dislocation or decapitation.
This must be supervised or carried out by an experienced animal technician.

2. Rapidly dissect out 4 to 5 g of striated leg muscle and wash it twice in [50 ml muscle
wash buffer.

3. Mince the muscle finely on a cold surface (e.g., a glass plate on crushed ice) using
two scalpels.
The muscle pieces should be <30 mm?. The smaller the muscle pieces, the more efficient

is the enzyme softening.

Homogenize tissue
4. Add 40 ml muscle homogenization medium I to the tissue and incubate for 5 min at
0° to 4°C.
5. Transfer to an ice-cold glass vessel of a Potter-Elvehjem homogenizer.

6. Attach the cold pestle to an overhead high-torque electric motor and homogenize
using eight up-and-down strokes of the pestle, rotating at [7700 rpm.

The motor should be securely mounted either to a wall, to a bench via a G clamp, or in a
floor-standing cradle. Attachment to a free-standing retort stand is not adequate.

7. Incubate the homogenate with stirring for 5 min at 0° to 4°C.

8. Dilute with an equal volume of muscle homogenization medium IT and rehomogenize
as in step 6.
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Isolate mitochondria
9. Filter the homogenate through fine nylon mesh and then centrifuge the filtrate 10 min
at 2000 x g, 4°C, in a swinging-bucket rotor using a low-speed centrifuge.

10. Decant the supernatant and keep on ice.

11. Rehomogenize the pellet in 20 ml muscle homogenization medium II using three
up-and-down strokes of the pestle, recentrifuge, and combine the supernatant with
the first supernatant.

12. Centrifuge mitochondria 10 min at 10,000 % g, 4°C, in a fixed-angle rotor using a
high-speed centrifuge.

13. Wash the pellet by resuspending in [20 ml muscle homogenization medium II using
2 to 3 gentle strokes of the pestle in a Dounce homogenizer.

14. Repeat centrifugation as in step 12 and resuspend the pellet in a medium whose
composition is compatible with any subsequent analysis or processing; in many
instances muscle homogenization medium II or LHM (see recipe) will be quite
satisfactory.

See Time Considerations for information about storage of mitochondria prior to further
processing.

PREPARATION OF MITOCHONDRIA FROM CULTURED CELLS

This protocol, which is adapted from Attardi and Ching (1979) and Rice and Lindsay
(1997), is designed for cultured cells (C2 % 10%) grown as a monolayer. The method may
also be satisfactory for suspension culture cells, as the homogenization medium is
hypoosmotic. Inclusion of Mg?* and K* in this medium is crucial; not only do these cations
protect the nuclei from breakage, the KCI helps prevent some of the cytoplasmic proteins
from forming a gel. To protect the released organelles from the hypoosmotic environment,
the volume ratio of cells to medium should be as high as possible.

NOTE: All solutions (except PBS), glassware, centrifuge tubes, and equipment should be
precooled to 0° to 4°C and kept on ice or in a cold room throughout. When handling the
glass vessel of the Potter-Elvehjem homogenizer, a thermally insulated glove or silicone
rubber hand protector should be used, not only to avoid heat transfer from the skin, but
also to protect the hand in the unlikely event that the vessel breaks.

Materials

Confluent monolayer cultured cells (total 2 x 10%)
PBS (aPPENDIX 24)

Cell homogenization medium (CHM; see recipe)
CHM containing 1 M sucrose

Sucrose/Mg** medium (see recipe)
Mitochondrial suspension medium I (see recipe)

Rubber policeman

Potter-Elvehjem homogenizer ([1).09-mm clearance, 10- to 15-ml working volume)
Overhead high-torque electric motor (thyristor-controlled)

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes
High-speed centrifuge with fixed-angle rotor and appropriate tubes

Dounce homogenizer (5- to 10-ml volume) with loose-fitting pestle (Wheaton type
B)
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Prepare cells
1. Wash the monolayer cultures twice with [0 ml PBS per wash at room temperature.

2. Using a rubber policeman, scrape the cells into 60 to 80 ml PBS and pellet the cells
at 1000 X g, room temperature for 15 min.

It is important to form a compact pellet so that all of the PBS can be removed in step 3.

3. Aspirate or decant all of the supernatant and resuspend the cells in ice-cold cell
homogenization medium. Use a volume of medium equal to six times the volume of
the pellet.

4. Leave on ice for 2 min.

Homogenize cells
5. Attach the cold pestle of a Potter-Elvehjem homogenizer to an overhead high-torque
electric motor and homogenize the cells using five up-and-down strokes at 500 rpm.
Confirm that 290% cell breakage has occurred by examining the homogenate under
a phase-contrast microscope.

The motor should be securely mounted either to a wall, to a bench via a G clamp, or in a
floor-standing cradle. Attachment to a free-standing retort stand is not adequate.

Some cells may require up to ten strokes of the pestle. If adequate cell breakage has not
occurred at this stage, a tight-fitting Dounce homogenizer (Wheaton type A) should be
used.

6. Add Y; vol ice-cold CHM containing 1 M sucrose (final 0.25 M) and mix gently by
repeated inversion.

Do not create foaming by rapid agitation.

Isolate mitochondria
7. Pellet nuclei by centrifuging 5 min at 1000 X g, 4°C, in a swinging-bucket rotor using
a low-speed centrifuge.

Washing the nuclear pellet to recover more mitochondria cannot be uniformly recom-
mended for all cultured cells, as the nuclei of many cell lines tend to be rather fragile and
may release DNA upon being resuspended.

8. Decant or aspirate the supernatant and centrifuge 10 min at 5000 x g, 4°C, in a
fixed-angle rotor using a high-speed centrifuge.

9. Resuspend the pellet in 010 ml ice-cold sucrose/Mg** medium using two to three
gentle strokes of the pestle in a Dounce homogenizer.

10. Recentrifuge at 5000 X g, 10 min, 4°C. Resuspend the pellet in 2 to 3 ml ice-cold
mitochondrial suspension medium I or other suitable medium for further processing.

See Time Considerations for information about storage of mitochondria prior to further
processing.

PREPARATION OF MITOCHONDRIA FROM YEAST (SACCHAROMYCES
CEREVISIAE)

This protocol uses Zymolase to digest the tough outer coat of yeast to produce sphero-
plasts. It is probably best suited to the relatively small-scale cultures used in cell and
molecular biology research. The rather harsh mechanical shear forces imposed by
commercial homogenizers and ball mills that are often employed for large-scale cultures
are not very well suited to the preparation of mitochondria. Zymolase works well with
most wild-type yeast strains (e.g., D273-10B or KL.14-4A). The yeast should be harvested
in early- or mid-log growth phase, as the tougher coat that develops in late-log or
stationary phase renders the enzyme digestion less satisfactory.
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The yeast should be grown in YPD medium (unit 1.6) and washed in distilled water and a
dithiothreitol-containing buffer. This common strategy seems to facilitate subsequent
spheroplast formation (Goud et al., 1988). The protocol is adapted from Rice and Lindsay
(1997).

Materials

Yeast cultures in early- to mid-log phase, grown in YPD medium (1% yeast
extract/2% Bacto Peptone/2% glucose; see UNIT 1.6)

DTT buffer (see recipe)

Yeast sorbitol buffer (see recipe)

Zymolase-100T (from Arthrobacter luteus, 100,000 U/g; e.g., ICN Biomedicals,
Sigma)

Spheroplast homogenization medium (see recipe), ice cold

Mitochondrial suspension medium II (see recipe), ice cold

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes

High-speed centrifuge with fixed-angle rotor and appropriate tubes

30°C incubator

Dounce homogenizer (5- to 10-ml volume) with loose-fitting pestle (Wheaton type
B)

Harvest yeast
1. Harvest yeast by centrifuging the culture (Ll liter) 10 min at 1000 X g, room
temperature, in a swinging-bucket rotor using a low-speed centrifuge. Use a
preweighed centrifuge tube, and calculate the wet weight of yeast by reweighing the
tube after removing the supernatant.

An early- to mid-log phase yeast culture is equivalent to an OD, of [1.6. Such a culture
contains L107 cells/ml.

2. Wash cells once in 3 to 4 vol distilled water, centrifuge again, and resuspend in 2 vol
DTT buffer.

3. Incubate 30 min at 30°C and then centrifuge again.
4. Wash the cells once in 3 to 4 vol yeast sorbitol buffer and then resuspend in this
medium at 0.15 g wet weight/ml.
Make spheroplasts
5. Stir in Zymolase-100T at 0.25 mg/100 g wet weight and incubate for [l hr at 30°C.

Spheroplast formation can be checked by adjusting a small sample of the suspension to
0.1% (w/v) sodium dodecyl sulfate (SDS) to solubilize the spheroplasts and observing the
remaining intact yeast cells under a microscope.

Zymolase is sold by Sigma under the trade name Lyticase.
6. Harvest spheroplasts by centrifuging 10 min at 1000 x g, 4°C, and then wash the

pellet once in 3 to 4 vol yeast sorbitol buffer.

Homogenize spheroplasts
7. Resuspend spheroplasts in 2 vol ice-cold spheroplast homogenization medium and
carry out all subsequent operations at 0° to 4°C.

8. Homogenize in a Dounce homogenizer using no more than ten up-and-down strokes
of the pestle.
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Isolate mitochondria
9. Dilute homogenate with an equal volume of spheroplast homogenization medium
and remove the nuclei and unbroken spheroplasts by centrifuging 10 min at 1000 x
g, 4°C.

10. Decant or aspirate the supernatant and centrifuge 10 min at 6500 x g, 4°C, in a
fixed-angle rotor using a high-speed centrifuge.

11. Wash the pellet once in [#0 ml ice-cold mitochondrial suspension medium II,
recentrifuge, and resuspend in (10 ml of the same buffer.

See Time Considerations for information about storage of mitochondria prior to further
processing.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocols (except where indicated). For common stock
solutions see APPENDIX 2A; for suppliers see SUPPLIERS APPENDIX.

Cell homogenization medium (CHM)
To 100 ml H,O add.:
30 pul 1 M MgCl, (150 mM final)
0.15 g KCI (10 mM final)
2.0 ml 1 M Tris[T1 (ApPENDIX 24; 10 mM final)
Adjust pH to 6.7
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

For CHM containing 1 M sucrose, add 68.4 g sucrose to 200 ml CHM.

Dithiothreitol (DTT) buffer
To 100 ml H,O add.:
0.31 g dithiothreitol (10 mM final)
20 ml 1 M Tris base (0.1 M final)
Adjust pH to 9.3 with HCI1
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Heart wash buffer
To 500 ml H,O add.:
85.5 g sucrose (0.25 M final)
10 ml 1 M Tris[CT1 (apPENDIX 24; 10 mM final)
Adjust pH to pH 7.8
Add H,0 to 1 liter
Store up to 1 to 2 days at 4°C

Liver homogenization medium (LHM)
To 250 ml H,0 add.:
18.2 g mannitol (0.2 M final)
8.55.g sucrose (50 mM final)
0.37 g KCI (10 mM final)
5.0 ml 100 mM Na,EDTA (1 mM final)
50 ml 100 mM HEPES (10 mM final)
Adjust pH to 7.4 with KOH
Add H,0 to 500 ml
Store up to 1 to 2 days at 4°C
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Mitochondrial suspension medium I
To 50 ml H,0 add:
8.5 g sucrose (0.25 M final)
1.0 ml 1 M Tris base (10 mM final)
Adjust pH to 7.0 with acetic acid
Add H,O to 100 ml
Store up to 1 to 2 days at 4°C

Mitochondrial suspension medium I1
To 100 ml H,0 add:
21.9 g mannitol (0.6 M final)
40 ml 100 mM HEPES (20 mM final)
Adjust pH to 7.4 with KOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Muscle homogenization medium I
To 100 to <200 ml H,0 add:
6.84 g sucrose (0.1 M final)
0.686 g KCI1 (46 mM final)
20 ml 100 mM Na,EDTA (10 mM final)
2.0 ml 1 M Tris[T1 (apPENDIX 24; 10 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Immediately before use, add 1.0 g bovine serum albumin (BSA; 0.5% w/v final)

and 40 mg Nagarse (0.2 mg/ml final)

Sigma now markets Nagarse under the name Protease Type VII.

Muscle homogenization medium I1
To 100 ml H,0 add:
6.84 g sucrose (0.1 M final)
0.686 g KCI1 (46 mM final)
20 ml 100 mM Na,EDTA (10 mM final)
2.0 ml 1 M Tris[C1 (ApPENDIX 24; 10 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Muscle wash buffer
To 100 ml H,O add.:
7.64 g mannitol (0.2 M final)
4.78 g sucrose (70 mM final)
0.2 ml 100 mM Na,EDTA (0.1 mM final)
2.0 ml 1 M Tris[T1 (ApPENDIX 24; 10 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Spheroplast homogenization medium
To 100 ml H,0 add:
21.9 g mannitol (0.6 M final)
40 ml 100 mM HEPES (20 mM final)
Adjust pH to 7.4 with KOH

continued
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Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Immediately before use add 1 ml 200 mM phenylmethylsulfonyl fluoride

(PMSF; 1 mM final)

Sucrose/Mg** medium
To 100 ml H,0 add.:
30 ul 1 M MgCl, (0.15 M final)
17.1 g sucrose (0.25 M final)

2 ml 1 M Tris[CTl (ApPENDIX 24; 10 mM final)

Adjust pH to 6.7
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Sucrose/succinate solution (SS)
To 1.5 liter H,0 add:
256.5 g sucrose (0.25 M final)

0.81 g disodium succinic acid hexahydrate (1 mM final)
6.0 ml 100 mM Na,EDTA (0.2 mM final)
30 ml 1 M TrisICl (ApPENDIX 24; 10 mM final)

Adjust to pH 7.8
Add H,O0 to 3 liters
Store up to 1 to 2 days at 4°C

Yeast sorbitol buffer
To 100 ml H,0 add:
43.7 g sorbitol (1.2 M final)

40 ml 100 mM KH,PO, (20 mM final)

Adjust pH to 7.4 with KOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

COMMENTARY

Background Information

Differential centrifugation is often used
merely as a preliminary procedure to prepare a
crude fraction of membranes or subcellular
organelles prior to further purification in a den-
sity gradient. This technique separates particles
according to their velocity of sedimentation (v),
which depends principally on the diameter of
the particle (d), although particle density (pp)
can also be important in some cases (e.g., nu-
clei). For the other parameters, p; (the density
of the liquid) and  (its viscosity), are constant,
and g is the applied centrifugal force.

- 18

v

Table 3.3.1 gives the dimensions of some of
the major particles in mammalian liver. Since
v is proportional to d?, it is clear from these
values that the sedimentation rate of the major-
ity of nuclei is much greater than that of the
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other particles, while only the largest mito-
chondria are likely to be separable from organ-
elles such as lysosomes and peroxisomes. This
is enhanced by the tendency of the larger mito-
chondria to be slightly more dense than
lysosomes and peroxisomes. Thus centrifuga-
tion of a homogenate at 500 to 1000 x g for 5
to 10 min will pellet essentially all of the nuclei,
a slightly higher relative centrifugal force
(RCF) of 3000 x g for 10 min will pellet the
“heavy” fraction of the mitochondria, and the
considerably higher RCFs (e.g., 10,000 to
15,000 x g) required to pellet all of the smallest
mitochondria will also pellet all lysosomes and
peroxisomes.

The heterogeneity in the size of different
organelles is bound to compromise separations
of particles on the basis of sedimentation rate,
but differential centrifugation (as opposed to
rate-zonal centrifugation) imposes a further
problem that arises from the sedimentation path
length of the rotor and the radial increase in g
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Table 3.3.1 Size (d) and d? of Major Organelles from

Rat Liver

Particle Size (Um) d?
Nucleus 4-12 16-144
Plasma membrane sheet® 3-20 9-400
Golgi membranes 1-2 1-4
Mitochondria 0.4-2.5 0.16-6.25
Lysosomes 0.4-0.8 0.16-0.64
Peroxisomes 0.4-0.8 0.16-0.64
Most vesicles 0.05-0.3 0.0025-0.09

“Only organized tissues such as liver produce plasma membrane sheets
under certain homogenization conditions.

Figure 3.3.1 Sedimentation path length of rotors: (A) swinging-bucket; (B) high-angle fixed-angle;
(C) low-angle fixed-angle. The sedimentation path length is indicated by the arrowed line.

force in the spinning rotor. If the homogenate
fills the centrifuge tube, then the RCF at the top
of the sample is considerably less than that at
the bottom of the sample. On the other hand,
particles at the top of the sample have the
furthest distance to travel to form a stable pellet.
The above equation shows that a particle with
a diameter of 5 pUm will sediment four times
faster than one with a diameter of 2.5 pim and
equal density. In such cases, all the smaller
particles in the lower quarter of the centrifuge
tube will sediment in the time taken for the
larger particles, initially at the top of the tube,
to pellet. Thus, in differential centrifugation, if
a rotational speed and centrifugation time are
chosen to allow all of the nuclei to pellet, then
some the mitochondria towards the bottom of
the tube—which are exposed to the highest
RCF and have the shortest distance to travel—

will also pellet. It is for this reason that “wash-
ing” of a differential centrifugation pellet is a
common practice; resuspending any pellet in
medium and repeating the centrifugation will
reduce contamination by the smaller particles.
However, it will also reduce the yield of the
particle of interest.

The sedimentation path length and the dif-
ference in RCF between the top and bottom of
the sample are both less in a fixed-angle rotor
than in a swinging-bucket rotor of the same tube
volume (Fig. 3.3.1). Thus, differential centrifu-
gation should always be carried out in a fixed-
angle rotor for maximum resolution, and the
lower the tube angle the better. However, as the
tube angle decreases, the pellet tends to spread
up the wall of the tube and become less compact
and sometimes less stable, making removal of
the supernatant more difficult. In practice,
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therefore, a tube angle of [B0° is probably a
good compromise. It might, therefore, be sur-
prising that in all of the protocols presented
here, the first low-speed centrifugation to re-
move the nuclei is often executed in a swing-
ing-bucket rotor. In this case, the difference in
the rate of sedimentation between the bulk of
the nuclei and the mitochondria is so great that
a fixed-angle rotor offers no significant advan-
tage. More information on the use of differen-
tial centrifugation for the isolation of subcellu-
lar organelles can be obtained from Evans
(1992), Graham (1997), and Hinton and Mul-
lock (1997).

For studies on oxidative phosphorylation,
mitochondria prepared by simple differential
centrifugation are often preferred to those pu-
rified by gradient centrifugation. Here the aim
is not to achieve high recoveries, but to prepare
the organelles as rapidly and as gently as pos-
sible in a medium known to promote the reten-
tion of a highly coupled state. Hence, it is best
to avoid the use of time-consuming density
gradients, which may also expose the mito-
chondria to potentially damaging high g forces
and unsuitable media. Bovine heart (see Basic
Protocol 2) and the heavy fraction from rat liver
(see Basic Protocol 1) are widely used for this
purpose. See Rice and Lindsay (1997) for a
review of methods for the measurement of
functions associated with electron transport
and oxidative phosphorylation and the prepa-
ration of submitochondrial particles.

Purification of subcellular organelles such
as mitochondria has been given fresh impetus
recently from the increasing number of projects
aimed at mapping all proteins within a tissue
(proteomics).

Critical Parameters and
Troubleshooting

The composition of solutions used for iso-
lating mitochondria is very much dependent on
the source material. While a mannitol/sucrose—
containing medium (see Basic Protocol 1) ap-
pears to offer good retention of functional in-
tegrity for liver mitochondria, it is not appar-
ently a universal requirement. Although the
inclusion of divalent cations (e.g., Mg?*) is
usually avoided (indeed, addition of EDTA or
EGTA is often beneficial), the selection of a
suitable homogenization medium may be dic-
tated by the choice of material. This is most
clearly the case with cultured cells, which may
require a hypoosmotic medium to effect cell
breakage; in these instances, Mg?* and K+ are
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present to protect the nuclei from disruption.
The medium used in Basic Protocol 4 is a good
general-purpose medium for adherent cultured
cells (Attardi and Ching, 1979) that may also
be suitable for suspension cultured cells, its
composition being not unlike that used by
Goldberg and Kornfeld (1983) for isolating
membrane compartments of the secretory sys-
tem. The presence of KCl is quite compatible
with the isolation of functionally intact mito-
chondria, and it is often included to solubilize
proteins that tend to form gels in homogenates
of cultured cells and skeletal muscle (Rice and
Lindsay, 1997). However, some monolayer
cells can be homogenized in an isoosmotic
sucrose medium containing 0.25 M sucrose, 1
mM EDTA, 10 mM triethanolamine/acetic
acid, pH 7.4 (Marsh et al., 1987; Graham,
1997). The efficacy of the medium is related to
the particular buffer, for which there is a strict
requirement. If a hypoosmotic Mg?*-contain-
ing medium is used, the suspending medium
must be made isoosmotic as soon as possible
and the mitochondria suspended in a Mg?*-free
medium. Once the nuclei have been removed,
it is acceptable to add EDTA to the postnuclear
supernatant to chelate the Mg?*.

Scaling up of procedures should always be
accompanied by a proportional scaling up of
the homogenization volume, but the volumes
of buffer used for washing centrifugation pel-
lets may be reduced. For example, in Basic
Protocol 1, the ratio of liver to homogenization
medium must be maintained at [¥0 ml per 10
g of liver; for washing the 3000 x g pellets, the
volume of LHM can be reduced by about one
third.

The centrifugation conditions used to isolate
mitochondria from the postnuclear supernatant
are tailored to individual tissues or cells; how-
ever, any RCF between 5,000 and 10,000 x g
is generally adequate, and the reason for using
26,000 x g for bovine heart mitochondria
(Smith, 1967) is not entirely clear. Lysosome
and peroxisome contamination will tend to in-
crease as the RCF increases, although the yields
of mitochondria will also increase. The RCFs
required for the pelleting of mitochondria from
cultured cells may well depend on the type of
cell and the homogenization schedule used.
With this type of material, therefore, it may be
prudent to determine the RCFs empirically by
investigating the composition of pellets pro-
duced at a series of RCFs such as 500, 1000,
3000, 6000, 10,000, and 15,000 % g (each for
10 min).
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Respiratory studies on mitochondria are
particularly demanding on the integrity of the
product. Thus, at all stages in their preparation,
great attention must be paid to the use of the
mildest and gentlest of manipulations. It cannot
be stressed too strongly that excessive shear
forces during homogenization can be highly
deleterious to these organelles, and the resus-
pension of mitochondrial pellets must be car-
ried out with the very minimum of liquid shear
forces.

Anticipated Results

The yield of succinate dehydrogenase in the
heavy mitochondrial pellet from rat liver may
be as much as 80% of the total, with relatively
little contamination from lysosomes and per-
oxisomes. The contamination levels vary with
the efficacy of the washing procedure, but 5%
to 10% of the total is not uncommon. Levels
are much higher in the unwashed material (20%
to 25% of the total). Oxygen electrode studies
on this fraction reveal that oxygen uptake in the
presence of either succinate or glutamate plus
malate is very low upon depletion of endo-
genous ADP, and that addition of exogenous
ADP increases the rate of oxygen consumption
by as much as ten to fifteen fold, indicating that
they are highly coupled. Recoveries of mito-
chondria in the other protocols are routinely
90% to 95%. However, because the RCFs used
to produce the mitochondrial pellet are higher,
the contamination by peroxisomes and
lysosomes is correspondingly higher (25% to
30%), and these levels are less easily reduced
by washing.

Time Considerations

There are no points at which these relatively
short protocols may be suspended. Indeed,
rapid preparation is the key to the recovery of
functionally intact mitochondria. All solutions
can be made ahead of time and stored at 4°C
for 1 to 2 days or frozen at —20°C for longer
period (e.g., 2 to 3 months). Note that any
enzymes, BSA, PMSE or other protease inhibi-
tors should be added immediately prior to use.

Basic Protocols 1, 3, and 4 should be accom-
plished in 2 to 3 hr, while Basic Protocol 5 will
require 24 hr because of the two incubation
steps. The time required for Basic Protocol 2
will depend on the availability of suitable large-
capacity rotors; it may be necessary to split the
material between two centrifugations, if the 2.2
liters cannot be accommodated in the rotor.
Large-capacity rotors also decelerate slowly

(up to 15 min) so the whole procedure may take
~3.5 hr.

Functional assays should be carried out on
the mitochondria as soon as possible after their
preparation: this applies particularly to studies
on oxidative phosphorylation and other meas-
urements which rely on the permeability prop-
erties of the mitochondrial membranes. Storage
for up to 4 hr at 0° to 4°C (<8 hr for heart
mitochondria) is permissible but not recom-
mended. Other functional assays (e.g., the suc-
cinate dehydrogenase assay described in unir
3.4) which are less demanding on structural
integrity may be performed on material stored
at 0° to 4°C for <16 h. Such assays and com-
positional measurements may also be carried
out on material frozen to —20°C or —80°C.
There are, however, no general rules regarding
the suitability of a particular storage regime,
and itis strongly recommended that the validity
of results on stored material be checked by
comparison with those made on the fresh or-
ganelles.

NOTE: If the mitochondria are to be further
purified using one of the Basic Protocols de-
scribed in uniT 3.4, this must be carried out
without delay.
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Purification of a Crude Mitochondrial
Fraction by Density-Gradient Centrifugation

Metabolic studies of mitochondria are often carried out on organelles prepared by differential
centrifugation (UnIT 3.3), avoiding the use of gradients, which extend the preparation time.
However, to obtain high yields of mitochondria in a relatively pure form, or to determine the
specificity of the localization of a particular component or function to mitochondria (as
compared to other organelles), density-gradient centrifugation is the most obvious strategy.
Most mitochondrial fractions produced by differential centrifugation, with the exception of
the heavy fraction from some mammalian tissues (UNIT 3.3), are contaminated to a significant
degree by other organelles—lysosomes, peroxisomes, tubular Golgi membranes, and small
amounts of endoplasmic reticulum. The Basic Protocols in this unit are therefore aimed at
the optimal resolution of mitochondria from these other membrane particles in density
gradients that can be used either preparatively or analytically.

A continuous sucrose gradient system for mammalian liver mitochondria is described in Basic
Protocol 1. Although discontinuous sucrose gradients seem to lack the resolution necessary
for mammalian systems, they can be used for yeast (also see Basic Protocol 1). Because of
the hyperosmotic nature of all sucrose gradient systems, they lack the resolution possible with
media such as Nycodenz, iodixanol, and Percoll, which can form isoosmotic (or nearly
isoosmotic) gradients. Basic Protocol 2 describes a discontinuous Percoll gradient as applied
to the isolation of rat brain mitochondria. Although the Percoll gradient in this protocol is
probably satisfactory for mitochondria from sources other than rat brain, an alternative
discontinuous gradient designed for rat liver is also included (see Alternate Protocol). Basic
Protocol 3 describes a self-generated Percoll gradient for rat liver mitochondria. Some of the
variations of these Percoll-based methods are discussed later (see Commentary). Although
iodixanol can also be used in self-generated mode, the g forces required are rather high
(180,000 % g); therefore, Basic Protocol 4 describes the use of a preformed continuous
iodixanol gradient. All of the gradients covered in these protocols should be broadly applicable
to most material sources; however, because the sedimenting properties and density of
organelles from different tissues and cells can vary, it may be necessary to modulate either
the density profile of the gradient or the centrifugation conditions.

With the exception of Basic Protocol 2 (for rat brain), the methods do not include homogeni-
zation schedules, and any differential centrifugation is designed for mammalian liver. Thus,
the homogenization medium is also used for all stages of the differential centrifugation and
for suspending the final crude mitochondrial fraction. This is often not the case with other
material such as cultured cells, skeletal muscle, or yeast (UniT3.3). Therefore, the strategy and
media recommended in uniT 3.3 should be used to prepare crude mitochondria from sources
other than mammalian liver.

It should be pointed out that the precise composition of the homogenization medium, the
medium used to suspend the crude mitochondrial pellet, and the medium used to prepare the
gradients from Percoll and OptiPrep (Basic Protocols 2-4 and Alternate Protocol) can be
adapted to subsequent operational requirements. For example, because Percoll itself has no
significant osmotic activity, Reinhart et al. (1982) were able to use medium containing 0.21
M mannitol, 60 mM sucrose, 10 mM succinate, 10 mM KCl, 1 mM ADP, 0.25 mM DTT, 10
mM HEPES-KOH, pH 7.4, throughout the entire procedure. As OptiPrep has an osmolarity
of approx 170 mOsm, it could also be diluted with a similar medium. Such media doubtless
have many beneficial effects on the retention of respiratory competence by the organelles.
Because of the high concentrations of sucrose used in the gradients of Basic Protocol 1,
however, the use of mannitol in the homogenization and differential centrifugation stages is

Contributed by John M. Graham
Current Protocols in Cell Biology (1999) 3.4.1-3.4.22
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probably of little benefit, although the inclusion of KCl, ADP, DTT in all the solutions
might be worthwhile. If the aim of the gradient purification is to identify the localization of
some functional or compositional parameter or it is a preliminary process to some subsequent
extraction, then the use of a simple general-purpose medium throughout the preparation is
probably satisfactory. In the following protocols therefore basic general-purpose media
containing either sucrose or mannitol, a chelating agent, and an organic buffer have generally
been recommended, but these may be adjusted by the investigator to include low concentra-
tions <10 mM) of substrates, co-factors, and sulphydryl reagents. Note, also, that the relative
centrifugal force (RCF) used to pellet this mitochondrial fraction can be between 6,000 and
20,000 x g, as the purpose of the gradient is to resolve mitochondria from contaminating
lysosomes, peroxisomes, and Golgi, if present.

Support Protocols describe simple assays for succinate dehydrogenase (see Support Protocol
1), B-galactosidase (see Support Protocol 2), and catalase (see Support Protocol 3), which
have been adapted specifically for the detection of mitochondria, lysosomes, and perox-
isomes, respectively, in gradient fractions, but they can be used for any mitochondrial fraction.

NOTE: For all protocols, all g values are given as g,,,.

RESOLUTION OF A RAT LIVER MITOCHONDRIAL FRACTION IN A
CONTINUOUS SUCROSE GRADIENT

This protocol, adapted from Diczfalusy and Alexson (1988) and Vamecq and Van Hoof
(1984), was designed for mitochondria from mammalian liver. A crude light mitochon-
drial fraction should be suspended in a medium that is suitable to mitochondria, but there
is little merit in using a mannitol-containing medium, as the mitochondria will be exposed
to high hyperosmotic concentrations of sucrose in the gradient. The protocol is best carried
out on Triton WR1339-treated rats (see Background Information) in order to reduce the
density of the lysosomes. Optimal resolution in these sucrose gradients is carried out in
a large-volume vertical rotor. Although this protocol is designed for mitochondria from
rat liver, it can be modified for other mammalian tissues and for yeast. In the latter case,
discontinuous sucrose gradients are used in a swinging-bucket rotor according to the
method of Beauvoit et al. (1989).

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout.

NOTE: Supplements (see recipe) to the media used in this protocol are optional and can
be added to any or all of the solutions.

Materials

General-purpose homogenization medium (GHM; see recipe), ice cold
Sucrose gradient solutions (see recipe)

Sucrose cushion (see recipe)

Protease inhibitors (optional; see recipe)

Dounce homogenizer (5- to 10-ml with loose-fitting, Wheaton type B pestle)
Low-speed centrifuge with swinging-bucket rotor and appropriate tubes
High-speed centrifuge with fixed-angle rotor and appropriate tubes

Gradient maker (two-chamber or Gradient Master)

Ultracentrifuge (e.g., Beckman VTi 50 with vertical rotor) and 39-ml tubes
Gradient unloader (optional)

Additional reagents and equipment for preparing homogenates (UNIT 3.3)
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1. Prepare rat liver homogenate as described in uniT 3.3 (Basic Protocol 1, steps 1 to 9),
but use ice-cold GHM instead of LHM.

For sources other than mammalian liver it may be necessary to use a different homogeni-
zation medium (see UNIT 3.3), in which case GHM should be used only for resuspending the
final crude mitochondrial pellet (step 4 below).

2. Pellet nuclei by centrifuging 5 min at 1000 X g, 4°C, in a swinging-bucket rotor using
a low-speed centrifuge. If desired, wash the nuclei once to maximize the recovery of
mitochondria.

3. Pellet mitochondria from the postnuclear supernatant by centrifuging 10 min at
15,000 x g, 4°C in a fixed-angle rotor using a high-speed centrifuge.

4. Resuspend the mitochondrial pellet in (8 mlice-cold GHM using 3 to 4 gentle strokes
of the Dounce homogenizer.

5. Using a two-chamber gradient maker, prepare linear 28-ml sucrose gradients from
34% and 64% (w/v) sucrose gradient solutions in 39-ml tubes for a Beckman VTi 50
ultracentrifuge. Underlay 4 ml sucrose cushion in each tube.

Alternatively, a Gradient Master can be used to prepare the gradients.

6. Layer 7 to 8 ml sample on top of the gradients and centrifuge 65 min at 170,000 x g,
4°C.
For a discontinuous gradient (veast), layer 11 ml each of 30%, 40%, and 55% (w/v) sucrose
gradient solutions (see recipe) in 38-ml centrifuge tubes for an ultracentrifuge swinging-
bucket rotor (e.g., Beckman SW28 or 28.1, or Sorvall AH 629). Then layer 5 ml sample on

top of the gradients and centrifuge 20 to 30 min at 150,000 x g, 4°C. For 17-ml tubes, use
5 ml of each sucrose solution and 2 ml mitochondrial fraction.

7. Collect the gradient in 1- to 2-ml fractions using a gradient unloader or harvest the
brownish mitochondrial band just above the middle of the tube (continuous gradient).

For discontinuous gradients, harvest mitochondria from the 40%/55% interface.
8. Dilute sample(s) with =2 vol ice-cold GHM.
9. Centrifuge 20 min at 20,000 x g, 4°C.

10. Resuspend pellet(s) in ice-cold GHM or another suitable medium at 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some assays,
such as those in Support Protocols 1 to 3, can be carried out after storage at 4°C for <16
hr. Many assays can be carried out on material frozen to —=20°C or —80°C; always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with measurements made on fresh material.

ISOLATION OF MITOCHONDRIA FROM RAT BRAIN USING A
DISCONTINUOUS PERCOLL GRADIENT

Methods for isolating rat brain mitochondria rarely rely solely on differential centrifuga-
tion as a purification process, probably because of contamination by synaptosomes and
myelin. This particular purification is thus aimed at the isolation of nonsynaptosomal
mitochondria. The method, derived from Sims (1990), appears to work optimally when
=500 mg of tissue is processed. A discontinuous Percoll gradient for liver is described in
the Alternate Protocol.
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NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental

regulations regarding the care and use of laboratory animals.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to

0° to 4°C and kept on ice throughout.

NOTE: Supplements (see recipe) to the media used in this protocol are optional and can

be added to any or all solutions.

Materials

150- to 200-g Sprague-Dawley rats

Brain homogenization medium (BHM; see recipe), ice cold

Percoll solutions in BHM: 15% (v/v), 23% (v/v), and 40% (v/v) (see recipe)
Protease inhibitors (optional; see recipe)

10-ml Dounce homogenizer with tight-fitting and loose-fitting pestles (Wheaton
type A and B, respectively)

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes

High-speed centrifuge with fixed-angle rotor and appropriate tubes

Ultracentrifuge with swinging-bucket rotor for 12-ml tubes

Prepare homogenate

L.

2.

Starve 150- to 200-g Sprague-Dawley rats overnight and sacrifice by decapitation.
This must be supervised or carried out by an experienced animal technician.

Dissect out brain tissue, place [500 mg in ice-cold BHM, and wash in three changes
of this medium.

3. After mincing the tissue finely with scissors, suspend it in [5 ml BHM and homoge-

6.

nize using five up-and-down strokes with the loose-fitting pestle of a 10-ml Dounce
homogenizer, followed by ten more up-and-down strokes with the tight-fitting pestle.

Centrifuge 3 min at 1300 x g, 4°C, in a swinging-bucket rotor using a low-speed
centrifuge. Decant and retain the supernatant.

Resuspend the pellet up to the original volume with BHM and rehomogenize using
10 strokes with the tight-fitting pestle.

Repeat centrifugation, decant the supernatant, and combine it with the first (step 4).

Isolate mitochondria

7.

10.

11.

Centrifuge 10 min at 21,000 % g, 4°C, in a fixed-angle rotor using a high-speed
centrifuge.

Discard the supernatant and resuspend the pellet in 5 ml of 15% Percoll solution.

In a suitable tube for a swinging-bucket rotor, layer 4.0 ml each of 23% and 40%
Percoll solutions in BHM. Layer 3 ml mitochondrial suspension on top and centrifuge
5 min at 31,000 x g, 4°C.

Add additional BHM on top if necessary to fill the tube.

Harvest the mitochondria that band at the lowest interface, and dilute with 4 vol
ice-cold BHM.

Centrifuge 10 min at 17,000 % g, 4°C in a fixed-angle rotor.
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12. Remove the supernatant and resuspend the mitochondrial pellet as appropriate at 1
to 5 mg protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some assays,
such as those in Support Protocols 1 to 3, can be carried out after storage at 4°C for <16
hr. Many assays can be carried out on material frozen to —20°C or =80°C; always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with measurements made on fresh material.

ISOLATION OF MITOCHONDRIA FROM RAT LIVER USING A
DISCONTINUOUS PERCOLL GRADIENT

A similar discontinuous Percoll gradient, covering a slightly higher density range, has
been used by Reinhart et al. (1982) to isolate a mitochondrial fraction from a total rat liver
homogenate; this approach eliminates the resuspension of a crude mitochondrial pellet
which may damage the organelles. Presumably to avoid contamination of the gradient by
erythrocytes, the authors perfused the liver with a standard balanced salt medium
containing 1.3 mM CaCl,. Alternatively a post-nuclear supernatant could be used from
an unperfused liver (as described in this protocol). The method is restrictive inasmuch as
only 2 ml of homogenate can be processed on a single gradient, and the authors used only
the median lobe of the liver in a total homogenate volume of ~10 ml. The method is
adapted from Reinhart et al. (1982).

NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) or must conform to governmental
regulations regarding the care of laboratory animals.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout.

NOTE: Supplements (see recipe) to the media used in this protocol are optional and can
be added to any or all solutions.

Materials

150- to 200-g Sprague-Dawley rats

Mannitol-sucrose homogenization medium (MSHM; see recipe), ice-cold

Percoll solutions in MSHM: 19%, 31%, 42%, and 52% (v/v) (see recipe)

Protease inhibitors (optional; see recipe) can be added to any or all of the solutions

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes
High-speed centrifuge with fixed-angle rotor (e.g., Sorvall SS34) with ~14-ml
tubes

Additional reagents and equipment for preparing liver homogenate (UnIT 3.3)

1. Prepare rat liver homogenate from the median liver lobe as described in unvir3.3 (Basic
Protocol 1, steps 1 to 9), but use ice-cold MSHM (10 ml) instead of LHM.

For sources other than mammalian liver it may be necessary to use a different homogeni-
zation medium (see UNIT 3.3), in which case only use MSHM to prepare the Percoll solutions.

2. Pellet the nuclei by centrifuging 5 min at 1000 x g, 4°C, in a swinging-bucket rotor
using a low-speed centrifuge.

3. Remove the postnuclear supernatant into a beaker and keep on ice

4. Inatubes for the ultracentrifuge swinging-bucket rotor layer 3 ml of each of the 31%,
42% and 52% Percoll solutions and 2 ml each of the 19% Percoll and post nuclear
supernatant.
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5. Centrifuge at 36,000 x g for 30 sec at speed.
The acceleration time should be ~1.5 min and the deceleration time ~3 min.

6. Collect the mitochondria that band at the lowest interface and dilute with 4 vol of
MSHM. Centrifuge 10 min at 17,000 x g, 4°C, in a fixed-angle rotor.

7. Remove the supernatant and resuspend the mitochondria as appropriate at 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some assays,
such as those in Support Protocols 1 to 3, can be carried out after storage at 4°C for <16
hr. Many assays can be carried out on material frozen to —=20°C or —80°C; always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with measurements made on fresh material.

RESOLUTION OF A MITOCHONDRIAL FRACTION IN A
SELF-GENERATED PERCOLL GRADIENT

A mitochondrial fraction prepared by differential centrifugation is loaded on to a 30%
(v/v) solution of Percoll containing 225 mM mannitol and any other additives that may
be required for the retention of respiratory activity. Gradient formation is normally carried
out in a fixed-angle rotor at 95,000 X g. The protocol for rat liver mitochondria is adapted
from Hovius et al. (1990).

Mitochondria band at [11.09 g/ml in Percoll. It is important that the differential centrifu-
gation fraction that is used contain as little endoplasmic reticulum (ER) as possible, as
the density of mitochondria and ER tend to overlap quite significantly in these gradients.
It is therefore recommended that the centrifugation speed be no more than 10,000 x g to
produce the crude mitochondrial fraction.

Compared to the discontinuous Percoll gradients described in Basic Protocol 2 and
Alternate Protocol, the centrifugation time for self-generated gradients is considerably
longer, but the time taken in the preparation of the gradients is much reduced and
considerably more simple to execute. Self-generated gradients may therefore be the
method of choice for large numbers of samples. The gradients that are formed by
self-generation are also highly reproducible. Alternate Protocol allows the use of a whole
homogenate but this necessarily restricts the amount of mitochondria which can be
purified on one gradient.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout.

NOTE: Supplements (see recipe) to the media used in this protocol are optional and can
be added to any or all solutions.

Materials

Mannitol buffer A (see recipe), ice cold
30% (v/v) Percoll solution (see recipe), ice cold
Protease inhibitors (optional; see recipe)

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes ([BO ml)

5- and 30-ml Dounce homogenizers with loose-fitting pestles (Wheaton type B)

High-speed centrifuge with fixed-angle rotor and appropriate tubes ([B0 ml)

Ultracentrifuge with fixed-angle rotor (e.g., Beckman 60 Ti or Sorvall T-1250) and
appropriate tubes

Additional reagents and equipment for preparing homogenates (UNIT 3.3)
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Isolate light mitochondrial fraction

L.

Prepare rat liver homogenate as described in uniT 3.3 (Basic Protocol 1, steps 1 to 9),
but use ice-cold mannitol buffer A instead of LHM.

For sources other than mammalian liver it may be necessary to use a different homogeni-
zation medium (see UNIT 3.3), in which case mannitol buffer A should be used only for
resuspending the final crude mitochondrial pellet (step 9 below).

Centrifuge homogenate 10 min at 1000 % g, 4°C, in a swinging-bucket rotor using a
low-speed centrifuge.

. Aspirate supernatant into new centrifuge tubes and set aside.

Resuspend pellets in [20 ml ice-cold mannitol buffer A using two to three gentle
strokes in a 30-ml Dounce homogenizer.

. Centrifuge 10 min at 1000 x g, aspirate supernatant, and combine with the supernatant

in step 3.

. Centrifuge supernatants 15 min at 10,000 x g, 4°C, in a fixed-angle rotor using a

high-speed centrifuge.

Discard supernatant and resuspend pellet in [20 ml ice-cold mannitol buffer A as in
step 4.

Centrifuge 15 min at 10,000 x g, 4°C, and discard the supernatant.

Resuspend the light mitochondrial pellet in 5 ml mannitol buffer A using 2 to 3 gentle
strokes in a 5-ml Dounce homogenizer.

Purify mitochondria

10.

11.

12.

13.
14.

15.

Transfer 20 ml of 30% Percoll solution into each of four tubes for a suitable
fixed-angle rotor (e.g., a Beckman 60Ti or Sorvall T-1250) and layer the resuspended
mitochondria on top.

Centrifuge 30 min at 95,000 x g, 4°C. During deceleration below 1000 rpm, either
switch off the brake or use a controlled deceleration program (if available on the
ultracentrifuge).

Collect the gradient in 1- to 2-ml fractions.

The lower part of the dense brown/yellow band contains the bulk of the purified mitochon-
dria; once their position has been confirmed, they can, in future separations, be recovered
simply by aspiration. A syringe and long metal cannula is the best tool for this task.

Dilute the gradient fraction(s) with =2 vol ice-cold mannitol buffer A.

Pellet organelles by centrifuging 10 min at 6300 x g, 4°C, in a fixed-angle rotor using
a high-speed centrifuge.

Wash the mitochondrial pellet at least twice with [l10 ml of this buffer and resuspend
in a suitable medium at 1 to 5 mg protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some assays,
such as those in Support Protocols 1 to 3, can be carried out after storage at 4°C for <16
hr. Many assays can be carried out on material frozen to —20°C or =80°C; always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with measurements made on fresh material.
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RESOLUTION OF A RAT LIVER MITOCHONDRIAL FRACTION IN AN
IODIXANOL GRADIENT

Although this protocol is carried out with a light mitochondrial fraction, any appropriate
differential centrifugation fraction can be used. The fraction is adjusted to p=1.177 g/ml,
layered beneath a shallow linear gradient of iodixanol p = 1.124 to 1.162 g/ml, and
centrifuged 2 hr at 110,000 % g in a swinging-bucket rotor. As an alternative (if preferred),
the mitochondrial fraction can be layered on top in the homogenization medium.

This protocol has been devised for mammalian liver mitochondria in a general-purpose
medium. Any of the mitochondrial fractions from other sources covered in unvi73.3 should
behave in a similar manner, although the detail of the organelle banding may vary slightly
and require modulation for optimal results. See Commentary for variations of this
separation strategy.

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout.

NOTE: Supplements (see recipe) to media used in this protocol are optional and can be
added to any or all solutions.

Materials

lodixanol buffer A (see recipe), ice cold

50% (w/v) iodixanol solution: 1 vol iodixanol buffer B (see recipe) in 5 vol
OptiPrep (60% iodixanol; Nycomed Pharm, Life Technologies, Accurate
Chemicals, Mediatech)

19% and 27% iodixanol solutions: dilute 50% iodixanol with iodixanol buffer A

Protease inhibitors (optional; see recipe)

Low-speed centrifuge with swinging-bucket rotor and appropriate tubes

5- and 20-ml syringes and metal cannulae (i.d. [1.7 mm)

5- and 30-ml Dounce homogenizers with loose-fitting pestles (Wheaton type B)

High-speed centrifuge with fixed-angle rotor and appropriate tubes

Ultracentrifuge with swinging-bucket rotor (e.g., Beckman SW 28.1 or Sorvall
AH-629) and appropriate tubes

Refractometer (optional)

Gradient maker: two-chamber or Gradient Master

Additional reagents and equipment for preparing homogenates (UNIT 3.3)
Isolate mitochondrial fraction

1. Prepare rat liver homogenate as described in uniT 3.3 (Basic Protocol 1, steps 1 to 9),
but use ice-cold iodixanol buffer A instead of LHM.

For sources other than mammalian liver it may be necessary to use a different homogeni-
zation medium (see UNIT 3.3), in which case iodixanol buffer A should be used only for
resuspending the final crude mitochondrial pellet (step 10 below).

2. Centrifuge homogenate 10 min at 1000 x g, 4°C, in a swinging-bucket rotor using a
low-speed centrifuge.

3. Transfer the supernatant to new centrifuge tubes using a 20-ml syringe and metal
cannula, and set aside.

4. Resuspend pellets in [20 ml ice-cold iodixanol buffer A using two to three gentle
strokes in a 30-ml Dounce homogenizer.
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5. Centrifuge 10 min at 1000 X g, remove supernatant, and combine with the supernatant
in step 3.

6. Centrifuge supernatants 10 min at 3000 X g, 4°C, in a fixed-angle rotor using a
high-speed centrifuge.

This step can be omitted if the heavy mitochondrial fraction is not required as a separate
fraction or if the source material does not exhibit such a fraction.

7. Remove supernatants and centrifuge 15 min at 15,000 x g, 4°C.

8. Discard supernatant and resuspend pellet in [20 ml ice-cold iodixanol buffer A using
three to four gentle strokes in the 30-ml Dounce homogenizer.

9. Centrifuge 15 min at 15,000 x g, 4°C, and discard the supernatant.

10. Resuspend the light mitochondrial pellet in 3 ml iodixanol buffer A using 2 to 3 gentle
strokes in a 5-ml Dounce homogenizer.

Purify by lodixanol gradient
11. Mix the suspension with 4.5 ml of 50% iodixanol solution by repeated inversion.

Do not shake the tube vigorously to create foaming. If the sample is going to be loaded on
top of the gradient rather than beneath it, then omit this step and the next.

12. Check that the refractive index is 1.3864 (£ 0.0004) and adjust with 50% iodixanol
solution or iodixanol buffer A, if necessary.

13. Prepare a linear iodixanol gradient in a [l 7-ml centrifuge tube for a swinging-bucket
rotor (e.g., a Beckman SW28.1 or a Sorvall AH-629) using 6 ml each of 19% and
27% iodixanol solution.

If the gradient is prepared with a Gradient Master, use an 80° angle at 20 rpm and a time
of 1 min 50 sec.

14. Underlayer the gradient with 3 ml sample (step 12), using a 5-ml syringe and a metal
cannula.

15. Overlayer the gradient with 1 ml iodixanol buffer A.

Alternatively, underlayer the gradient with 1 ml of 30% iodixanol (3 vol iodixanol stock
solution plus 2 vol iodixanol buffer A), and then layer 3 ml sample on top of the gradient.

16. Centrifuge 1.5 hr at 110,000 x g, 4°C.

17. Collect the gradient in 1-ml fractions starting at the low-density end, using upward
displacement with a dense liquid. Alternatively, collect the mitochondria that band
just above the middle of the gradient using a syringe and cannula.

18. Dilute the sample with =2 vol iodixanol buffer A.

19. Centrifuge 20 min at 20,000 x g, 4°C, and resuspend the pellet in this buffer or another
suitable medium at 1 to 5 mg protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some assays,
such as those in Support Protocols 1 to 3, can be carried out after storage at 4°C for <16
hr. Many assays can be carried out on material frozen to —=20°C or —80°C; always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with measurements made on fresh material.
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SUCCINATE DEHYDROGENASE ASSAY FOR MITOCHONDRIA

Although any component of the tricarboxylic acid cycle can be used as a functional marker
for mitochondria, the most frequently used marker is succinate dehydrogenase with either
the native electron acceptor (cytochrome ¢) or the artificial acceptor p-iodonitrotetra-
zolium violet (INT). Measuring the reduction of cytochrome c ideally requires a recording
spectrophotometer, while the INT variant can be performed with a nonrecording instru-
ment. INT is also far more stable than cytochrome c and avoids the use of cyanide, which
is used to prevent reoxidation of cytochrome c. The INT method presented here is from
Graham (1993).

Sample handling depends on the type of gradient and the concentration of mitochondria
(and other organelles) in the fractions (see Commentary). Ideally, the protocol should be
carried out on gradient fractions from which the gradient solute or Percoll has been
removed by centrifugating as described in the final steps of each Basic Protocol. The
gradient fractions should be resuspended in 0.25 M sucrose/10 mM HEPES-NaOH, pH
7.4, or an equivalent buffer.

Materials

Mitochondrial gradient fraction (see Basic Protocols 1 to 4)
Succinate solution (see recipe)

INT solution (see recipe)

Stop solution I (see recipe)

Spectrophotometer and glass cuvettes

1. Place 0.3 ml succinate solution in 1.5- to 2.0-ml microcentrifuge tubes, including a
set of tubes to provide blanks for each fraction. Perform the assay in duplicate.

As long as the protein content of each assay is approximately the same, a blank for each
fraction may not be necessary. A single blank containing buffer instead of sample may
suffice for many gradients. Alternatively, blanks may be prepared by adding stop solution
to the gradient fraction before adding INT solution in step 3.

2. Add 10 to 20 pl of each gradient fraction to separate sample tubes. Incubate samples
and blanks 10 min at 37°C.

The sample should contain (20 ug protein.
Add 0.1 ml INT solution and incubate for another 10 to 20 min at 37°C.
Terminate the reaction by adding 1 ml stop solution .
Remove any precipitate by microcentrifuging for 2 min at maximum speed.

Using glass cuvettes, measure the absorbance at 490 nm against a suitable blank.

N o AW

Calculate the enzyme activity as pmoles INT reduced per milligram protein.
The molar extinction coefficient of reduced INT is 19,300 cm™ M.

B-GALACTOSIDASE ASSAY FOR LYSOSOMES

[B-Galactosidase is one of several glycosidases that can be used to detect lysosomes. The
assay is facilitated by the availability of p-nitrophenol derivatives of a number of
monosaccharides, which mimic the native oligosaccharide substrates. It is linked to a
simple spectrophotometric measurement of the released nitrophenol. The method is as
described by Graham (1993).

Sample handling depends on the type of gradient and the concentration of lysosomes (and
other organelles) in the fractions (see Commentary). Ideally, the protocol should be carried
out on gradient fractions from which the gradient solute or Percoll has been removed by
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centrifugation as described in the final steps of each Basic Protocol. The gradient fractions
should be resuspended in 0.25 M sucrose/10 mM HEPES-NaOH, pH 7.4, or an equivalent
buffer.

Materials

Mitochondrial gradient fraction (see Basic Protocols 1 to 4)
Substrate solution (see recipe)

Stop solution II (see recipe)

Spectrophotometer and plastic cuvettes

1. Add 20 to 40 pl of each gradient fraction (containing [BO Ug protein) to separate
microcentrifuge tubes containing 0.5 ml substrate solution. Perform the assay in
duplicate.

2. Prepare a blank for each fraction by adding 1 ml stop solution II before adding the
gradient fraction.

As long as the protein content of each assay is approximately the same, a blank for each
fraction may not be necessary. A single blank containing buffer instead of sample may
suffice for many gradients.

Incubate test samples 30 min at 37°C.
Add 1 ml stop solution II to test samples.

Remove any precipitate by microcentrifuging 1 to 2 min at maximum speed.

AN

Using plastic cuvettes, measure the absorbance of tests at 410 nm against the chosen
blank(s).
1

The molar extinction coefficient of nitrophenol is 9620 cm™ M.

CATALASE ASSAY FOR PEROXISOMES

The titanium oxysulfate method, adapted from Baudhuin (1974), is the method of choice
for peroxisomes and provides very reliable data. It is more sensitive than the permanga-
nate-based method and is certainly easier to execute.

In peroxisomes from rat liver, catalase is an extremely active enzyme, and purified
fractions from gradients may require dilution of up to 100 fold. Assays are usually carried
out at 0°C. Sample handling depends on the type of gradient and the concentration of
peroxisomes (and other organelles) in the fractions (see Commentary). Ideally, the
protocol should be carried out on gradient fractions from which the gradient solute or
Percoll has been removed by centrifuging as described in the final steps of each Basic
Protocol. The gradient fractions should be resuspended in 0.25 M sucrose/10 mM
HEPES-NaOH, pH 7.4, or an equivalent buffer.

CAUTION: Exercise care when handling titanium oxysulfate, as this reagent is extremely
corrosive.

Materials

Mitochondrial gradient fraction (see Basic Protocols 1 to 4)
Stock peroxide solution (see recipe)

Tris/BSA solution (see recipe)

Titanium oxysulfate reagent (see recipe)

Sample buffer (see recipe)

Spectrophotometer

NOTE: Carry out all operations on ice in 2-ml microcentrifuge tubes.

Current Protocols in Cell Biology

SUPPORT
PROTOCOL 3

Subcellular
Fractionation and
Isolation of
Organelles

34.11

Supplement 4



Purification of
Mitochondrial
Fraction

3.4.12

Supplement 4

. Prepare substrate mixture by diluting 8.5 ml stock peroxide solution to 100 ml with

Tris/BSA solution and keep at 0°C.

. Add 1.0 ml titanium oxysulfate reagent to 0.5 ml substrate mixture and measure the

absorbance at 405 nm.

A o5 should be UN1.5; if it is not, adjust the concentration of hydrogen peroxide accordingly.

. Mix 10 pl gradient fraction with 30 pl sample buffer. Also set up a reagent control

using 40 pl sample buffer. Perform assay in duplicate.

With mammalian liver, because it is necessary to dilute the gradient fractions 10 to 100
fold, it is never necessary to set up blanks for each fraction. A single reagent blank is
adequate. If a sample blank is necessary, replace 0.5 ml substrate mixture with buffer.

Catalase activities in fractions from other sources may be much lower; test the pregradient
mitochondrial fraction first.

. Add 0.5 ml substrate mixture to all tubes. Do this in batches of 6 tubes, adding the

assay mixture to successive tubes at timed 10-sec intervals.

. After exactly 1 min, add 1.0 ml titanium oxysulfate reagent (also at 10-sec intervals).
. Remove any precipitate by microcentrifuging 2 min at maximum speed, 4°C.

. Transfer the tubes to room temperature and measure the absorbance at 405 nm against

a blank containing 0.5 ml Tris/BSA solution and 1.0 ml titanium oxysulfate reagent.

. Calculate the activity of the enzyme by deducting the test absorbance of each gradient

fraction from that of the reagent control (see Commentary).

Note that catalase is estimated by “back-titration”, i.e., the residual H,0, is measured in
the assay mixture after being acted on by the enzyme.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocols (except where indicated). For common stock
solutions see APPENDIX 2A; for suppliers see SUPPLIERS APPENDIX.

Brain homogenization medium (BHM)

To 100 ml H,0 add:

21.9 g sucrose (0.32 M final)

2.0 ml 100 mM K,EDTA (1 mM final)

2.0 ml 1 M Tris[Cl (4pPENDIX 24; 10 mM final)
Adjust pH to 7.4

Add H,0 to 200 ml

Store up to 1 to 2 days at 4°C

BHM, 2%

10 50 ml H,O add:

21.9 g sucrose (0.64 M final)

2.0 ml 100 mM K,EDTA (2 mM final)

2.0 ml 1 M Tris[Cl (4PPENDIX 24; 20 mM final)
Adjust to pH 7.4

Add H,0 to 100 ml

Store up to 1 to 2 days at 4°C

Citrate/phosphate buffer

Dissolve 0.71 g Na,HPO, in 100 ml H,O (50 mM final). Dissolve 0.96 g citric acid
in another 100 ml H,O (50 mM final). Add Na,HPO, to citric acid to reach pH 4.3.
Store up to 1 to 2 days at 4°C
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General-purpose homogenization medium (GHM)
To 100 ml H,0 add:
17.1 g sucrose (0.25 M final)
2.0 ml 100 mM Na,EDTA (1 mM final)
2.0 ml 1 M Tris[Cl (4PPENDIX 24; 10 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

lodixanol buffer A
To 100 ml H,0 add:
17.1 g sucrose (0.25 M final)
2.0 ml 100 mM Na,EDTA (1 mM final)
20 ml 100 mM HEPES (10 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

lodixanol buffer B
1o 50 ml H,O add:
8.55 g sucrose (0.25 M final)
6.0 ml 100 mM Na,EDTA (6 mM final)
60 ml 100 mM HEPES (60 mM final)
Adjust pH to 7.4
Add H,0 to 100 ml
Store up to 1 to 2 days at 4°C

Dp-lodonitrotetrazolium violet (INT) solution
25 mg INT (2.5 mg/ml final)
Phosphate buffer, pH 7.4 (see recipe), to 10 ml
Store up to 2 to 3 months at —20°C

Mannitol buffer A
To 100 ml H,0 add:
9.13 g mannitol (0.25 M final)
38 mg EGTA (0.5 mM final)
0.2 g bovine serum albumin (BSA; 0.1% w/v final)
10 ml 100 mM HEPES (5 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store 1 to 2 days at 4°C

Mannitol buffer B
To 100 ml H,0 add:
16.4 g mannitol (0.45 M final)
152 mg EGTA (2.0 mM final)
0.4 g BSA (0.2% w/v final)
100 ml 100 mM HEPES (50 mM final)
Adjust pH to 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Current Protocols in Cell Biology

Subcellular
Fractionation and
Isolation of
Organelles

3.4.13

Supplement 4



Purification of
Mitochondrial
Fraction

3.4.14

Supplement 4

Mannitol-sucrose homogenization medium (MSHM)
To 100 ml H,0 add:
7.64 g mannitol (0.21 M final)
4.10 g sucrose (60 mM final)
0.15 g KCI (10 mM final)
2.0 ml 1 M HEPES-KOH (10 mM final)
Adjust to pH 7.4
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

MSHM, 4x
To 50 ml H,O add:
15.3 g mannitol (0.21 M final)
8.2 g sucrose (60 mM final)
0.3 g KC1 (10 mM final)
4.0 ml 1 M HEPES-KOH (10 mM final)
Adjust to pH 7.4
Add H,0 to 100 ml
Store up to 1 to 2 days at 4°C

Percoll solution, 30% (v/v)
3 vol Percoll
2 vol water
5 vol mannitol buffer B (see recipe)
Store up to 1 to 2 days at 4°C

Percoll solutions in BHM
Prepare a 50% (v/v) Percoll stock solution by adding 20 ml Percoll to 20 ml 2%
BHM (see recipe). Store up to 1 to 2 days at 4°C
To prepare gradient solutions, dilute 50% Percoll stock with BHM to provide 15%,
23%, and 40% (v/v) Percoll. Store up to 1 to 2 days at 4°C

Percoll solution in MSHM
Prepare a 75% (v/v) Percoll solution by adding 30 ml Percoll to 10 ml of 4x MSHM
(see recipe). Store up to 1 to 2 days at 4°C
To prepare gradient solutions, dilute Percoll (75% v/v) stock with MSHM to provide
19%, 31%, 42%, and 52% (v/v) Percoll. Store up to 1 to 2 days at 4°C

Phosphate buffer, pH 7.4
Dissolve 0.71 g Na,HPO, in 100 ml water (50 mM final). Dissolve 0.68 g KH,PO,
in another 100 ml water (50 mM final). Add KH,PO, to Na,HPO, to reach pH 7.4.
Store up to 1 to 2 days at 4°C

Protease inhibitors

Add the following to solutions as required so that the final concentrations are 1 mM
for PMSF and 2.0 pg/ml for each of the other inhibitors.

PMSF:

0.348 g phenylmethylsulfonyl fluoride (200 mM final)

10 ml dried propan-2-ol or ethanol

Store up to 2 to 3 months at 4°C

Antipain:

10 mg antipain (1 mg/ml final)

10 ml 10% (v/v) dimethyl sulfoxide (DMSO)

Store in aliquots up to 2 to 3 months at —20°C
continued
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Aprotinin:

10 mg aprotinin (1 mg/ml final)

10 ml H,O

Store in aliquots up to 2 to 3 months at —20°C
Leupeptin:

10 mg leupeptin (1 mg/ml final)

10 ml of 10% (v/v) dimethyl sulfoxide (DMSO)
Store in aliquots up to 2 to 3 months at —20°C

Sample buffer

2 g Triton X-100 (2% w/v final)

H,0 to 100 ml

Mix 1 vol of this solution with 2 vol Tris/BSA solution (see recipe)
Store up to 1 to 2 days at 4°C

Stock peroxide solution

0.67 g 30% (w/w) H,0, (30 mM final)
Tris/BSA solution (see recipe) to 200 ml
Prepare fresh

Stop solution 1

10 g trichloroacetic acid

50 ml ethyl acetate

50 ml ethanol

Store up to 1 month at room temperature

Stop solution I1

1o 50 ml H,O add:

1.87 g glycine ( 0.25 M final)

25 ml 1.0 M NaOH (0.25 M final)
Adjust pH to 10 (if necessary)
Add H,O to 100 ml

Store up to 1 to 2 days at 4°C

Substrate solution

90 mg o-nitrophenyl [3-D-galactopyranoside (6 mM final)
0.25 g Triton X-100 (0.5% w/v final)

Citrate/phosphate buffer (see recipe) to 50 ml

Store up to 1 to 2 days at 4°C

Succinate solution

0.27 g sodium succinic acid hexahydrate (10 mM final)
Phosphate buffer, pH 7.4 (see recipe), to 100 ml

Adjust to pH 7.4 if necessary

Store up to 1 to 2 days at 4°C

Sucrose cushion (continuous gradient only)

67 g sucrose (67% w/w final)
Dissolve the sucrose in 33 ml of 10 mM Tris[CTl, pH 7.4
Store up to 1 to 2 days at 4°C
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Sucrose gradient solutions

Dilute 70% (w/v) sucrose stock (see recipe) with sucrose stock diluent (see recipe)
to provide 34% and 64% (w/v) sucrose (continuous gradient); or 30%, 40%, and
54% (w/v) sucrose (discontinuous gradient)

Sucrose stock diluent

1.0 ml 100 mM Na,EDTA (1 mM final)

1.0 ml 1 M Tris[Cl stock (10 mM final)
H,0 to 100 ml

Adjust pH to 7.4 after adding half the water
Store 1 to 2 days at 4°C

Sucrose stock solution, 70% (w/v)

70 g sucrose (70% w/v final)

1.0 ml 100 mM Na,EDTA (1 mM final)

1.0 ml 1 M Tris[Cl stock (10 mM final)

H,0 to 100 ml

Adjust pH to 7.4 after adding most of the water
Store 1 to 2 days at 4°C

Supplements

0.27 g sodium succinic acid hexahydrate (10 mM final)
50 mg ADP (potassium salt) (1 mM final)
3.8 mg DTT (0.25 mM final)

Any or all of the above may be added to 100 ml of the homogenization, suspension, and
gradient media, before adjusting the pH.

Titanium oxysulfate reagent

Dissolve 5.56 ml of 18 M H,SO, in [P0 ml H,O (1 M final). Add 0.225 g titanium
oxysulfate (2.25 g/liter final). Bring to 100 ml with H,O. Prepare fresh.

CAUTION: Both the acid and the titanium oxysulfate are highly corrosive. Exercise great
care when adding pure H,SO , to water. Use a face mask and protective gloves (not disposable

plastic gloves, as any splashes will cause them to “melt” and adhere to the skin).

Tris/BSA solution
To 100 ml H,0 add:

0.2 g bovine serum albumin (1 g/liter final)
4.0 ml 1.0 M Tris[CT1 (4rPENDLX 24; 20 mM final)

Adjust pH to 7.0
Add H,0 to 200 ml
Prepare fresh

COMMENTARY

Background Information

As a general rule, metabolic studies on liver,
heart, or muscle mitochondria are carried out
on organelles prepared by differential centrifu-
gation (see unIT 3.3). Density-gradient separa-
tions, although undoubtedly able to provide a
more pure preparation, are frequently avoided
simply because the speed of preparation is the
prime consideration. With the exception of the
heavy mitochondrial fraction (unir 3.3), how-
ever, these preparations contain significant con-
tamination by other organelles (lysosomes, per-

oxisomes), sometimes by tubular Golgi ele-
ments (if present in the homogenate), and also
by some of the more rapidly sedimenting en-
doplasmic reticulum vesicles. Such contamina-
tion can only be reduced by gradient centrifu-
gation. The use of higher relative centrifugal
forces (RCFs) to sediment the mitochondria
from the postnuclear supernatant results in
higher contamination. Gradients are also very
useful if analytical work is to be carried out to
determine the localization of a particular com-
ponent or function. In this case, the distribution
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Table 3.4.1

Density (g/ml) of Major Organelles from

Mammalian Liver in lodixanol, Sucrose, and Percoll

e Dewiuin Deniin - Denyi
Nuclei 1.23-1.25 >1.32 NA¢

Peroxisomes 1.18-1.21 1.19-1.23 1.075-1.085
Mitochondria  1.14-1.16 1.17-1.21 1.085-1.100
Lysosomes 1.11-1.13 1.19-1.21 1.105-1.111
Golgi 1.03-1.08 1.05-1.12 1.03-1.105

“Not available.

of the component or function in the gradient is
compared with known markers for the different
organelles.

Table 3.4.1 compares the density of mam-
malian liver mitochondria and other organelles
in sucrose, iodixanol, and Percoll. In sucrose,
the density of mitochondria overlaps that of
lysosomes and peroxisomes. As mitochondria
(and lysosomes) sediment through a sucrose
gradient, their densities rise to a limiting value
as water is removed from their enclosed spaces
by the high and rising osmolarity of the gradi-
ent. In other media that are true solutes (e.g.,
Nycodenz and iodixanol) and that can provide
gradients of much lower osmolarity, the density
of these organelles are lower and more distinc-
tive (Ford et al., 1983; Graham et al., 1990,
1994). Peroxisomes present an exception to this
rule; because they do not have an osmotic space
in these media, their density is almost identical
in sucrose, Nycodenz, and iodixanol (Graham
et al., 1994). Although both Percoll and iodix-
anol can provide isoosmotic gradients over the
entire density range of these organelles, the
densities of organelles in Percoll are lower. In
iodinated density-gradient media, the density
of the major organelles always increases in the
order lysosomes, mitochondria, peroxisomes.
In Percoll the order is sometimes completely
reversed (Symons and Jonas, 1987), and in
other cases the mitochondria are denser than
the lysosomes (Singh et al., 1987). The reason
for these differences is not clear. Hence, the
popularity of Percoll methods whose efficiency
relies as much on the higher sedimentation rate
ofthe mitochondria as on their banding density.

The continuous sucrose gradient system in
a vertical rotor used by Vamecq and Van Hoof
(1984) can resolve mitochondria and perox-
isomes reasonably well. Lysosomes, however,
band broadly between these two organelles
unless their density can be reduced by prior
injection of the animals with Triton WR1339
(85 mg/100 g body weight) 3 to 5 days before

Current Protocols in Cell Biology

sacrifice (Leighton etal., 1968). Diczfalusy and
Alexson (1988) used this approach, which
makes the lysosomes significantly less dense
than the mitochondria. A discontinuous sucrose
gradient system was developed by Beauvoit et
al. (1989) for yeast and might be applicable to
other source materials (see Basic Protocol 1).
A major advantage of using Percoll for the
density purification of mitochondria is that the
medium forms self-generated gradients at rela-
tively low g forces. Thus, the centrifugation
conditions that are required are not unlike those
used for purification through preformed gradi-
ents of other gradient media. One of the prob-
lems of using Percoll, however, is the signifi-
cant overlap of mitochondria and endoplasmic
reticulum (ER; Patel et al., 1991). The method
of Hovius et al. (1990) uses a relatively low
RCF (10,000 x g for 10 min) to produce the
crude mitochondrial fraction in order to reduce
the ER content (see Basic Protocol 3). In an
alternative approach, Reinhart et al. (1982)
separated the mitochondria principally on the
basis of sedimentation rate in a preformed four-
step discontinuous gradient of 19%, 31%, 42%,
and 52% (v/v) Percoll (Alternate Protocol).
Centrifugation was carried out at 37,000 x g for
just 30 sec, so that the ER vesicles did not have
time to reach their banding density. Although
this method permits the use of a whole homo-
genate, only 2 ml can be loaded onto a single
11-ml gradient. A similar sedimentation rate
approach was used by Sims (1990) for rat brain
mitochondria (see Basic Protocol 2), and the
slightly longer centrifugation time of 5 min is
probably easier to standardize. Because of the
speed of these Percoll systems, the mitochon-
dria tend to display good respiratory control.
Generally speaking, although Percoll gradi-
ents can be tailored to the isolation of a particu-
lar organelle (e.g., mitochondria), they are less
well suited to producing relatively pure frac-
tions of other organelles simultaneously. Both
Nycodenz and iodixanol are better suited to this
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purpose. A linear gradient of iodixanol from
10% to 30% (w/v) was first developed by Gra-
ham et al. (1994), in which the crude mitochon-
drial fraction was loaded in 35% iodixanol
beneath the gradient and centrifuged at (50,000
x g for 1.5 hr. Although this may be a good
starting point, it is now recognized that a more
shallow gradient (19% to 27%) is probably
better for resolving the mitochondria and
lysosomes, and indeed this range of gradient
concentration is not unlike the discontinuous
metrizamide system used by Wattiaux et al.
(1983). Note that the density of liver mitochon-
dria in iodixanol is slightly lower than in Ny-
codenz (Graham et al., 1994).

A significant advantage of iodixanol (and
Nycodenz) over Percoll is that, as long as the
organelles are sufficiently concentrated in the
gradient fractions, the gradient solute does not
have to be removed prior to enzyme analysis
using visible wavelength spectrophotometry.
Because of the light-scattering properties of
Percoll, this medium must be removed prior to
such analysis, and since the RCFs required to
pellet both Percoll particles and organelles are
similar, significant loss of organelles can occur
(Osmundsen, 1982).

Critical Parameters and
Troubleshooting

Density-gradient centrifugation

See vnir 33 for information regarding the
preparation of crude mitochondrial fractions by
differential centrifugation.

The preparation of a preformed continuous
gradient (see Basic Protocols 1 and 4) using a
two-chamber gradient maker requires consid-
erable practice to achieve highly reproducible
gradients; some of the important points in op-
erating such devices are covered by Dobrota
and Hinton (1992). A Gradient Master, which
involves simply layering the most dense and
lightest solutions in the centrifuge tube, pro-
vides a more expensive but reproducible alter-
native. If neither of these are available, a dis-
continuous gradient constructed from three or
four solutions spanning the required density
range can be prepared and allowed to diffuse.
Note that the time required for complete linear-
ity to be achieved will depend on the tube
diameter and the volume of each layer. Often
this carried out at 4°C overnight without any
consideration as to whether the timing is opti-
mal. Always collect a blank gradient and check

(by refractive index) that the gradient is indeed
linear and covers the appropriate density range.

Although the sample is layered under the
iodixanol gradient (see Basic Protocol 4), over-
layering can be used as an alternative and may
even be beneficial if the separation of the or-
ganelles needs to be carried out partly on the
basis of sedimentation rate (as with Basic Pro-
tocol 2). However, with overlaying, care may
be required to avoid overloading the gradient,
especially if the top of the gradient is adjusted
to a lower density in order to customize the
method to a particular source material. Over-
loading occurs when the total density of the
sample layer (liquid plus particles) is greater
than that of the top of the gradient; as a conse-
quence, the sample falls through the gradient
as a droplet. This is very unlikely to occur in
Basic Protocol 1, as the top of the gradient is
quite dense.

Self-generated gradients (see Basic Protocol
3) form optimally in tubes of relatively short
sedimentation path length. Use of a rotor and
gradient volume other than those recom-
mended will mean that the density profile of
the gradient, and consequently the separation
of the organelles, will be altered. For self-gen-
erated Percoll gradients, fixed-angle rotors
with an angle of [24° appear to be the best
suited.

It is possible that the density of organelles
from other sources (e.g., cultured cells) may be
sufficiently different for sucrose gradients to
provide some degree of resolution. Poor reso-
lution of organelles may occur as a result of an
inappropriate density gradient, but it is just as
likely that the basic problem lies with the earlier
homogenization and differential centrifuga-
tion. A homogenate containing 0.25 M su-
crose/10 mM HEPES-NaOH, pH 7.4/1 mM
EDTA is suitable; the presence of KCl is per-
missible, but buffers containing Mg?* should
be avoided. If Mg?" is essential for the homog-
enization of a cultured cell, then the mitochon-
dria should be treated as described in uniT3.3. It
is particularly difficult to predict the precise
density of organelles separated from cells that
have been homogenized in hypoosmotic con-
ditions. In such circumstances, the Basic Pro-
tocols should only be regarded as a suitable
starting point.

Enzyme assays
Prior to the execution of an enzyme assay
(or other measurement), it is common practice
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to remove the gradient medium from each gra-
dient fraction by dilution with 2 to 4 volumes
of'alow-density medium, centrifugation to pel-
let the organelles, and resuspension in the same
low-density medium. The latter is often the
homogenization medium or, if it is isoosmotic,
a medium used for the subsequent assay. This
practice eliminates any possible interference of
the gradient medium on the subsequent proce-
dure(s), and it is described in the final steps of
each Basic Protocol. In many instances, how-
ever, the sample volumes used in the assay are
sufficiently small (as in the Support Protocols),
that the gradient solute is sufficiently diluted
not to cause any interference in the assay, even
at the highest density. Thus, so long as the
concentration of organelles in the gradient frac-
tion is high enough for the enzyme activity to
be detectable, the assay may be performed
directly without washing. If, however, either of
these requirements are not met, then dilution,
pelleting, and resuspension of the pellet in a
smaller volume are unavoidable. In the case of
Percoll gradients, it is essential to remove the
gradient medium prior to any spectrophotomet-
ric analysis to avoid variable interference from
light scattering. It should also be pointed out
that during these postgradient manipulations
losses of functional activity can occur. If the
assays are carried out in microcentrifuge tubes
(as in the Support Protocols) a convenient strat-
egy, which minimizes these losses, is to dilute
and centrifuge (maximum speed) the organ-
elles from an appropriate volume of gradient
fraction and to use the resuspended pellet di-
rectly in the assay.

The only notable source of error in the en-
zyme assays themselves concerns the [3-galac-
tosidase assay. The stop solution for this assay
should not have a pH >10; higher pH causes
hydrolysis of the substrate.

In order to determine specific activities of
measured enzymes, it is also necessary to esti-
mate the protein content of fractions. Most
gradient media interfere to varying extents with
methods using the Folin-Ciocalteu reagent, al-
though as with the enzyme assays, if by using
small volumes (<100 pl) of fraction in a 1 to
2 ml assay volume the concentration of gra-
dient solute in the assay solution is <10%
(W/v), the interference is marginal. Methods
based on Coomassie blue are generally unaf-
fected by any concentration of gradient sol-
ute, although because of light-scattering
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problems, itisalwaysadvantageoustoremove
anyPercoll.

With the sample volumes used in Support
Protocols 1 to 3, the gradient solute is suffi-
ciently diluted to not cause any inhibition of
enzyme activity, even at the highest density. If
the gradient fraction must be concentrated, the
organelles must be pelleted after dilution of the
fraction with 2 volumes of an isoosmotic buffer
(buffered 0.25 M sucrose is normally ade-
quate). As the assays are carried out in micro-
centrifuge tubes, a good and convenient strat-
egy is to pellet the particles in a microcentrifuge
for 15 to 20 min at 4°C, then suspend the pellet
directly in the enzyme assay buffer.

Anticipated Results

Basic Protocol 1

With rat liver, Triton WR1339 shifts the
density oflysosomes in sucroseto [11.15to 1.17
g/ml (.4 g/ml lower than in the normal ani-
mal; Table 3.4.1), while mitochondria and per-
oxisomes are unchanged at 1.17 to 1.21 g/ml
and 1.19 to 1.23 g/ml, respectively. Typical
separations that might be achieved from normal
and Triton-treated animals are shown in Figure
3.4.1 and Figure 3.4.2, respectively. The
lysosomes in the Triton WR1339—treated ani-
mals are clearly and significantly shifted to
lower densities (Diczfalusy and Alexson, 1988)
compared to those from the untreated animal
(Vamecq and Van Hoof, 1984).

Basic Protocol 2 and Alternate Protocol

In the case of liver mitochondria (Reinhart
et al., 1982), (0% of total mitochondria band
at the lowest interface. The major contamina-
tion is from peroxisomes and lysosomes ([110%
of total; see Table 3.4.2), whereas there is es-
sentially no contamination from either en-
doplasmic reticulum or plasma membrane. All
the enzyme markers for organelles other than
mitochondria are broadly distributed across the
other interfaces. Although the corresponding
band from rat brain (Sims, 1990) only contains
[J12% of the total mitochondria, many of these
are present in synaptosomes, which band at a
much lower density. The author found only
0.3% of the total lactate dehydrogenase and
0.1% of the total 2',3'-cyclic nucleotide-3'-
phosphodiesterase in the bottom interfacial ma-
terial, attesting to very low contamination by
synaptosomes or myelin, respectively.
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Figure 3.4.1 Frequency distribution of enzyme markers after separation of a crude mitochondrial
fraction in a sucrose gradient. Cytochrome ¢ oxidase (mitochondria; open squares); N-acetyl-B-glu-
cosaminidase (lysosomes; filled triangles); catalase (peroxisomes; filled circles). Data from Vamecq
and Van Hoof (1984). Frequency is the amount of enzyme in a fraction divided by the density interval
covered by the fraction.
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Figure 3.4.2 Fractional activity of enzyme markers after separation of a crude mitochondrial
fraction from Triton WR1339—treated rats. Cytochrome ¢ oxidase (mitochondria; open squares);
N-acetyl-B-glucosaminidase (lysosomes; filled triangles); catalase (peroxisomes; filled circles).
Fraction 1 is the top of the gradient; data from Diczfalusy and Alexson (1988).
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Basic Protocol 3

An [B5-fold enrichment of succinate dehy-
drogenase is expected in the mitochondrial
band over the homogenate, while marker en-
zymes characteristic of contaminating organ-
elles are significantly depleted (Hovius et al.,
1990).

Basic Protocol 4

Figure 3.4.3 describes a typical separation
with rat liver on a preformed iodixanol gradi-
ent. Fractions 6 to 8 in the middle of the gradient
contain >50% of the total mitochondria recov-
ered from the gradient. This gradient also pro-
vides an excellent enrichment of lysosomes in
fraction 2, and although the peroxisomes are
rather broadly banded in the bottom of the
gradient, the bottom five fractions contain very
little contaminating enzyme markers. This gra-

dient would therefore be very useful analyti-
cally as well as preparatively.

Time Considerations

There are no obvious points at which any of
the Basic Protocols can be discontinued. Pre-
formed gradients should be made up during the
initial differential centrifugation of the homo-
genate and kept on ice until required. If they
are prepared at room temperature, they must be
given time to cool down to 4°C. The enzyme
marker assays need not be carried out immedi-
ately; overnight storage of mitochondria at 4°C
is permissible unless metabolic studies are also
to be carried out. Enzyme markers can be meas-
ured on previously frozen material, but any
concentration of the organelle fractions and/or
removal of gradient medium must be carried
out prior to freezing.

Table 3.4.2 Marker Enzyme Content of a Rat Liver
Mitochondrial Fraction after Discontinuous Percoll

Gradient Separation?

Enzyme marker

Percent of total recovered

Cytochrome ¢ oxidase 55
Glucose-6-phosphatase 2
5'-Nucleotidase 4
Acid phosphatase 8
Catalase 11
“Data from Reinhart et al. (1982).
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Figure 3.4.3 Percent distribution of enzyme markers after separation of a crude mitochondrial
fraction in a preformed continuous iodixanol gradient. Succinate dehydrogenase (mitochondria;
open squares); B-galactosidase (lysosomes; filled triangles); catalase (peroxisomes; filled circles).
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The figures for the total time (given below)
required to complete the gradient separation of
mitochondria, include preparation of the homo-
genate (but omit the optional step of removing
the gradient medium) and are calculated for a
single rat liver. It is assumed that any prepara-
tion of either preformed or continuous gradi-
ents is carried out during the periods of differ-
ential centrifugation. With the exception of
Basic Protocol 2 and Alternate Protocol, total
preparation time is probably 3.5 to 4.5 hr. The
very short gradient centrifugation times in Ba-
sic Protocol 2 and Alternate Protocol mean that
overall times are reduced to 2 to 3 hr and 1 to
2 hr respectively. Although the number of pre-
gradient operations in Alternate Protocol are
also reduced, time has to be taken for preparing
a larger number of multi-step discontinuous
gradients.

Harvesting the banded organelles from the
gradients with a syringe and metal cannula only
takes a few minutes, while complete unloading
of a single tube into a series of equivolume
fractions will take 15 min per tube. Removal of
the medium, by washing the pellet once, will
add a further 0.5 to 1.0 hr depending on the
number of fractions being handled.

All solutions can be made up ahead of time
and stored at 4°C for 1 to 2 days or frozen to
—20°C for longer periods (2 to 3 months).
However, note that any enzymes, BSA, PMSF,
or other protease inhibitors should be added
immediately prior to use.
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Isolation of Peroxisomes from Tissues and
Cells by Differential and Density Gradient
Centrifugation

Almost without exception, the purification of peroxisomes from a mammalian tissue
homogenate is carried out in two stages: (1) differential centrifugation to produce a
light mitochondrial fraction and (2) resolution of the light mitochondrial fraction in
some form of density gradient. lodinated density gradient media (e.g., iodixanol) are
preferred for the second phase of the purification (see Commentary). Moreover,
because the difference in density between mitochondria and peroxisomes is greater in
iodixanol than in Nycodenz, and because the osmolarity of the gradients can be more
easily controlled with iodixanol, it is the medium of choice. The much wider use of
Nycodenz merely reflects the fact that it has been commercially available for more
than 15 years, while iodixanol (OptiPrep) has only been available since 1994.

The unit first describes the homogenization and differential centrifugation process for
the most commonly used source material—rat liver (see Basic Protocol 1). This
protocol serves as a preliminary methodology for all of the density gradient separa-
tions subsequently outlined. Next described is a preformed, continuous iodixanol
gradient system for isolation of peroxisomes (see Basic Protocol 2). Iodixanol can
also be used as a self-generated gradient (see Alternate Protocol 1). Methods are also
presented for the use of Nycodenz: a protocol for a continuous Nycodenz gradient
(see Basic Protocol 3) and for a simple Nycodenz barrier (see Alternate Protocol 2)
are included. The relative merits of these protocols are discussed in the Commentary.
There are a large number of published methods based on Nycodenz and there is
variation in both the precise density range covered by the gradients and the centrifu-
gation conditions; some of these are described in the italicized annotations to the
appropriate steps of the Nycodenz protocols.

Lastly, the unit describes the isolation of peroxisomes from yeast (see Basic Protocol
4) and cultured monolayer cells (see Basic Protocol 5). In the case of mammalian
cultured cells, the differential centrifugation system is truncated and a post-nuclear
supernatant is used as the gradient input.

After collecting the banded material in the gradients, the success of the fractionation
is routinely measured by assaying for various marker enzymes: catalase (perox-
isomes), succinate dehydrogenase (mitochondria), and acid phosphatase or a glycosi-
dase such as B-galactosidase (lysosomes). These assays are provided in UNIT 3.4.
Although the endoplasmic reticulum (ER) is not a major contaminant of the light
mitochondrial fraction, some ER is always present, and therefore an assay for a
suitable marker such as NADPH-cytochrome ¢ reductase or glucose-6-phosphatase
is recommended. This problem becomes more significant if a post-nuclear fraction is
loaded on to the gradient.

NADPH-cytochrome ¢ reductase is ubiquitously found in the ER, while glucose-6-
phosphatase is only present in significant amounts in the ER from liver and kidney.
NADPH-cytochrome ¢ reductase is also considerably easier to measure than is
glucose-6-phosphatase; a method is included for assay of this oxidoreductase (see
Support Protocol).
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ISOLATION OF A LIGHT MITOCHONDRIAL FRACTION FROM RAT
LIVER

A standard homogenization medium such as 0.25 M sucrose/l mM EDTA/10 mM
HEPES-NaOH, pH 7.4, is satisfactory for a tissue such as liver, and may be chosen
particularly if other organelles are to be isolated from the same homogenate. However if
the aim is solely to isolate peroxisomes, the medium is supplemented with 0.1% ethanol
to aid the recovery of functionally intact organelles, and the preferred buffer is often
MOPS rather than HEPES (or Tris). Sometimes 1 to 5 mM KCl is also included, and the
supplementation of any medium with protease inhibitors is at the discretion of the
investigator. A standard three-step differential centrifugation system is described, al-
though some workers use a two-step system (see Commentary for more information).

The following protocol is suitable for a single 10- to 12-g liver.

NOTE: All protocols using live animals must be reviewed and approved by an Institutional
Animal Care and Use Committee (IACUC) or must conform to government regulations
regarding the care and use of laboratory animals.

Materials

150- to 200-g Sprague-Dawley rats

Homogenization medium (HM; see recipe)

Protease inhibitors (optional; see recipe) added to any or all solutions at
concentrations indicated in recipe

Dissecting equipment

Overhead high-torque electric motor (thyristor-controlled) for homogenizers

Potter-Elvehjem homogenizer (clearance ~0.09 mm), 25-ml working volume,
prechilled

Dounce homogenizer (loose-fitting Wheaton type B pestle, ~30 ml), prechilled

Dounce homogenizer (loose-fitting Wheaton type B pestle, ~5 ml), prechilled

Low-speed refrigerated centrifuge with swinging-bucket rotor accommodating
50-ml tubes

40- to 50-ml polycarbonate centrifuge tubes

High-speed refrigerated centrifuge with fixed-angle rotors accommodating 50-ml
tubes (e.g., Sorvall SS-34)

NOTE: All solutions, glassware, centrifuge tubes and equipment should be pre-cooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature. When handling the glass vessel of the Potter-Elvehjem homogenizer, a
thermally insulated glove or silicone rubber hand protector should be used, not only to
avoid heat transfer from the skin but also to protect the hand in the unlikely event of
breakage of the vessel.

Isolate liver
1. Starve the animal overnight.

2. Sacrifice the animal by cervical dislocation or decapitation.
This must be supervised or carried out by an experienced animal technician.

3. Open the abdominal cavity and remove the liver to a chilled beaker containing ~20
ml of ice-cold HM.

4. Decant the medium and finely mince the liver using scissors.

The pieces of liver should be no more than ~25 mm’ each.
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Homogenize liver

5.

6.

7.

Suspend the mince in ~40 ml of HM and transfer half of this suspension to the glass
vessel of the Potter-Elvehjem homogenizer.

The motor should be mounted either to a wall, via a G-clamp to the bench, or in a
floor-standing cradle. Attachment to a free-standing retort stand is not adequate.

Attach the cold pestle to the electric motor and homogenize the liver mince using 4
to 5 up-and-down strokes of the pestle, rotating at ~500 rpm.

Decant the homogenate into a beaker on ice, and after rinsing the homogenizer with
medium and wiping the pestle to remove any connective tissue that may be adhering,
repeat steps 5 and 6 with the other half of the mince and combine the homogenates.

Isolate light mitochondrial fraction

8.

10.

11.
12.

13.
14.

Centrifuge the homogenate 10 min at 750 X g, 0° to 4°C, in the low-speed centrifuge.

Steps 8 to 12 are omitted in the two-step protocol (see Commentary). Proceed directly to
step 13, centrifuging the homogenate from step 7 in the high-speed centrifuge at 3500 X g.

Decant and retain the supernatant.

Resuspend the pellet in 20 ml of HM, first using a glass rod and then more completely
using 3 to 4 gentle strokes of the pestle of the 30-ml Dounce homogenizer.

Centrifuge, decant, and retain the supernatant (steps 8 and 9).

Combine the supernatants from steps 9 and 11 and transfer to 40- to 50-ml polycar-
bonate tubes.

Centrifuge 10 min at 3500 X g, 0° to 4°C, in the high-speed centrifuge.
Decant and retain the supernatant.

In the two-step method the pellet from this step should be resuspended in HM as in step 10,
centrifuged at 3500 X g as in step 13, the supernatant decanted as in step 14, and the two
supernatants combined.

Fractionate liver homogenate

15.

16.

17.

18.
19.

Centrifuge the 3500 X g supernatant(s) from step 14 in the high-speed centrifuge, 20
min at 23,000 X g, 0° to 4°C.

Decant and discard the supernatant.

If a microsomal fraction is required for complete bookkeeping, centrifuge this supernatant
plus the supernatant from step 18 for 45 min at 100,000 X g.

Resuspend the light mitochondrial pellet (LMP) in HM (~20 ml) using a glass rod
followed by 3 to 4 gentle strokes of the pestle of the 30-ml Dounce homogenizer.

Recentrifuge 20 min at 23,000 X g, 0° to 4°C, and discard the supernatant.

Resuspend the LMP in HM (~6 ml) using a glass rod and then 3 to 4 gentle strokes
of the pestle of the 5-ml Dounce homogenizer (do this in two batches).

This is equivalent to ~0.5 ml per gram of liver tissue. Use this for all subsequent
density-gradient separations of rat liver peroxisomes.
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ISOLATION OF PEROXISOMES FROM A RAT LIVER LIGHT
MITOCHONDRIAL FRACTION USING A PREFORMED CONTINUOUS
IODIXANOL GRADIENT

In the past, both metrizamide (e.g., Volkl and Fahimi, 1985; Wanders et al., 1986) and
Nycodenz gradients (see Basic Protocol 3) have been used to purify peroxisomes from
mammalian liver, but improved resolution can be achieved with iodixanol gradients
(Graham et al., 1994; Van Veldhoven et al., 1996). Peroxisomes can be purified from a
light mitochondrial fraction in preformed continuous 20% to 40% (w/v) iodixanol
gradients at high yield (80% to 90%), with no detectable contamination from any other
organelle. In this protocol, which is adapted from the method of Van Veldhoven et al.
(1996), the gradient has been designed to be accurately isoosmotic over its whole range,
by inclusion of an inverse gradient of sucrose. Because of the large difference in density
between the peroxisomes and the other organelles, the separation can be carried out easily
in open-topped tubes for a fixed-angle rotor. This considerably simplifies the loading
procedures and also increases the capacity of the system. Since the peroxisomes are the
densest organelle in the light mitochondrial fraction, it is normal practice to unload the
gradient dense-end-first.

Materials

Iodixanol gradient solutions A, B, and C (see recipe)

Light mitochondrial pellet (LMP) suspension (see Basic Protocol 1)

Homogenization medium (HM; see recipe)

Protease inhibitors (optional; see recipe) added to any or all solutions at
concentrations indicated in recipe

Gradient maker: two-chamber or Gradient Master (Accurate Chemical)

5-ml syringe with metal cannula (1-mm i.d.).

Ultracentrifuge and thick-walled polycarbonate tubes (30-ml) for a fixed-angle
rotor (e.g., Beckman 60 Ti or Sorvall T-865)

Gradient unloader for dense-end-first collection (thin metal cannula connected to a
peristaltic pump)

Additional reagents and equipment for protein assay (APPENDIX 3B)

NOTE: All solutions, glassware, centrifuge tubes and equipment should be precooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

1. Using the two-chamber gradient maker (or Gradient Master) prepare two linear
gradients from 9 ml each of iodixanol gradient solutions B and C in the thick-walled
polycarbonate tubes for the ultracentrifuge rotor.

Alternatively, a continuous gradient can be generated from a discontinuous one by
diffusion. Layer equal volumes of 20%, 25%, 30%, 35%, and 40% (w/v) iodixanol and let
stand 16 hr at 4°C.

2. Using a syringe and metal cannula, underlayer each gradient with 2 ml of gradient
solution A.

If thin-walled tubes, which require complete filling, are used the volume of solution A may
need to be increased.

3. Layer 3 ml of the LMP suspension over each gradient and ultracentrifuge 1 hr at
105,000 x g, 0° to 4°C.

If the centrifuge has a slow acceleration facility use a program that allows the rotor speed
to increase from 0 to 2000 rpm over a period of ~4 min.
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4. Allow the rotor to decelerate from 2000 rpm without the brake (or on a controlled
deceleration program) and collect the gradient in 1-ml fractions, dense-end-first, by
aspiration using the gradient unloader.

Thin-walled tubes may be unloaded by tube puncture.

Peroxisomes have a median density of p = 1.17 g/ml in iodixanol; the peak fraction is 7 to
8 ml from the bottom.

5. Dilute the fraction(s) with >2 vol of HM and centrifuge 20 min at 30,000 x g, 0° to
4°C.

6. Perform a protein assay (APPENDIX 3B) on an aliquot of the pellet(s) resuspended in 1
to 2 ml of HM or other suitable medium, then adjust the volume to 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that any measurements are
unaffected by the storage conditions by comparing with those made on fresh material.

ISOLATION OF PEROXISOMES FROM A RAT LIVER LIGHT
MITOCHONDRIAL FRACTION IN A SELF-GENERATED IODIXANOL
GRADIENT

The LMP suspension is mixed with OptiPrep to a starting iodixanol concentration of 25%
(w/v) and centrifuged in a vertical, near-vertical, or low-angle fixed-angle rotor in tubes
of ~12 ml volume at ~180,000 x g for 2 to 3 hr (depending on rotor type). The protocol
is adapted from Graham et al. (1994).

Additional Materials (also see Basic Protocol 2)
OptiPrep (60%, w/v iodixanol; Life Technologies, Accurate Chemical, Sigma, or
Aldrich)
Diluent medium (DM; see recipe)
Vertical (e.g., Beckman VTi 65.1 or Sorvall 65V13), near-vertical (e.g., Beckman
NVT 65), or low-angle (20° to 26°) fixed-angle rotor for an ultracentrifuge with
11- to 12-ml sealed tubes

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

1. Make a 50% (w/v) iodixanol working solution by diluting 5 vol of OptiPrep with 1
vol of DM.

2. Mix equal volumes of 50% (w/v) iodixanol stock and LMP suspension by repeated
gentle inversion.

3. Transfer to a suitable sealed tube.

4. Centrifuge 1.5 to 3 hrat 180,000 X g, 0° to 4°C, in vertical, near-vertical, or low-angle
fixed angle rotor.

The time will depend on the sedimentation path length of the rotor. For a vertical or
near-vertical rotor with a path length of 17 to 25 mm, 1.5 hr will be sufficient; for longer
path-length fixed-angle rotors the time will be up to 3 hr. The aim is to generate a gradient
that is shallow in the middle to allow satisfactory separation of peroxisomes and mitochon-
dria (see Commentary).
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5. Decelerate the rotor from 2000 rpm to rest either using a controlled deceleration
program or without the brake to allow a smooth reorientation of the gradient.

6. Collect the gradient, dense-end-first, in ~1-ml fractions by tube puncture or aspira-
tion.

The peroxisomes band in the bottom third of the gradient.

7. Dilute the fraction(s) with >2 vol of HM and centrifuge 20 min at 30,000 x g, 0° to
4°C.

8. Perform a protein assay (APPENDIX 3B) on an aliquot of the pellet(s) resuspended in 1
to 2 ml of HM or other suitable medium, then adjust the volume to 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that any measurements are
unaffected by the storage conditions, by comparing with those made on fresh material.

ISOLATION OF PEROXISOMES FROM A RAT LIVER LIGHT
MITOCHONDRIAL FRACTION USING A PREFORMED CONTINUOUS
NYCODENZ GRADIENT

Because the difference in density between peroxisomes and mitochondria in Nycodenz
is less than that in iodixanol, it is common practice to use the high resolving power of a
vertical rotor. The short sedimentation path length of such rotors permits the use of
relatively short centrifugation times at low relative centrifugal forces of 35,000 to 75,000
x g. This approach also reduces potential contamination of the peroxisomes by vesicles
of the endoplasmic reticulum. Published methods use a variety of gradients and centrifu-
gation conditions, and the following protocol is adapted from a number of these (Ap-
pelqvist et al., 1990; Kase and Bjorkhem, 1989; Prydz et al., 1988; Wilcke and Alexson,
1994).

Materials

20% (w/v) Nycodenz in homogenization medium (HM; see recipe)

50% and 60% (w/v) Nycodenz in high-density diluent (HD; see recipe)

Light mitochondrial pellet (LMP) suspension (see Basic Protocol 1)

Homogenization medium (HM; see recipe)

Protease inhibitors (optional; see recipe) added to any or all of the solutions at
concentrations indicated in recipe

Gradient maker: two-chamber or Gradient Master (Accurate Chemical)

5-ml syringe with metal cannula (1-mm i.d.)

Ultracentrifuge with vertical rotor (e.g., Beckman VTi50 or Sorvall 50V39) with
appropriate sealed tubes (~39 ml)

Gradient unloader for dense-end-first collection (tube-puncturing device or thin
metal cannula connected to a peristaltic pump)

Additional reagents and equipment for protein assay (APPENDIX 3B)
NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to

0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

1. Using the two-chamber gradient maker (or Gradient Master) prepare linear gradients
from 17 ml each of the 20% and 50% Nycodenz solutions in tubes appropriate for
the vertical rotor of the ultracentrifuge.
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Alternatively, a continuous gradient can be generated from a discontinuous one by
diffusion. Layer equal volumes of 20%, 30%, 40% and 50% (w/v) Nycodenz and let stand
for 16 hr at 4°C.

Variants of this gradient include 18% to 50% (Hartl et al., 1985); 13% to 48% (Kase and
Bjorkhem, 1989); 15% to 48% (Prydz et al., 1988); and 25% to 50% (Wilcke and Alexson,
1994).

2. Using the syringe and metal cannula, underlayer the gradient with 2 ml of the 60%
Nycodenz as a density cushion.

A number of published methods used the nonaqueous, low-viscosity Maxidens as a density
cushion, but this is no longer readily available commercially.

3. Layer 2 to 3 ml of the LMP suspension on top of the gradient.

4. Centrifuge 75 min at 60,000 X g, 0° to 4°C, using programmed acceleration and
deceleration to ensure a smooth reorientation of the gradient in the tubes.
If programmed deceleration is not available then turn off the brake below 2000 rpm.

Variants of the centrifugation parameters include 20 min at 74,000 X g (Prydz et al., 1988)
and 75 min at 35,000 X g (Appelgvist et al., 1990).

If a vertical rotor is not available, use a swinging-bucket rotor for 2 hr at 70,000 X g (Hartl
etal, 1985).

5. Collect the gradient, dense-end-first, in 1- to 2-ml fractions, using a gradient unloader.
The peroxisomes band close to the bottom of the gradient.

6. Dilute the fraction(s) with 22 vol of HM and centrifuge 20 min at 30,000 x g, 0° to
4°C.
7. Perform a protein assay (APPENDIX 3B) on an aliquot of the pellet(s) resuspended in 1

to 2 ml of HM or other suitable medium, then adjust the volume to 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that any measurements are
unaffected by the storage conditions by comparing with those made on fresh material.

ISOLATION OF PEROXISOMES FROM A RAT LIVER LIGHT
MITOCHONDRIAL FRACTION USING A NYCODENZ BARRIER

This is the simplest of all the systems. There is a tendency for the contamination from
mitochondria to be slightly higher than with other systems, and the formation of a pellet
rather than a band in a gradient may be detrimental to the integrity of the rather fragile
organelles. The method is adapted from Ghosh and Hajra (1986).

Additional Materials (also see Basic Protocol 3)

30% (w/v) Nycodenz in high-density diluent (HD; see recipe)
Fixed-angle rotor with ~25-ml thick-walled polycarbonate tubes (e.g., Beckman
55.2 Ti or Sorvall T-865)

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

1. Transfer 15 ml of 30% Nycodenz to a 25-ml polycarbonate centrifuge tube.
2. Layer 2 ml of the LMP suspension over the Nycodenz barrier.
3. Centrifuge 1 hr at 130,000 x g, 0° to 4°C.
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4. Remove all of the supernatant carefully by aspiration and resuspend the pellet in 1 to
2 ml of HM.

Do not decant the supernatant, since the pellet is not firmly packed.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that any measurements
made are unaffected by the storage conditions by comparing with those made on fresh
material.

ISOLATION OF PEROXISOMES FROM YEAST SPHEROPLASTS USING A
PREFORMED CONTINUOUS NYCODENZ GRADIENT

Although wild-type yeast appears to contain rather few peroxisomes, they can be induced to
proliferate, and there are a number of peroxisome gene—deletion strains of the organism
(Thieringer et al., 1991; Watkins et al., 1998). Yeast has therefore become an increasingly
popular means of investigating peroxisome development. In the following protocol, sphero-
plasts are homogenized in a sorbitol-containing medium using a Dounce homogenizer. Some
variation exists in the sorbitol concentration in this medium; Watkins et al. (1998) used 0.6
M, while Crane et al. (1994) used 1.0 M. As with mammalian liver, a continuous Nycodenz
gradient is used to fractionate a light mitochondrial fraction prepared from the homogenate.
This method is adapted from Crane et al. (1994) and Watkins et al. (1998).

Materials

Yeast homogenization medium (YHM; see recipe)

15% (w/v) Nycodenz in yeast low-density diluent (YLD; see recipe)

42.5% and 50% (w/v) Nycodenz in yeast high-density diluent (YHD; see recipe)

Yeast low-density diluent (YLD; see recipe)

Yeast high-density diluent (YHD; see recipe)

Protease inhibitors (optional; see recipe) added to any or all solutions at
concentrations indicated in recipe

Dounce homogenizer (Wheaton Type B, 40-ml)

Dounce homogenizer (Wheaton Type B, 5- to 10-ml)

Gradient maker: two-chamber or Gradient Master (Accurate Chemical)

5-ml syringe with metal cannula (1-mm i.d.)

Ultracentrifuge with vertical rotor (e.g., Beckman VTi65.1 or Sorvall 65V13) with
appropriate sealable tubes (~13 ml)

Gradient unloader for dense-end-first collection (tube-puncturing device or thin
metal cannula connected to a peristaltic pump)

High-speed refrigerated centrifuge with fixed-angle rotor to accommodate 50-ml
tubes (e.g., Sorvall SS34)

Additional reagents and equipment for preparation of yeast spheroplasts (UNIT 3.3)
and protein assay (APPENDIX 3B)

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

Prepare light mitochondrial fraction from spheroplasts
1. Prepare spheroplasts from 1 liter of yeast culture, grown in YPD medium to an ODyy,
of 0.5 to 1.0 (uniT 3.3).

2. Suspend the spheroplasts in 35 ml of yeast homogenization medium (YHM) and
homogenize in the 40-ml Dounce homogenizer, using 10 up-and-down strokes of the
pestle.

Current Protocols in Cell Biology



Centrifuge the homogenate 10 min at 1500 X g, 0° to 4°C.
Aspirate and retain the supernatant on ice.
Resuspend the pellet in 35 ml of YHM and repeat steps 2 to 4.

Combine the two supernatants and centrifuge 30 min at 25,000 x g, 0° to 4°C.

N AW

Resuspend the light mitochondrial pellet in 6 ml of YHM using 10 gentle strokes of
the pestle of the small volume Dounce homogenizer.

Separate peroxisomes in Nycodenz gradient
8. Using a two-chamber gradient maker (or Gradient Master) prepare 10.5-ml linear
gradients from equal volumes of the 15% and 42.5 % Nycodenz in tubes for the
vertical rotor.

Alternatively, a continuous gradient can be generated from a discontinuous one by
diffusion. Layer equal volumes of 15%, 25%, 35%, and 45% (w/v) Nycodenz and let stand
for 16 hr at 4°C.

9. Using a syringe and metal cannula, underlayer the gradient with a cushion of 0.5 ml
of 50% Nycodenz.

10. Layer the yeast light mitochondrial pellet (step 7) on top to fill the tube.

11. Ultracentrifuge 75 min at 174,000 X g, 0° to 4°C. Use controlled acceleration and
deceleration programs to ensure a smooth reorientation of the gradient. If these are
not available turn off the brake below 2000 rpm.

Alternative systems include 15% to 37% Nycodenz for 90 min at 118,000 X g in Beckman
50.2Ti rotor (McAlister-Henn et al., 1995) and 15% to 36% Nycodenz and 42% cushion,
1 hr at 100,000 X g in a Sorvall 865B vertical rotor (Thieringer et al., 1991).

12. Collect the gradient in 0.5-ml fractions, dense-end-first, using a gradient unloader.

13. Dilute the fraction(s) with >2 vol of YHM and centrifuge 20 min at 30,000 x g, 0° to
4°C.
14. Perform a protein assay (APPENDIX 3B) on an aliquot of the pellet(s) resuspended in 1

to 2 ml of YHM or other suitable medium, then adjust the volume to 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that any measurements are
unaffected by the storage conditions by comparing with those made on fresh material.

ISOLATION OF PEROXISOMES FROM CULTURED CELLS (HepG2) USING
A PREFORMED CONTINUOUS NYCODENZ GRADIENT

The cultured cells most widely used in peroxisome studies are the human hepatoblastoma
line HepG2, and various skin fibroblast lines that are used in investigations into Zellweger
syndrome. Both of these lines are grown routinely as a monolayer culture. In view of the
fragility of peroxisomes from cultured cells, homogenization techniques such as nitrogen
cavitation (Schrader et al., 1994) or the ball-bearing homogenizer (Watkins et al., 1991)
devised by Balch and Rothman (1985) are to be preferred. If these are not available, a
standard Potter-Elvehjem homogenizer (Cohen et al., 1992) may be used (see Commen-
tary for more information). The following protocol is adapted from Cohen et al. (1992)
and Watkins et al. (1991). The buffer used for all the solutions below is the same as that
described for rat liver (i.e., MOPS) but Tris and HEPES are also commonly used with
cultured cells. Some workers (Aikawa et al., 1991; Wanders et al., 1991; Cohen et al.,
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1992) use a post-nuclear supernatant rather than a light mitochondrial fraction—in these
cases a larger volume gradient may be necessary (see annotations to the corresponding
steps below).

Materials

Suspension of cells (~10® cells) in 3 to 5 ml of homogenization medium (HM; see
recipe)

Homogenization medium (HM; see recipe)

10% (w/v) Nycodenz in homogenization medium (HM; see recipe)

40% and 50% (w/v) Nycodenz in high-density diluent (HD; see recipe)

Protease inhibitors (optional; see recipe) added to any or all solutions at
concentrations indicated in recipe

Ball-bearing homogenizer (see Balch and Rothman, 1985, for details of
construction)

Low-speed centrifuge with swinging-bucket rotor to accommodate 10- to 20-ml
tubes

Dounce homogenizer (5- to 10-ml, Wheaton type B)

High-speed centrifuge with fixed-angle rotor to accommodate 10- to 14-ml tubes
(e.g., Sorvall SE12)

Gradient maker: two-chamber or Gradient Master (Accurate Chemical)

5-ml syringe with metal cannula (1-mm i.d.)

Ultracentrifuge with vertical rotor (e.g., Beckman VTi65.1or Sorvall 65V13) with
appropriate sealable tubes (~13-ml)

Gradient unloader for dense-end-first collection (tube-puncturing device or thin
metal cannula connected to a peristaltic pump)

Additional reagents and equipment for protein assay (APPENDIX 3B)

NOTE: All solutions, glassware, centrifuge tubes, and equipment should be precooled to
0° to 4°C and kept on ice throughout. Centrifuge rotors should be precooled to the same
temperature.

Isolate the light mitochondrial fraction

1.

A

Homogenize the cells using five passes from syringe to syringe in the ball-bearing
homogenizer.

Alternatives include a nitrogen cavitation vessel (e.g Artisan Industries) or a Potter-
Elvehjem homogenizer (clearance ~0.09 mm), 10-ml working volume.With nitrogen cavi-
tation, use 400 psi for 10 min; with the Potter-Elvehjem homogenizer use 50 up-and-down
strokes of the pestle at 1000 rpm.

Check by phase-contrast microscopy that cell breakage is 290%.
Centrifuge the homogenate 5 min at 500 X g, 0° to 4°C, in the low-speed centrifuge.
Aspirate the supernatant and retain on ice.

Resuspend the pellet in HM using 4 to 5 strokes of the pestle of the Dounce
homogenizer and repeat steps 3, 4, and 5.

Centrifuge the combined supernatants 10 min at 6000 x g, 0° to 4°C, in the high-speed
centrifuge.

. Aspirate and recentrifuge the supernatant 15 min at 20,000 x g, 0° to 4°C.

. Aspirate and discard the supernatant and resuspend the light mitochondrial pellet in

3 to 4 ml of HM using 3 to 4 gentle strokes of the pestle of the Dounce homogenizer.
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Separate the peroxisomes in Nycodenz gradient

9.

10.

11.

12.

13.

14.

15.

Using the two-chamber gradient maker (or Gradient Master) prepare 10-ml linear
gradients from equal volumes of the 10% and 40% Nycodenz in tubes for the vertical
rotor.

Alternatively a continuous gradient can be generated from a discontinuous one by diffu-
sion. Layer equal volumes of 10%, 20%, 30% and 40% (w/v) Nycodenz and let stand for
16 hr at 4°C.

If a post-nuclear supernatant is used rather than a light mitochondrial pellet, then prepare
34-ml gradients.

Using the syringe and metal cannula, underlayer the gradient with 0.5 ml of 50%
Nycodenz.

Layer ~2 ml of the pellet suspension from step 8 on top of the gradient, to fill the
tube.

Alternatively use 4 to 5 ml of a post-nuclear supernatant on the larger gradients.

Centrifuge 25 to 35 min at 75,000 x g, 0° to 4°C. Use a controlled acceleration and
deceleration programs to ensure a smooth reorientation of the gradient. If these are
not available turn off the brake below 2000 rpm.

For fibroblasts, Aikawa et al. (1991) used a 15% to 30% Nycodenz gradient and 1 hr at
305,000 X g in the same rotor.

Collect the gradient in 0.75-ml fractions, dense-end-first, using a gradient unloader.
The peroxisomes band close to the bottom of the tube.

Dilute the fraction(s) with >2 vol of HM and centrifuge 20 min at 30,000 X g, 0° to
4°C.

Perform a protein assay (aApPENDIX 3B) on an aliquot of the pellet(s) resuspended in 1
to 2 ml of HM or other suitable medium, then adjust the volume to 1 to 5 mg
protein/ml.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20°C or —80°C; always check that any measurements
made are unaffected by the storage conditions by comparing with those made on fresh
material.

ASSAY FOR ENDOPLASMIC RETICULUM MARKER ENZYME
NADPH-CYTOCHROME ¢ REDUCTASE

NADPH cytochrome c reductase is an important oxidoreductase linked to the oxidative
status of the biosynthetic pathways present in the endoplasmic reticulum. Most methods
measure the production of reduced cytochrome ¢ by monitoring the absorbance at 550
nm. Sometimes NADH is used as an alternative substrate to NADPH, in which case it is
normal to include an inhibitor of the mitochondrial oxidation pathway—normally ro-
tenone—to which the endoplasmic reticulum enzyme is insensitive. Indeed, the inclusion
of rotenone in the assay is not uncommon when using NADPH as the substrate, to avoid
any interference from mitochondrial electron transport. The method is taken from Graham
(1993) and adapted from Williams and Kamin (1962).
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Materials

Assay buffer (see recipe)

25 mg/ml cytochrome c in assay buffer (prepare fresh; keep on ice)

10 mM EDTA (dilute 1 ml 100 mM EDTA stock to 10 ml with H,0)

1 mg/ml rotenone in ethanol (store up to 1 month at 4°C)

2 mg/ml NADPH in assay buffer (prepare fresh; keep on ice away from light)
Recording spectrophotometer (visible wavelength) with 1-ml cuvettes

1. Bring the assay buffer to room temperature and carry out all operations at this
temperature.

2. Adjust the chart recorder to give a 0.2 absorbance unit full-scale deflection.

3. In a 1-ml cuvette, add 50 ul of cytochrome ¢, 10 pl 10 mM EDTA, and 10 ul of 1
mg/ml rotenone to 1 ml of assay buffer.

4. Add up to 50 pl of sample and mix well.

Neither Nycodenz nor iodixanol interfere with this enzyme at the concentrations that are
likely to occur in the assay mixture. If the gradient fractions need to be concentrated, they
should be diluted with 2 vol of HM, sedimented by centrifuging 20 min at 35,000 X g, and
resuspended in a smaller volume of HM.

5. Record the absorbance at 550 nm until the baseline is steady, then add 0.1 ml of
NADPH.

A double-beam recording spectrophotometer is ideal, but, as single-beam instruments are
more commonly available, these steps are designed for such an instrument.

6. Mix well and continue to record the absorbance until a linear increase in value can
be measured over a period of 1 to 2 min.

7. Calculate the activity of the enzyme (lmol cytochrome ¢ reduced/min) by measuring
the slope of the trace.

The molar extinction coefficient of reduced cytochrome c is 27,000.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Assay buffer

Dissolve 0.71 g Na,HPO, in 100 ml water (50 mM final). Dissolve 0.68 g KH,PO,
in another 100 ml water (50 mM final). Add KH,PO, to Na,HPO, to reach pH 7.7.
Store up to 1 to 2 days at 4°C.

Diluent medium (DM)
To 100 ml H,0 add:
12 ml 100 mM disodium EDTA (6 mM final)
60 ml 100 mM MOPS (see recipe; 30 mM final)
1.2 ml ethanol (0.6% v/v final)
Adjust to pH 7.2 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C
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High-density diluent (HD)
To 100 ml H,0 add:
2 ml 100 mM disodium EDTA (1 mM final)
10 ml 100 mM MOPS (see recipe; 5 mM final)
0.2 ml ethanol (0.1% v/v final)
Adjust to pH 7.4 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Homogenization medium (HM)
To 100 ml H,0 add:
17.1 g sucrose (0.25 M final)
2 ml 100 mM disodium EDTA (1 mM final)
10 ml 100 mM MOPS (see recipe; 5 mM final)
0.2 ml ethanol (0.1% v/v final)
Adjust to pH 7.2 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Todoxinol gradient solutions A, B, and C
These gradient solutions are prepared by mixing the following stock solutions at the
volume ratios listed below:

OptiPrep (60% w/v iodixanol; available from Life Technologies, Accurate Chemi-
cal and Scientific, Sigma, and Aldrich)

Diluent medium (DM; see recipe)

1 M sucrose (see recipe)

Gradient solution A (50% w/v iodixinol):
5 vol OptiPrep

0.6 vol DM

0.4 vol 1 M sucrose

Gradient solution B (40% w/v iodixanol):
4 vol OptiPrep

0.6 vol DM

0.7 vol 1 M sucrose

0.7 vol H,O

Gradient solution C (20% w/v iodixanol):
2 vol OptiPrep

0.6 vol DM

1.1 vol 1 M sucrose

2.3 vol H,0

MES, 100 mM
4.16 g 2-(N-morpholino)ethanesulfonic acid (MES)
H,0 to 200 ml
Store up to 2 to 3 months at —20°C

MOPS, 100 mM
4.18 g 3-(N-morpholino)propanesulfonic acid (MOPS)
H,0 to 200 ml

Store 2 to 3 months at —20°C
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Protease inhibitors

Add the following to solutions as required so that the final concentrations are: 1
mM PMSF and 2.0 pg/ml for each of the other inhibitors. Also see APPENDIX 1B
for general information on these compounds. All of these stock solutions may
be stored in aliquots up to 2 to 3 months at —20°C, except PMSF which should
be stored at 4°C.

PMSF: Dissolve 0.348 g phenylmethylsulfonyl fluoride (PMSF; 200 mM final)
in 10 ml of dried propan-2-ol or ethanol.

Antipain: Dissolve 10 mg antipain (1 mg/ml final) in 10 ml of 10% (v/v) di-
methyl sulfoxide (DMSO).

Aprotinin: Dissolve 10 mg antipain (1 mg/ml final) in 10 ml water.

Leupeptin: Dissolve 10 mg leupeptin (1 mg/ml final) in 10 ml of 10% (v/v) di-
methylsulfoxide (DMSO).

Sucrose, I M
34.2 g sucrose (1 M final)
Add H,0 to 100 ml
Store up to 1 to 2 days at 4°C

Yeast high-density diluent (YHD)
To 100 ml H,0 add:
8.55 g sucrose (0.125 M final)
15 mg KCI (1 mM final)
2 ml 100 mM disodium EDTA (1 mM final)
10 ml 100 mM MES (see recipe; 5 mM final)
0.2 ml ethanol (0.1% v/v final)
Adjust to pH 6.0 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Yeast homogenization medium (YHM)
To 100 ml H,0 add:
21.9 g sorbitol (0.6 M final)
15 mg KCI (1 mM final)
2 ml 100 mM disodium EDTA (1 mM final)
10 ml 100 mM MES (see recipe; 5 mM final)
0.2 ml ethanol (0.1% v/v final)
Adjust to pH 6.0 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Yeast low-density diluent (YLD)
To 100 ml H,0 add:
17.1 g sucrose (0.25 M final)
15 mg KCI (1 mM final)
2 ml 100 mM disodium EDTA (1 mM final)
10 ml 100 mM MES (see recipe; 5 mM final)
0.2 ml ethanol (0.1% v/v final)
Adjust to pH 6.0 with 1 M NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C
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COMMENTARY

Background information

Differential centrifugation

As with most subcellular organelles, meth-
ods for the isolation of peroxisomes have come
largely from work with rat liver. With the ex-
ception of nuclei and rough endoplasmic
reticulum (RER), peroxisomes are the densest
of the major subcellular organelles. Perox-
isomes are also one of the major components
of the light mitochondrial fraction, which is
obtained from a homogenate by differential
centrifugation. The “classical” differential cen-
trifugation scheme involves four steps: 600 to
1000 x g for 10 min (nuclear pellet); 3000 to
4000 x g for 10 min (heavy mitochondrial
pellet); 15,000 to 25,000 x g for 20 min (light
mitochondrial fraction); and 50,000 to 100,000
x g for 45 min (microsomal pellet). There is
considerable variation in the actual RCFs used
for each step, and sometimes the isolation of
the heavy mitochondrial fraction is omitted.
Moreover since the size of peroxisomes is quite
diverse (0.2 to 1.0 um), and as there is evidence
for subpopulations of these organelles
(Schrader et al., 1994; van Roermund et al.,
1995), it is not unusual for the homogenate to
be centrifuged at 2000 X g for 10 min, followed
by 22,000 to 25,000 X g for 20 min, in order to
pellet as many of the peroxisomes as possible.
Unavoidably, some of the more rapidly sedi-
menting microsomes will also be pelleted. This
situation is exacerbated if the RCF is increased,;
Lyons et al. (1991) used 41,000 x g for 30 min
to pellet the peroxisomes from a hepatoma
homogenate. Although in this case most of the
microsomes formed a layer on top of the main
organelle pellet, which could be recovered
separately, increased microsomal contamina-
tion of the light mitochondrial pellet is inevita-
ble with this technique. Some protocols, nota-
bly those for cultured cells (e.g., Aikawa et al.,

1991; Wanders et al., 1991; Cohen et al., 1992)
often use a post-nuclear supernatant rather than
alight mitochondrial fraction; in these cases all
of the endoplasmic reticulum (ER) will also be
present. This unavoidable contamination of the
peroxisome-containing fraction by vesicles
from the ER is a significant factor, since this
influences the choice of density gradient me-
dium.

Density gradient centrifugation

The densities of the major components of
the light mitochondrial fraction in a variety of
media are given in Table 3.5.1. In iodinated
density gradient media such as Nycodenz or
iodixanol, the density of peroxisomes is only
slightly lower than that in sucrose; on the other
hand the densities of the other organelles—mi-
tochondria, lysosomes and Golgi mem-
branes—are significantly higher in sucrose
(Graham et al., 1994). The limiting membrane
of peroxisomes is freely permeable to small
solute molecules; these organelles therefore do
not behave as osmotically sensitive particles in
low-molecular mass solutes. Hence their ob-
served density is relatively little affected by the
osmolarity of the suspending solution and re-
flects only the macromolecular composition of
the particle. The observed density of the mito-
chondria, lysosomes, and ER vesicles, on the
other hand, includes the enclosed water com-
ponent and is consequently dependent on the
osmolarity of the gradient.

Although sucrose gradients are still occa-
sionally used to purify peroxisomes from yeast
(e.g., Crane et al., 1994), in the case of mam-
malian tissues and cells they have been totally
superseded by iodinated density gradient me-
dia. In sucrose gradients, peroxisomes are sig-
nificantly contaminated by lysosomes, and this
can only be effectively reduced, in the case of
rat liver, if the animals are injected with Triton

Table 3.5.1 Density of Organelles of the Light Mitochondrial Fraction in Different
Gradient Media
Density (g/ml)

Organelle Sucrose Nycodenz Iodixanol Percoll
Endoplasmic reticulum 1.06-1.23 1.05-1.16 1.03-1.13 1.03-1.06
Golgi membranes 1.05-1.12 1.03-1.08 1.03-1.06 1.03-1.05
Lysosomes 1.19-1.21 1.12-1.15 1.11-1.14 1.06-1.12
Mitochondria 1.17-1.21 1.13-1.16 1.13-1.15 1.05-1.08
Peroxisomes 1.18-1.23 1.17-1.20 1.16-1.19 1.04-1.06
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WR1339 to lower the density of the lysosomes
(Leighton et al., 1968). Although contamina-
tion by mitochondriais less marked, the densest
of these organelles consistently overlap the
lighter peroxisomes. Consequently, the lower
densities of both mitochondria and lysosomes
iniodinated density gradient media make these
media ideally suited to the purification of per-
oxisomes. Since about 1985, Nycodenz has
been the gradient medium of choice, and the
use of preformed gradients in vertical rotors has
become an almost standard technique. Vertical
rotors, with their short sedimentation path
lengths, allow efficient and rapid separations of
organelles. Moreover, the hydrostatic pressures
in vertical rotors (and low-angle fixed-angle
rotors) are much lower than those in swinging-
bucket rotors, thus minimizing any potential
deleterious effects on the organelles. Although
the various published methods using Nycodenz
show some minor differences in the density
range of the gradient, generally they run from
~1.10 to 1.19 g/ml and include a cushion of
density 1.22 to 1.26 g/ml to prevent any perox-
isomes reaching the wall of the tube. This is
essential for vertical rotors. The centrifugation
conditions show the largest discrepancy, vary-
ing from 30,000 x g for 75 min (Kase and
Bjorkhem, 1989; Appelqvist et al., 1990) to
309,000 x g for 60 min (Aikawa et al., 1991).
Without exception, the gradients are top-loaded
with the sample, and many gradients are cen-
trifuged below 60,000 x g for <1 hr. At these
relatively low RCFs and times, any endoplas-
mic reticulum vesicles will probably not reach
their equilibrium density banding position, and
this may virtually eliminate any potential con-
tamination of the peroxisomes.

Although inverse gradients of sucrose are
often used to balance the osmolarity of Ny-
codenz gradients, at concentrations above 30%
w/v (~1.16 g/ml) any Nycodenz solution is
hyperosmotic. Iodixanol solutions on the other
hand can be made isoosmotic at all densities
(Graham et al., 1994); consequently mitochon-
dria and lysosomes have significantly lower
densities (Table 3.5.1) in iodixanol than in Ny-
codenz, and the mitochondria in particular are
easier to resolve from peroxisomes. Moreover,
the latter are also isolated under isoosmotic
conditions. Most organelle separations with
iodixanol are carried out in preformed gradi-
ents. Although the formation of self-generated
gradients of iodixanol is normally carried out
at RCFs above 300,000 x g, gradients with a
relatively shallow median section, which are
ideal for peroxisome purification (see Antici-

pated Results), can be formed at RCFs of
180,000 x g, and although the centrifugation
time maybe 1.5 to 3 hr (depending on rotor
type), the method has the considerable merits
of ease of sample preparation and high repro-
ducibility (Graham et al., 1994).

Peroxisomes can also be isolated under
isoosmotic conditions in Percoll gradients.
Probably because Percoll is a colloidal suspen-
sion of silica, rather than a true solute, mam-
malian peroxisomes behave rather differently:
they exhibit a much lower density than in su-
crose, Nycodenz, or iodixanol, and they are
generally well resolved from both mitochon-
dria or lysosomes (see Table 3.5.1). However,
why the density of the major organelles in
iodinated density gradient media
(lysosomes<mitochondria<peroxisomes)
should be essentially reversed in Percoll is not
clear. In some nonmammalian systems, how-
ever, for example the filamentous hemiascomy-
cete Ashbya gossypii (Maeting, et al., 1999),
peroxisomes are denser than mitochondria in
Percoll.

Although the formation of Percoll gradients
has the great merit of self-generation at low
RCFs and centrifugation times, a major prob-
lem with these gradients is that endoplasmic
reticulum vesicles in the light mitochondrial
fraction from mammalian tissues always copu-
rify with the peroxisomes (see Table 3.5.1), as
evinced by the coincidence of catalase and
glucose-6-phosphatase profiles (see for exam-
ple Schepers et al., 1989). One other problem
that is rarely considered is the potential con-
tamination from Golgi membranes in Percoll
gradients. In the case of liver in particular, a
large proportion of the Golgi will sediment in
the LMP. According to Schweizer et al. (1991)
the Golgi membranes also band at alow density
in Percoll, as they do in iodixanol and Ny-
codenz (see Table 3.5.1). In Percoll, therefore,
they are likely to contaminate the peroxisomes,
while in iodixanol (and Nycodenz), Golgi
membranes band at the opposite end of the
gradient from the peroxisomes.

Moreover, before spectrophotometric as-
says for peroxisomes (and other organelles) can
be carried out, it is usually necessary to remove
the Percoll by centrifugation, because of the
light-scattering properties of this medium. Dur-
ing this procedure the peroxisomes will also
sediment and they are recovered as a loose layer
above the Percoll pellet. However Osmundsen
(1982) established that this procedure ac-
counted for an approximately 50% loss of the
organelles. As long as the organelles are at a
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sufficiently high concentration in the gradient
fractions, removal of the medium is generally
not a strict requirement for either Nycodenz or
iodixanol gradients. If the peroxisomes do need
to be concentrated or if the medium does inter-
fere with some subsequent procedure, then a
simple dilution of the fraction(s) with buffer to
reduce the density, followed by pelleting of the
organelles, will give high recoveries.

Critical Parameters and
Troubleshooting

Homogenization

Only cultured cells may provide a signifi-
cant homogenization problem. Many mono-
layer cells can be disrupted in an isoosmotic
sucrose medium using relatively mild liquid
shear conditions; this minimizes any damage
to peroxisomes and loss of intra-organelle com-
ponents. Watkins et al. (1991) observed that the
standard liquid shear techniques of Dounce or
Potter-Elvehjem homogenization led to the re-
lease of soluble peroxisomal macromolecules
from HepG2 cells, and stressed the need to use
the more gentle disruptive forces provided by
the ball-bearing device of Balch and Rothman
(1985). Nevertheless, other workers using the
same cells have used up to 50 strokes of the
pestle of a Potter-Elvehjem homogenizer
(Wanders et al., 1991; Cohen et al., 1992).
Nitrogen cavitation is another alternative and
was used by Volkl and Fahimi (1985). If only
Dounce or Potter-Elvehjem homogenizers are
available, ahomogenization medium of 0.25 M
sucrose/1 mM EDTA/10 mM triethanolamine-
acetic acid, pH 7.4 (Marsh et al., 1987), com-
bined with no more than 10 strokes of the pestle
of atight-fitting Dounce homogenizer, has been
found to be widely applicable to monolayer
cells (and fibroblasts in particular). For a more
complete discussion of these problems see
Evans (1992) and Graham (1997).

Differential centrifugation

The aim of the homogenization should be to
devise conditions such that >290% of cells are
disrupted with the minimum release of perox-
isomal markers into the medium. To check this
out, all of the differential centrifugation frac-
tions, including the microsomes and the cytosol
(100,000 x g/45 min pellet and supernatant),
should be assayed for organelle markers and
proteins (see Anticipated Results). For tissues
or cells other than those described in this unit,
always carry out a more thorough differential
centrifugation (e.g., 600 x g/10 min, 3000 x
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g/10 min, 15,000 x g/10 min; 25,000 x g/10
min, 40,000 x g/10 min) in order to devise the
optimal protocol.

Density gradient centrifugation

For a tissue or cell other than one of those
described in this unit, it may also be necessary
to modulate some of the gradient and/or cen-
trifugation conditions in the light of experience.
For example, try making the gradient more or
less dense at the bottom to take account of
organelles that may be correspondingly more
or less dense. Modifications will also need to
be made if the type of rotor described in the
protocol is not available. If a swinging-bucket
or fixed-angle rotor is substituted for a recom-
mended vertical rotor, then the centrifugation
times will have to be increased to take account
of the longer sedimentation path lengths.

The preparation of preformed continuous gra-
dients using a two-chamber gradient maker re-
quires considerable practice to achieve highly
reproducible gradients, and some of the important
points in operating such devices are covered by
Dobrota and Hinton (1992). A Gradient Master,
which involves simply layering the densest and
lightest solutions in the centrifuge tube, provides
a more expensive but reproducible alternative. If
neither of these are available, then a discontinuous
gradient constructed from three or four solutions,
spanning the required density range, can be pre-
pared and allowed to diffuse, usually overnight at
4EC. Note that the time required for complete
linearity to be achieved will depend on the tube
diameter and the volume of each layer. Always
collect a blank gradient and check (using refrac-
tive index) that the gradient is indeed linear and
covers the appropriate density range.

In self-generated gradients of iodixanol (Al-
ternate Protocol 1), the light mitochondrial
fraction is mixed with OptiPrep to a uniform
starting concentration of 25% iodixanol; the
gradient forms and the particles move to their
banding density during the centrifugation. It is
important that the gradient generated be rela-
tively shallow in the middle of the gradient (p
= 1.14 to 1.16 g/ml) to achieve a satisfactory
linear separation between the mitochondria and
peroxisomes (see Anticipated Results).

Enzyme and other assays

Prior to the execution of an enzyme assay
(or other measurement), it is common practice
to remove the gradient medium from each gra-
dient fraction by dilution with 2 to 4 volumes of
a low-density medium, followed by centrifuga-
tion to pellet the organelles and resuspension in
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the same low-density medium. The latter is
often the homogenization medium, or, if it is
isoosmotic, a medium used for the subsequent
assay. This practice eliminates any possible
interference of the gradient medium on the
subsequent procedure(s), and it is described in
the final steps of each Basic Protocol. In many
instances, however, the sample volumes used
in the assay are sufficiently small (as in the
Support Protocol) that the gradient solute is
adequately diluted so as not to cause any inter-
ference in the assay, even at the highest density.
Thus, so long as the concentration of organelles
in the gradient fraction is high enough for the
enzyme activity to be detectable, the assay may
be performed directly without washing. If,
however, either of these requirements are not
met, then dilution, pelleting and resuspension
of the pellet in a smaller volume are unavoid-
able.

In order to determine specific activities of
measured enzymes, it is also necessary to esti-
mate the protein content of fractions. Nycodenz
and iodixanol interfere with methods using the
Folin-Ciocalteu reagent; however, if small vol-
umes (<100 pl) of fraction are used in a 1- to
2-ml assay volume, the concentration of gradi-
ent solute in the assay solution is <10% (w/v)
and the interference is marginal. Methods based
on Coomassie blue are generally unaffected by
any concentration of gradient solute.

The only significant interference of com-
mon peroxisome functional assays by Ny-
codenz (and by implication by iodixanol too)
is phytanic acid o-oxidation (Singh et al.,
1993).

Anticipated Results

Basic Protocol 1
The expected distribution of the major or-
ganelle enzyme markers in the nuclear, heavy

mitochondrial, light mitochondrial, microso-
mal, and cytosolic fractions from a rat liver
homogenate is given in Table 3.5.2. If the first
750 x g is omitted, the figures for the percent
protein and percent enzyme content of the 3500
x g pellet will be the sum of the nuclear and
light mitochondrial fractions. If the actual
RCFs and times used are different from those
in Basic Protocol 1, then the data will also be
similarly different. Nevertheless, the overall
pattern of enzyme content should remain the
same. In the case of HepG2 cells, the percent
of the total catalase in the light mitochondrial
fraction is reported (Watkins et al., 1991) at
32%, and the mitochondria tend to be more
prevalent in the heavy mitochondrial fraction
(48%) compared to the nuclear fraction (16%).
Organelles from a yeast homogenate also con-
form to this overall pattern.

Basic Protocol 2

Fractions 5 to 14 of the gradient (~10 ml)
contain ~85% of the total catalase activity re-
covered from the gradient (Fig. 3.5.1). There is
no detectable contamination from mitochon-
dria, lysosomes, or endoplasmic reticulum in
these fractions whatsoever.

Alternate Protocol 1

The bottom seven fractions of the gradient
(=5 ml) contain nearly 90% of the total catalase
activity recovered from the gradient (Fig.
3.5.2). There is no detectable contamination
from mitochondria, lysosomes, or endoplasmic
reticulum (not shown), which co-bands with
the lysosomes in this gradient.

Basic Protocol 3

There will be some small differences in the
precise banding position of the peroxisomes (in
terms of the distance from the bottom of the
tube) which reflect the density profile of the

Table 3.5.2 Protein and Enzyme Distribution in Rat Liver Differential Centrifugation Fractions®”

Percent (relative sp. act.)

Fraction Protein Catalase SDH NADPH cyt c red AP

Nuc 30-35 20-25 (<1.0)  50-60 (<2.0) 20-25 (<1.5) 20-25 (<2.0)
H Mit 15-25 7.5-12.5(<0.5) 20-25 (>3.0) 5-7.5 (<0.2) 10-12.5 (<1.0)
L Mit 7.5-12.5 20-25 (>3.0) 5-10(<2.0) 5-10 (<1.0) 20-25 (>3.0)
Mic 12.5-17.5 1-2 (<0.2) 10-15 (<0.5) 50-55 (>3.0) 2-5 (<0.2)
Cytosol 25-30 25-30 (<1.0) 0 5-10 (<0.5) 20-25 (<1.5)

YFigures are percent of protein and enzyme in each fraction and figures in parenthesis are relative specific activity of

enzymes (percent enzyme/percent protein).

bAbbreviations: AP, acid phosphatase; H Mit, heavy mitochondrial; L Mit, light mitochondrial; Mic, microsomal; NADPH
cyt ¢ red, NADPH cytochrome c¢ reductase; Nuc, nuclear; SDH, succinate dehydrogenase.
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gradient, the concentration of Nycodenz cush- of the gradient. The example given in Figure
ion (if present), and the centrifugation condi- 3.5.3 is from Wilcke and Alexson (1994) who
tions. Nevertheless there will be an overall used a 25% to 50% Nycodenz gradient, a 60%
similarity of organelle banding, with the per- cushion, and 60,000 X g for 35 min in a vertical
oxisome peak being very close to the bottom  rotor. Approximately 70% of the total catalase
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Figure 3.5.1 Isolation of peroxisomes in a preformed continuous gradient of iodixanol in a
fixed-angle rotor. Fraction 1 is the dense end of the gradient. Distribution of enzymes: GDH,
glutamate dehydrogenase (filled squares); Cat, catalase (filled triangles); AP, acid phosphatase
(open inverted triangles); G6Pase, glucose-6-phosphatase (filled circles). Data is adapted from Van
Veldhoven et al. (1996) with permission of Academic Press.
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Figure 3.5.2 |Isolation of peroxisomes in a self-generated gradient of iodixanol in a 12-ml fixed-
angle rotor. Fraction 1 is the dense end of gradient. Distribution of enzymes: Cat, catalase (filled
triangles); SDH, succinate dehydrogenase (filled squares); fGal, B-galactosidase (open inverted
triangles). Data is adapted from Graham et al. (1994) with permission of Academic Press.
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Figure 3.5.3 |[solation of peroxisomes in a 25% to 50% (w/v) Nycodenz gradient (60,000 x g for

35 min) in a vertical rotor. Fraction 1 is the dense end of the gradient. Distribution of enzymes: Cat,
catalase (filled triangles); Cytox, cytochrome oxidase (filled squares); AP, acid phosphatase (open
inverted triangles); Est, esterase (filled circles; endoplasmic reticulum marker). Data is adapted from
Wilcke and Alexson (1994) with permission of European Journal of Biochemistry.

in the gradient is recovered from the first eleven
fractions, with essentially no contamination
from any other organelle. Compared to iodix-
anol, there is a greater tendency for some of the
lighter peroxisomes to overlap the denser
lysosomes and mitochondria.

Alternate Protocol 2

Because density barriers are less discrimi-
nating than continuous gradients, it is difficult
to choose a single density that will give both
good yields and lack of contamination by other
organelles. Nevertheless the 30% Nycodenz
barrier devised by Ghosh and Hajra (1986)
should give a yield of ~50% of the catalase from
the light mitochondrial fraction, with <2% of
the lysosomes, mitochondria, and endoplasmic
reticulum.

Basic Protocol 4

In this yeast protocol, ~55% of the total
catalase is located in the bottom half of the
gradient with no detectable contamination from
mitochondria (Watkins et al., 1998). Unlike the
mammalian systems, however, the rest of the
lighter catalase-containing particles form a sec-
ond well defined peak, which co-bands with the
mitochondria. Moreover the median banding
densities of all of the particles in Nycodenz
gradients appear significantly lighter than their

mammalian counterparts. Peroxisomes have a
median density of ~1.16 g/ml and that of the
mitochondria s as low as 1.12 g/ml (Thieringer
etal., 1991).

Basic Protocol 5

The density of the organelles from HepG2
cells is almost identical to that of those from rat
liver. Approximately 55% of the total catalase
bands in the lowest third of the gradient; this
peroxisome band is devoid of succinate dehy-
drogenase, but contains ~8% of the total ER in
the gradient (Watkins et al., 1991). The overall
distribution of enzyme markers is, however,
essentially identical to that of Basic Protocol 3.

Time Considerations

There are no points at which any of the basic
protocols can be discontinued. The light mito-
chondrial fraction produced in Basic Protocol
1 must be used immediately for any subsequent
gradient separation. Preformed gradients
should be made up during Basic Protocol 1 and
kept on ice until required. If they are prepared
at room temperature, they must be given time
to cool down to 4°C.

Basic Protocol 1 should be accomplished in
2 to 2.5 hr. If the preformed iodixanol or Ny-
codenz gradients have been made up either the
previous night (diffusion of discontinuous gra-
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dients) or during Basic Protocol 1, Basic Pro-
tocols 2 and 3 should take ~3 hr. Alternate
Protocol 1 will also take ~3 hr (depending on
the rotor), but the preparations prior to centrifu-
gation are considerably simpler and shorter.
Basic Protocol 3 should take no more than 2 hr.
Because of the ~4 hr spheroplast preparation
time, Basic Protocol 4 will require in total ~7
hr. Basic Protocol 5 should be completed within
35hr

With experience and practice it may be un-
necessary to unload the gradients in a series of
equal fractions; instead the peroxisome band
might be removed using a Pasteur pipet or
syringe—this will save at least 15 min per tube.

Functional assays should be carried out as
soon as possible after the preparation, but sim-
ple marker enzyme assays (such as described
in this unit and in UNIT 3.4) can be carried out on
material stored at 0° to 4°C for up to 16 hr
without much loss of activity. These assays and
compositional measurements may also be car-
ried out on material frozen to —20° or —80°C.
There are, however, no general rules regarding
the suitability of a particular storage regime,
and itis strongly recommended that the validity
of results on stored material be checked by
comparison with those obtained with the fresh
organelles. Any concentration of the membrane
fractions and/or removal of gradient medium
must be carried out prior to freezing.

All the solutions can be made up ahead of
time and stored at 4°C for 1 to 2 days or frozen
to —20°C for longer periods. But note that any
enzymes, as well as PMSF or other protease
inhibitors, should be added immediately prior
to use.
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Isolation of Lysosomes from Tissues and
Cells by Differential and Density Gradient
Centrifugation

Lysosomes are widely studied organelles; they are an integral part of the complex traffic
of membrane vesicles between intracellular and surface membranes. Most notably, they
are the site of degradation of macromolecules which have been brought into the cell by
endocytosis. Most of the biochemical and structural analysis of lysosomes has been carried
out on organelles from rat liver. A Percoll gradient method for this still widely-used tissue
is described in this unit (see Basic Protocol 1). In the italicized annotations to this protocol,
there are some comments regarding the application to other mammalian tissues (i.e., brain
and kidney). More recently, the study of lysosomes as part of the endocytic and synthetic
processes has been performed on organelles from a wide range of cultured cells. Because
of the diversity of homogenization procedures and minor variations in the Percoll centrifu-
gation regime used for cultured cells, it is not practical to present each cell type in a detailed
protocol. A second procedure (see Basic Protocol 2) describes the isolation of lysosomes
from HL-60 cells and the italicized annotations, a few of the many variants. The Commen-
tary also presents some of the protocol variations used for cultured cells.

Since lysosomes, mitochondria, and peroxisomes have similar and overlapping densities
in sucrose gradients, in the past, density perturbation of the lysosomes by Triton WR1339
loading was a prerequisite to achieving satisfactory purification in these gradients. With
the advent of low-osmolarity Percoll and Nycodenz gradient media, the use of sucrose
gradients declined and they are little used today, being generally regarded as unsatisfac-
tory for lysosome purification. Nevertheless, to obtain the highest yields and purities of
lysosomes, density perturbation can improve the resolution of Percoll gradients. This
approach is presented in Alternate Protocol 1. Alternate Protocol 2 describes the use of a
discontinuous gradient of Nycodenz for rat liver lysosomes. None of these systems are
recommended for concomitant purification of the other major organelles in the light
mitochondrial fraction (mitochondria and peroxisomes); this is best carried out by
flotation of the light mitochondrial fraction through a continuous iodixanol gradient,
described in Alternate Protocol 3.

After collecting the banded material from the gradients, the success of the fractionation
is routinely measured by assaying for various marker enzymes; acid phosphatase (see
Support Protocol 1) or a glycosidase such as 3-galactosidase (uniT3.4) are commonly used
for lysosomes. For peroxisomes, mitochondria, and endoplasmic reticulum, respectively,
catalase, succinate dehydrogenase (uniT 3.4), and NADPH-cytochrome c¢ reductase (unir
3.5) may be used as markers.

IMPORTANT NOTE: All solutions, glassware, centrifuge tubes, and equipment should
be precooled to 0° to 4°C and kept on ice throughout. Centrifuge rotors should be
precooled to the same temperature.

ISOLATION OF LYSOSOMES FROM RAT LIVER USING A
SELF-GENERATED PERCOLL GRADIENT

From a mammalian tissue homogenate, the lysosomes are always purified from a light
mitochondrial fraction (LMF), this is also occasionally true of cultured cell homogenates.
Routinely, lower relative centrifugal forces (RCFs) are required to produce the LMF for
lysosome purification than for peroxisome purification (unir 3.5). A medium containing
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buffered 0.25 M sucrose and 1 mM EDTA is routinely used both for the homogenization
and as the osmotic balancer for the Percoll gradient.

The LMF is either mixed with a Percoll stock solution or layered on top of a uniform
concentration of Percoll, normally in the range 25% to 40% (v/v), and most commonly
centrifuged in a fixed-angle rotor for 30 to 90 min at 20,000 to 35,000 X g. A gradient is
generated by the centrifugal field and the lysosomes are the densest organelle in this
system. The normal mode of harvesting the gradient is either tube puncture (for thin-
walled centrifuge tubes only) or aspiration from the bottom of the gradient. In a technique
requiring practice and experience, the principal lysosome band can be removed using a
syringe attached to a long metal cannula. See Commentary for more information on the
manner in which the lysosomes are banded in these gradients. The protocol below is
adapted from Jonas (1986) and Symons and Jonas (1987).

Percoll must normally be removed from gradient fractions before any spectrophotometric
assay for marker enzymes can be carried out, because of the light-scattering properties of
the medium. It is also advisable to remove the medium before carrying out any electro-
phoresis.

While isolation from liver is the focus of this protocol, the use of both brain (Caimi et al.,
1989) and kidney (Ohshita et al., 1992) tissues are described in the annotations where
appropriate.

NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) and must follow officially
approved procedures for the care and use of laboratory animals.

NOTE: The following protocol is suitable for a single rat liver of wet weight 10 to 12 g.

Materials

150- to 200-g Sprague-Dawley rats
Homogenization medium (HM; see recipe)
Percoll stock solution (see recipe)

Dissecting equipment

~40- and ~5 ml Dounce homogenizers with loose-fitting Wheaton type B pestles
(e.g., Kontes)

Low-speed centrifuge with swinging-bucket rotor to take 50-ml tubes

Sorvall RC series centrifuge and SE-12 and SS-34 rotors or equivalents

Gradient unloader: thin metal cannula connected to a peristaltic pump

Ultracentrifuge with fixed-angle rotor (e.g., Beckman 50 Ti or 70.1 Ti or Sorvall
T-865.1)

NOTE: Protease inhibitors (uniT 3.4) can be added to any or all of the solutions.

Isolate and homogenize liver
1. Starve the animal overnight.

2. Sacrifice the animal by cervical dislocation or decapitation.
This must be supervised or carried out by an experienced animal technician.

3. Open the abdominal cavity and remove the liver to a chilled beaker containing ~20
ml of homogenization medium (HM).

4. Decant the medium and finely mince the liver using scissors.

The pieces of liver should be no more than ~25 mm’.
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5.

Suspend the mince in ~40 ml of HM and homogenize the liver using 15 to 20 strokes
of the type B pestle of the 40-ml Dounce homogenizer.

If only a smaller-volume Dounce homogenizer is available, carry out the homogenization
in two batches. Brain tissue should be homogenized in 3 vol of HM containing a higher
sucrose concentration (0.32 M) using a 50-ml Potter-Elvehjem homogenizer (0.2 mm
clearance) with five gentle strokes at 500 rpm . For kidney tissue use 9 vol of HM (0.25 M
sucrose) in a Potter-Elvehjem homogenizer.

Isolate light mitochondrial fraction

6.

11.

12.
13.

14.
15.

Centrifuge the homogenate 10 min at 750 X g, 0° to 4°C, in a low-speed centrifuge
with a swinging-bucket rotor.

Decant and retain the supernatant.

. Crudely resuspend the pellet in 20 ml of HM using a glass rod. Complete the

resuspension using 3 to 4 gentle strokes of the type B pestle of the Dounce homoge-
nizer

. Repeat steps 6 and 7.
10.

Combine the supernatants and transfer to ~50-ml high-speed centrifuge tubes.
This is the post-nuclear supernatant (PNS).

Centrifuge 10 min at 20,000 X g in Sorvall RC series centrifuge and SS-34 or
equivalent fixed-angle rotor, 0° to 4°C.

Decant and discard the supernatant

Suspend the light mitochondrial pellet (LMP) in ~40 ml HM using a glass rod
followed by 3 to 4 gentle strokes of the pestle of the Dounce homogenizer.

Centrifuge 10 min at 20,000 X g, 4°C, and discard the supernatant.

Resuspend the LMP in ~6 ml HM using a glass rod. Complete resuspension with 3
to 4 gentle strokes of the pestle of the 5 ml Dounce homogenizer.

The homogenate (light mitochondrial fraction; LMF) should contain ~25 mg/ml protein.

Purify lysosomes

16.

17.

Mix 4.5 ml of Percoll stock solution with 5.5 ml LMF from step 15.
This is equivalent to ~40% (v/v) Percoll.

Transfer 10 ml of the Percoll/LMF mixture to each high-speed centrifuge tube and
centrifuge 90 min at 35,000 X g, 0° to 4°C, in a Sorvall SE-12 or equivalent fixed-angle
rotor.

The gradient can also be generated in an ultracentrifuge fixed-angle rotor. Such a rotor is
required to remove the Percoll particles from the gradient fractions (see step 19).

Because the gradient reorients in the tube during deceleration from 2,000 rpm to rest, use
a slow deceleration during the braking phase so deceleration occurs smoothly and
disturbance of the gradient and the banded material is avoided.

For brain lysosomes, layer 4 ml of LMF over 36 ml of 27% (v/v) Percoll and centrifuge 90
min at 20,000 X g. Kidney lysosomes: mix LMF with Percoll stock to 40% (v/v) Percoll and
centrifuge 30 min at 47,000 X g.
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18. Harvest the gradient (preferably dense-end-first) in ~1 ml fractions from the top using
a gradient unloader; the lysosomes band in the bottom 1 to 2 ml.

Alternatively, a syringe (1 to 2 ml) with metal cannula (i.d. 1 mm) can be used to collect
equal-volume fractions from the top or bottom of the gradient. Thin-walled tubes can be
unloaded by tube puncture.

19. Ultracentrifuge the fractions 1 hr at 100,000 x g, 0° to 4°C, and collect the turbid
layer of lysosomes just above the Percoll pellet.

20. Perform metabolic assays for lysosomes (see Support Protocols 1 and 2), perox-
isomes (UNIT 3.4), mitochondria (UNIT 3.4), or endoplasmic reticulum (UNIT 3.5) as soon
as possible upon preparation.

If necessary dilute the lysosomes to 1 to 5 mg protein/ml with HM.

Some marker enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many
assays can be carried out on material frozen to —20°C or —80°C; however, always check
that the measurements that are made are relatively unaffected by the storage conditions by
comparing with results obtained from fresh material.

ISOLATION OF LYSOSOMES FROM RAT LIVER USING DENSITY
PERTURBATION AND A SELF-GENERATED PERCOLL GRADIENT

After intraperitoneal injection of the carbohydrate polymer dextran, the macromolecule
is endocytosed by the liver and delivered to the lysosomes, thereby increasing their
density. On the other hand, if the post-nuclear supernatant of a liver homogenate is made
1 mM with respect to Ca**, the mitochondria take up water and become considerably less
dense. This bimodal density perturbation approach was devised by Arai et al. (1991) to
improve the yield and resolution of lysosomes from mitochondria in Percoll gradients.
These dextran-perturbed lysosomes are sometimes called dextranosomes. The following
method is adapted from Arai et al. (1991).

NOTE: All protocols using live animals must first be reviewed and approved by an
Institutional Animal Care and Use Committee (IACUC) and must follow officially
approved procedures for the care and use of laboratory animals.

Additional Materials (also see Basic Protocol 1)

100 mg/ml dextran solution (see recipe)

Homogenization medium (HM; see recipe) without EDTA
100 mM CaCl, (see recipe)

Percoll stock solution (see recipe) without EDTA

2-ml syringe and 23-G needle

Beckman 70.1 Ti rotor
1. Inject rats intraperitoneally with 1 mg dextran per gram of body weight using a 2-ml
syringe and 23-G needle.

This must be carried out by a properly trained and licensed operative.
Sacrifice the animal by decapitation or cervical dislocation.
Blanch the liver by perfusion from the portal vein with 20 to 30 ml ice-cold HM.
Prepare the PNS (see Basic Protocol 1, steps 3 to 10).

Measure the volume of PNS; add 0.01 vol of 100 mM CaCl,, and incubate 5 min at
37°C.

6. Cool the suspension back to 0° to 4°C and prepare the LMF (see Basic Protocol 1,
steps 11 to 15).

ok e
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7. Mix 5.5 ml of Percoll stock solution with 4.5 ml of the LMF and ultracentrifuge 15
min at 60,000 x g in a 70.1 Ti or equivalent fixed-angle rotor, 0° to 4°C.

This is equivalent to ~50% (v/v) Percoll.

8. Collect the gradient and process the fractions as described (see Basic Protocol 1, steps
18 to 20).

The dextranosomes band close to the bottom of the gradient.

ISOLATION OF LYSOSOMES FROM A RAT LIVER LIGHT
MITOCHONDRIAL FRACTION IN A DISCONTINUOUS GRADIENT OF
NYCODENZ

The discontinuous metrizamide gradient devised by Wattiaux and Wattiaux-De Coninck
(1983) has been superseded by a Nycodenz gradient covering the same density range
(Olsson et al., 1989). The light mitochondrial fraction is adjusted to a high density and
layered under the gradient; bottom-loading has been shown (Wattiaux and Wattiaux-De
Coninck, 1983) to be preferable for isolation of lysosomes in this system.

As Nycodenz is a true solute, the gradient fractions do not require centrifugation at
100,000 X g (as for Percoll) to remove the gradient medium; if necessary the organelles
can be pelleted 15 min at 20,000 x g after dilution of the fractions with 2 vol of HM.

Additional Materials (also see Basic Protocol 1)

45% Nycodenz stock solution (see recipe)
Ultracentrifuge with swinging-bucket rotor to take ~38-ml tubes (e.g., Beckman
SW28, Sorvall AH629, or equivalent)

Gradient unloader: 1- to 2-ml syringe attached to metal cannula (i.d. 1 mm)

1. Prepare LMF as described (see Basic Protocol 1, steps 1 to 15). To keep the sample
volume to a minimum, resuspend the LMP in 3 to 4 ml of HM.

2. To 1 vol of LMF add 2 vol 45% Nycodenz stock solution.

3. Prepare 19%, 24%, 26%, and 30% Nycodenz by dilution of 45% Nycodenz stock
solution in HM.

4. Transfer 8 ml of 19% Nycodenz to a tube for the SW-28 rotor (or equivalent), and,
using a syringe and metal cannula, underlayer 7 ml each of the other three gradient
solutions in order of increasing density. Underlayer 9 ml of LMF in the bottom of the
tube.

5. Ultracentrifuge 2 hr at 95,000 x g, 0° to 4°C.

6. Harvest the lysosomes from the 19%/24% interface using a syringe and metal
cannula.

7. If required, dilute the fraction with 22 vol of HM and centrifuge 20 min at 30,000 x
g, 0° to 4°C.

8. Resuspend the pellet in HM to 1 to 5 mg protein/ml.
9. Process the fractions as described (see Basic Protocol 1, step 20).

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20°C or —80°C; always check that the measurements
that are made are relatively unaffected by the storage conditions by comparing with results
obtained with fresh material.
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FRACTIONATION OF A RAT LIVER LIGHT MITOCHONDRIAL
FRACTION IN A CONTINUOUS IODIXANOL GRADIENT

Occasionally it is necessary to at least partially purify the other organelles in the light
mitochondrial fraction (as well as the lysosomes), as, for example, when the localization
of a particular component or function is being determined (i.e., a gradient is being used
analytically rather than preparatively). In this case, none of the gradients described in
Basic Protocol 1 or Alternate Protocols 1 and 2 are really suited to this task, because
mitochondria, peroxisomes, and endoplasmic reticulum tend to copurify (particularly in
Percoll gradients). The continuous iodixanol gradient described in this protocol over-
comes this problem to a large extent. Bottom-loading of the sample in a dense medium
is described, but top loading can be used.

Additional Materials (also see Basic Protocol 1)

OptiPrep diluent (see recipe)

OptiPrep (Accurate Chemical)

Dense gradient unloading liquid (e.g., Maxidens; Lipotek, U.K.)
Two-chamber gradient maker or Gradient Master

Gradient unloader
Ultracentrifuge with Beckman SW28.1 or equivalent swinging bucket rotor

1. Prepare the LMF (see Basic Protocol 1, steps 1 to 15), but suspend the final pellet in
3.5 ml HM.

2. Prepare 50% (w/v) iodixanol stock by combining 5 vol of OptiPrep (60% iodixanol)
and 1 vol OptiPrep diluent. Mix 3.0 ml of LMF with 4.5 ml of 50% iodixanol stock
by repeated inversion.

NOTE: Do not shake the tube so vigorously as to create foaming.

If the sample is going to be loaded on top of the gradient rather than beneath it, then omit
this step.

3. Prepare a linear iodixanol gradient in the 17-ml centrifuge tubes from 6 ml each of
19% and 27% (w/v) iodixanol.

If the gradient is prepared with a Gradient Master use an angle of 80°, 20 rpm, and a time
of 1 min 50 sec.

4. Underlayer the gradient with 3 ml of the LMF/iodixanol from step 2, using a syringe
and metal cannula.

5. Overlayer the gradient with 1 ml of HM.

Alternatively underlayer the gradient with 1 ml of 30% iodixanol (3 vol iodixanol stock
and 2 vol HM) and then layer 3 ml of LMF on top of the gradient.

6. Ultracentrifuge 2 hr at 110,000 x g, 0° to 4°C. Collect the gradient in 1-ml fractions,
low-density end first by upward displacement with a dense liquid (e.g., Maxidens).

The lysosomes band close to the top of the gradient.
7. If required, dilute the fraction with 2 vol of HM and centrifuge 20 min at 30,000 X g,
0° to 4°C.
8. Resuspend the pellet in HM to 1 to 5 mg protein/ml.
9. Process the fractions as described (see Basic Protocol 1, step 20).

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that the measurements that
are made are relatively unaffected by the storage conditions by comparing with results
obtained with fresh material.
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ISOLATION OF LYSOSOMES FROM HUMAN HL-60 CULTURED CELLS
USING A SELF-GENERATED PERCOLL GRADIENT

This is an example of the use of a post-nuclear supernatant from a cultured cell
homogenate. While similar homogenization media and centrifugation and analysis pro-
tocols, with minor modifications, have been applied to the isolation of lysosomes from a
variety of cultured cells, the form of homogenization that has been used is extremely
variable. The protocol below has been adapted from the method of Carlsson and Fukuda
(1992), as these authors used the ball-bearing homogenizer of Balch and Rothman (1985),
which causes very little damage to subcellular organelles. The homogenization proce-
dures used for cultured cells are too diverse to be covered comprehensively in this text
(see Graham, 1997 for more information), but a few alternatives are suggested in the
italicized annotations and discussed more fully in the Commentary. Whatever homogeni-
zation method is used, the aim should be to produce ~90% cell breakage using the
minimum shearing forces.

Materials

HL-60 cells (ATCC#CCL-240) in homogenization medium
Phosphate-buffered saline (PBS; APPENDIX 24)
Homogenization medium (HM; see recipe)

10% (w/v) bovine serum albumin (BSA)

Percoll stock solution

10% (w/v) Nonidet-40 (NP-40) in water

Ball-bearing cell homogenizer (see Balch and Rothman, 1985, for more details)

Low-speed centrifuge with swinging-bucket rotor to take 10-ml tubes

Sorvall high-speed centrifuge with SE-12 and SS-34 or equivalent fixed-angle
rotors

Beckman ultracentrifuge with 50Ti, 70Ti, T865 (Sorvall), or equivalent
fixed-angle rotor

Gradient unloader: thin metal cannula connected to a peristaltic pump

NOTE: An ultracentrifuge rotor is required to pellet Percoll (step 12), but gradient
formation (step 10) can be carried out in a high-speed centrifuge or ultracentrifuge.

NOTE: Protease inhibitors (UNIT 3.4) can be added to any or all of the solutions.

1. Wash 1-3 x 10® HL-60 cells once with 5 ml phosphate buffered saline (PBS), and
again with 5 ml of HM, pelleting cells by centrifugation at 500 X g for 10 min.

In some methods the EDTA is omitted from the homogenization medium (and the Percoll
diluent). The inclusion of EDTA is dependent on the subsequent procedures to be done on
purified lysosomes, and how well cells homogenize (some cells will not homogenize without
EDTA). An alternative medium in which 10 mM triethanolamine-acetic acid, pH 7.4
replaces the HEPES buffer has been found to be suitable to many monolayer cultures
(Marsh et al., 1987).

2. Suspend the cells in 3 ml of HM.
3. Homogenize in the ball-bearing homogenizer using 5 passes.

See Balch and Rothman (1985), for more details on the use of ball-bearing homogenizers.
A Dounce (Finley and Kornfeld, 1994; Lipman et al., 1990; Muno et al., 1990) or
Potter-Elvehjem homogenizer (Akasaki et al., 1993), or nitrogen cavitation (Kelly et al.,
1989) may be used if the ball-bearing homogenizer is not available.

4. Rinse the homogenizer with 0.5 ml of HM and add to the homogenate.
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10.

11.

12.

13.

. Pellet the nuclei, cell debris and any unbroken cells by centrifuging at 800 X g for 10

min in a low-speed centrifuge.

Decant or aspirate the supernatant and keep on ice.

. Suspend the nuclear pellet in 1 ml of HM (use gentle vortexing). Repeat steps 5 and

6.

. Combine the supernatants, adding adding HM to a final total volume of 3.5 ml if

necessary.

Mix 3 ml of supernatant with 0.18 ml 10% bovine serum albumin (BSA), 1.0 ml of
Percoll stock solution, and HM to a final volume of 4.5 ml.

The final Percoll concentration is 20%.

In some methods the post-nuclear fraction is layered over the Percoll solution and other
Percoll concentrations that have been used are ~27% and 35% (v/v).

Ultracentrifuge 30 min at 36,000 x g in a Beckman 50 Ti rotor or equivalent
fixed-angle rotor, 0° to 4°C.

Centrifugation conditions vary from 60 min at 15,000 X g to 40 min at 62,500 X g and the
gradient volume may be as high as 35 ml.

The density profile required to achieve high resolution will depend on cell type and HM
composition. Centrifugation conditions required to produce this profile will depend on
rotor type.

Collect the gradient dense-end-first (0.4-ml factions) using a gradient unloader.
The lysosomes band close to the bottom of the gradient.
A thin metal cannula connected to a peristaltic pump can be used as a gradient unloader.

Add 10% Nonidet-40 (NP-40) to each gradient fraction (final concentration 0.5%)
before pelleting the Percoll by ultracentrifuging 1 to 2 hr at 100,000 x g, 0° to 4°C.

By adding a nonionic detergent to solubilize the organelles before the Percoll is pelleted,
very high recoveries of lysosomal proteins may be obtained. If the aim, however, is to
recover intact organelles, the detergent must be omitted.

Perform metabolic assays for lysosomes (see Support Protocols 1 and 2), perox-
isomes (UNIT 3.4), mitochondria (uniT 3.4), or endoplasmic reticulum (unIT 3.5) as soon
as possible upon preparation.

Metabolic assays should be carried out as soon as possible upon preparation; some marker
enzyme assays can be carried out after storage at 4°C for up to 16 hr. Many assays can be
carried out on material frozen to —20° or —80°C; always check that the measurements that
are made are relatively unaffected by the storage conditions by comparing with results
obtained with fresh material.

ASSAY FOR ACID PHOSPHATASE

Acid phosphatase is an established marker for lysosomes. The assay is simple to execute
and uses p-nitrophenyl phosphate as a substrate. The released nitrophenol is measured
spectrophotometrically in an alkaline solution. p-Nitrophenyl phosphate is quite stable
under alkaline conditions, thus if the reaction is terminated by addition of NaOH,
background hydrolysis is negligible. Because of the ubiquity of nonspecific phosphatases,
glycosidases such as [-galactosidase (e.g., Graham, 1997; unit 3.4) or B-N-acetylglu-
cosaminidase (e.g., Berg et al., 1985; Support Protocol 2) are increasingly used today as
markers.
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Sample handling depends on the type of gradient and the concentration of lysosomes (and
other organelles) in the fractions (see Commentary). Ideally, the protocol should be
carried out on gradient fractions from which the gradient solute or Percoll has been
removed and the gradient fractions suspended in 0.25 M sucrose, 10 mM HEPES/NaOH,
pH 7.4 or equivalent.

Materials

Assay buffer I (see recipe)

Substrate solution I (see recipe)

Gradient fractions (see Basic Protocol 1 or 2 or Alternate Protocol 1 or 2)
0.25 M NaOH

1. Prepare assay solution by mixing equal volumes of assay buffer I and substrate
solution I. Add 50 pl of each gradient fraction (containing ~20 [Lg protein) to separate
microcentrifuge tubes containing 0.2 ml of assay solution. Perform the assay in
duplicate.

2. Prepare a blank for each fraction by adding 0.2 ml of assay solution to 0.6 ml of 0.25
M NaOH before adding 50 pl gradient fraction.

As long as the protein content of each assay is approximately the same, a blank for each
fraction may not be necessary; a single blank containing buffer instead of sample may
suffice for many gradients. This simple approach cannot be adopted for Percoll-containing
fractions.

Incubate assay tubes at 37°C for 30 min.
Add 0.6 ml of 0.25 M NaOH to each test sample to stop the reaction.

Remove any precipitate by microcentrifuging 1 to 2 min at maximum speed.

AR

Using plastic cuvettes, measure the absorbance of the assay reactions at 410 nm
against the appropriate blank.

The molar extinction coefficient of nitrophenol is 9620 cm™ M.

ASSAY FOR B-N-ACETYLGLUCOSAMINIDASE

This sensitive fluorometric method is based on the release of 4-methylumbelliferone from
4-methylumbelliferyl N-acetyl-B-p-glucosaminide at an acid pH followed by determina-
tion of the fluorescence of the aglycone at pH 10 or 11. It may be necessary to remove
protein by precipitation with trichloroacetic acid before measuring the fluorescence. A
less sensitive spectrophotometric method, which uses the p-nitrophenyl derivative, is also
available (see B-galactosidase assay in UNIT 3.4).

Sample handling depends on the type of gradient and the concentration of lysosomes (and
other organelles) in the fraction (see Commentary). Ideally, the protocols should be
carried out on fractions from which the gradient solute or Percoll has been removed; the
gradient fractions are resuspended in 0.25 M sucrose, 10 mM HEPES/NaOH, pH 7.4, or
equivalent.

This method is adapted from Barrett and Heath (1977).

Materials

Assay buffer II (see recipe)

Substrate solution II (see recipe)

Bicarbonate buffer (see recipe)

1.2 mM (21 mg/100 ml) 4-methylumbelliferone, prepare fresh
Fluorimeter and appropriate cuvettes
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. Mix 0.5 ml each of assay buffer II and substrate solution II with 0.45 ml water.

. Add 50 pl sample.

It is strongly advised that some preliminary experimentation be carried out to determine
the optimum range of protein concentrations that will provide a satisfactory fluorescent
emission, detectable by the available instrument and falling on the standard curve (see step

5).

and then adding 50 pl of sample.

. Prepare a blank for each fraction by repeating step 1, adding 3 ml bicarbonate buffer,

Unless the samples are clarified by the addition of TCA and sedimentation prior to
fluorescent measurement (step 6), light scattering in the sample may require a separate
blank for each sample. However, if the protein content of each clarified assay reaction is
approximately the same, a blank for each fraction may be avoided, in which case a single
blank containing 0.5 ml assay buffer, substrate solution, and water (and no sample) may

suffice.

. Incubate 30 to 60 min at 37°C.

. Prepare a standard curve by diluting 1.2 mM 4-methylumbelliferone with water to

make 1 ml standards from 1.2 to 12 nmol and adding 0.5 ml assay buffer II to each.

. Add 3 ml bicarbonate buffer to all sample and standard reactions (not blanks).

Measure the fluorescence emission at 448 nm using an excitation wavelength of 360

nm.

If it is necessary to clarify the samples, add 1.5 ml of 3.3% (w/v) TCA to each tube. Let
stand 5 min, then centrifuge 2 min in a microcentrifuge, to remove precipitate. To 2 ml of
supernatant add 2 ml bicarbonate buffer and measure fluorescence.

REAGENTS AND SOLUTIONS

Use deionized or distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Assay buffer 1

To 100 ml H,O add:

2.94 g sodium acetate (180 mM final)
Adjust to pH 5.0 with glacial acetic acid
Add H,0 to 200 ml

Store up to 1 to 2 days at 4°C

Assay buffer 11

To 100 ml H,O add:

11.52 g citric acid (0.3 M final)

17.64 g trisodium citrate dihydrate (0.3 M final)
3.5 g NaCl (0.3 M final)

H,0 to 200 ml

Store 1 to 2 days at 4°C

Bicarbonate buffer

To 250 ml H,O add:

26.5 sodium carbonate (0.5 M final)
21 g sodium bicarbonate (0.5 M final)
H,0 to 500 ml

The pH should be ~9.9

Store 1 to 2 weeks at 4°C
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CaCly, 100 mM
To 50 ml H,O add:
1.47 g CaCl,-2H,0
Add H,0 to 100 ml
Store up to 3 months at 4°C

Dextran solution, 100 mg/ml
To 50 ml H,O add:
0.85 g NaCl
10 g dextran (M, = 60,000 to 90,000)
Add H,0 to 100 ml
Store up to 1 to 2 days at 4°C

HEPES, 1 M and 100 mM
23.83 g N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)
Adjust volume to 100 ml with H,O for 1 M and to 1000 ml for 100 mM HEPES.

Homogenization medium (HM)
To 100 ml H,O add:
17.1 g sucrose (0.25 M final)
2 ml 100 mM Na,EDTA (1 mM final)
20 ml 100 mM HEPES (10 mM final; see recipe)
Adjust to pH 7.0 with NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

Nycodenz stock solution, 45% (w/v)
To 100 ml H,O add:
90 g Nycodenz (Accurate Chemicals)
2 ml 100 mM Na,EDTA (1 mM final)
20 ml 100 mM HEPES (10 mM final; see recipe)
Adjust to pH 7.4 with NaOH
Add H,0 to 200 ml
Store up to 3 months at —20°C

OptiPrep diluent
To 50 ml H,O add:
8.55 g sucrose (0.25 M final)
6 ml 100 mM Na,EDTA (6 mM final)
12 ml 1 M HEPES (120 mM final; see recipe)
Adjust to pH 7.4 with NaOH
Add H,0 to 100 ml
Store up to 1 to 2 days at 4°C

Percoll diluent
To 75 ml H,O add:
171 g sucrose (2.5 M final)
20 ml 100 mM Na,EDTA (10 mM final)
20 ml 1 M HEPES (100 mM final)
Adjust to pH 7.0 with NaOH
Add H,0 to 200 ml
Store up to 1 to 2 days at 4°C

For protocols where EDTA is omitted, replace with 20 ml water.
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Percoll stock solution, 90% (v/v)

Combine 9 vol Percoll and 1 vol Percoll diluent (with or without EDTA depending
on protocol). Store up to 1 to 2 days at 4°C.

Substrate solution 1
To 100 ml H,O add:

0.59 g p-nitrophenyl phosphate hexahydrate

Store up to 3 months at —20°C

Substrate solution I1
To 100 ml H,O add:

56.8 mg 4-methylumbelliferyl-N-acetyl-f-p-glucosaminide (1.5 mM final)

Prepare fresh

COMMENTARY

Background Information

Homogenization and differential
centrifugation

For all mammalian tissues, a routine homog-
enization medium containing 0.25 M sucrose
and 1 mM EDTA, usually buffered with
HEPES, is used with no special supplements,
although for brain tissue the sucrose concentra-
tion is invariably increased to 0.32 M (Caimi et
al., 1989). This medium has also commonly
been used for cultured cells, although some-
times the EDTA is omitted. Dounce homogeni-
zation of the cells is widely used, although
nitrogen cavitation of human skin fibroblasts
was used by Kelly et al. (1989) and a ball-bear-
ing homogenizer (Balch and Rothman, 1985)
by Carlsson and Fukuda (1992) for HL-60 cells.
As with peroxisomes (unIT 3.5), the gentlest
possible homogenization protocol should be
adopted, to avoid any potential damage to the
organelles.

With tissues such as rat liver, the first stage
of the lysosome purification is always the iso-
lation of a light mitochondrial fraction (LMF),
which is then further fractionated on some form
of density gradient. This is also true of other
tissues such as brain (Caimi et al., 1989; Oh-
shita and Kido, 1995) and kidney (Ohshita et
al., 1992). In the case of cultured cells, a post-
nuclear supernatant (PNS) is often used as the
source of crude lysosomes for gradient cen-
trifugation. This was also used by Oliver et al.
(1989) for rat parotid acinar cells. If a LMF is
used, then it is normally sedimented from the
PNS by centrifuging 10 to 15 min at 18,000 to
20,000 x g; slightly lower than that used for the
purification of peroxisomes (unir 3.5) which is
routinely 25,000 x g for 10 to 15 min. The
reason for this may be that the smallest perox-
isomes are ~0.2 um, while the smallest

lysosomes are ~0.4 pm. There are also a few
examples of the use of much lower RCFs: 20
min at 12,500 x g for chicken liver (Nak-
abayashi and Ikezawa, 1988) and 20 min at
11,000 x g for macrophages (Muno et al.,
1990). Since lysosomes contain many degrada-
tive enzymes, resuspension of any differential
centrifugation pellets must be carried out as
gently as possible; indeed the lack of any pellet
resuspension is a clear advantage of using a
PNS.

Density gradients

Sucrose gradients. Because the density of
lysosomes is very similar to that of mitochon-
dria and peroxisomes in sucrose gradients (Ta-
ble 3.5.1), that method is now regarded as
unsatisfactory for lysosome purification. Su-
crose gradients can only achieve a partial reso-
lution of lysosomes from other organelles, un-
less their density is reduced by loading them
with Triton WR1339 (Leighton et al., 1968).
This involves injection of the experimental ani-
mal with the detergent. It is now known that the
lysosomes (or tritosomes) that are produced
behave abnormally, particularly in regard to
their enzyme composition (Wattiaux and Wat-
tiaux-De Coninck, 1983). Therefore, it is now
considered more acceptable to use one of the
low-osmolarity media to isolate these organ-
elles, because in such media the density of
lysosomes is sufficiently different from that of
the other organelles (see Table 3.5.1) to permit
easy isolation. In iodinated density gradient
media such as Nycodenz or iodixanol,
lysosomes are less dense than either mitochon-
dria or peroxisomes, while in Percoll they tend
to be more dense; however, the reason for this
is not clear. Because Percoll can be used as a
self-generated gradient at relatively low RCFs
(20,000 to 60,000 x g is common) and because
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a band of lysosomes is invariably formed to-
wards the bottom of the gradient with relatively
little contamination from other organelles, the
use of this medium is very popular.

Percoll gradients. In the handling of Percoll
gradients, the osmolarity of the commercial
medium (which is close to zero) has to be
adjusted to ~290 mOsm by the addition of 0.1
vol of a solution containing 2.5 M sucrose.
Normally this osmotic balancer is simply a 10x
solution of the homogenization medium. In this
way, the organelles are always exposed to the
same isoosmotic medium. Usually, the final
90% (v/v) Percoll stock solution contains 0.25
M sucrose, 10 to 20 mM HEPES/NaOH, pH
7.0 to 7.4, with or without 1 mM EDTA (see
recipe in Reagents and Solutions); however, as
an alternative, 0.24 M mannitol, 10 mM
MOPS/NaOH, pH 7.0 (Pisoni et al., 1987), and
1 mM EDTA, can be used instead.

As with all self-generated gradients, the cen-
trifugation conditions which are used to pro-
duce the Percoll gradient control its profile.
That is, lower RCFs and shorter centrifugation
times will tend to produce sigmoidal gradients
which are very shallow in the middle, while
higher RCFs and times cause the gradient to
become more linear (although a truly linear
gradient is difficult to achieve with Percoll).
Usually a fixed-angle rotor is used to create the
gradient, but there are examples which use a
vertical rotor (Kelly et al., 1989; Oliver et al.,
1989). Oliver et al. (1989) included a cushion
of 2.5 M sucrose, presumably to prevent any
silica particles pelleting on to the vertical wall
of the tube. RCFs normally vary from 20,000
to 65,000 X g and times from 30 to 90 min,
although some methods fall outside these
ranges. For lower RCFs, it is possible to use a
high-speed centrifuge. The starting concentra-
tion of the Percoll, normally 20 to 40% (v/v),
affects the density range of the gradient. The
lower the starting concentration, the nearer the

bottom of the tube the lysosomes will band.
Some of the conditions for lysosome separation
from cultured cells are summarized in Table
3.6.1.

The PNS or LMF is either simply mixed
with the Percoll stock, or layered over a Percoll
solution prepared from the Percoll stock and
(usually) HM. Overlayering will minimize any
contamination of the lysosomes by soluble
proteins, which under the given centrifugation
conditions will remain at the top of the gradi-
ent.

There are relatively few instances of Percoll
being used in a non-self-generated gradient
mode. Examples include PNS from guinea-pig
alveolar cells fractionated on a preformed 0%
to 50% Percoll gradient, 1 hr at 19,000 X g
(12,000 rpm) in a Beckman SW-28 swinging-
bucket rotor (Yamaguchi and Kaneda, 1988),
and an 8% Percoll barrier used for pelleting the
lysosomes from a K562 erythroleukemia cell
PNS, 20 min at 19,000 x g (Bridges, 1987).

Nycodenz and iodixanol gradients. The dis-
continuous Nycodenz gradient (Olsson et al.,
1989), based on the metrizamide system devel-
oped by Wattiaux and Wattiaux-De Coninck
(1983), provides a useful alternative to Percoll.
Nycodenz was also used by Graham et al.
(1990) for isolation of organelles. Lack of a
simple self-generated gradient protocol, how-
ever, is a disadvantage. Although iodixanol,
which is a dimer of Nycodenz, forms self-gen-
erated gradients rather more quickly than Ny-
codenz and can be used to fractionate the or-
ganelles from a LMF (Graham et al., 1994), the
RCFs required are in excess of 150,000 x g,
with centrifugation times of 1 to 3 hr (depend-
ing on the RCF and the rotor). However, if it is
arequirement that the separation system should
adequately resolve both the mitochondria and
peroxisomes, as well as the lysosomes, then a
continuous iodixanol gradient can achieve this
aim more effectively than Percoll.

Table 3.6.1 Percoll Centrifugation Conditions for Selected Cultured Cells
% Percoll  Volume .

Cell type V) (ml) RCF/time Reference
Human fibroblasts 27 35 35,000 x g/60 min  Kelly et al., 1989

34 10 17,500 X g/35 min  Pisoni et al., 1987
Macrophages 35 7.5 62,500 x g/40 min ~ Muno et al., 1990

27 30 15,000 x g/60 min ~ Lipman et al., 1990
Monkey COS 36 12 35,000 X /90 min  Finley and Kornfeld, 1994
Rat hepatocytes 27 10 25,000 x g/40 min ~ Akasaki et al., 1993
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Critical Parameters and
Troubleshooting

Homogenization

As with all membrane fractionations, the use
of cultured cells, rather than intact tissues, may
provide problems in devising a suitable homog-
enization method. Although most monolayer
cultured cells seem to homogenize reasonably
effectively in the widely-used su-
crose/EDTA/HEPES medium, the homogeni-
zation medium developed by Marsh et al.
(1987) of 0.25 M sucrose, 1 mM EDTA, and
10 mM triethanolamine/10 mM acetic acid, pH
7.4, is more widely applicable (the triethano-
lamine-acetic acid buffer being the critically
important component). This was used for the
preparation of lysosomes from human fi-
broblasts (Pisoni et al., 1987), while for the
J774 mouse macrophage-like cells, Lipman et
al. (1990) used 0.25 M sucrose, 1 mM EGTA,
1 mM Mg?+, 1 mM dithiothreitol, and 20 mM
HEPES/NaOH, pH 7.4. If, upon homogeniza-
tion, the cell homogenate acquires a gelatinous
quality, this may be due either to nuclear break-
age or to the release of proteins from cytoskele-
tal elements. Inclusion of 1 mM Mg?* with or
without DNase I (ug/ml) and/or 10 mM KCI
may ameliorate the problems, although these
measures should be regarded as a last resort.

Although a Dounce homogenizer is often
used to break cultured cells, it is strongly rec-
ommended that the optimal conditions for dis-
rupting the cells be thoroughly investigated.
The aim must always be to use the minimum
force to achieve ~90% cell breakage; therefore,
protocols which use more than 20 strokes of the
pestle should be avoided.

For cells that resist the liquid shear forces
either of the Balch and Rothman (1985) ball-
bearing homogenizer or of Dounce or Potter-
Elvehjem homogenizers, nitrogen cavitation is
probably the best option, as an isoosmotic su-
crose medium can always be used. Standard
conditions are 300 to 600 psi for 10 to 15 min,
although Kelly et al. (1989) reported the use of
much lower pressures. For a more complete
discussion of these problems see Evans (1992)
and Graham (1997).

Differential centrifugation

The aim of the homogenization should be to
devise conditions such that 90% of cells are
disrupted with the minimum possible release
of organelle markers into the medium. To de-
termine organelle integrity, all of the differen-
tial centrifugation fractions, including the mi-

crosomes and the cytosol (45 min, 100,000 X g
pellet and supernatant) should be assayed for
organelle markers and proteins (see Anticipated
Results). For a tissue or cell other than those
described in this unit, always carry out a more
thorough differential centrifugation (e.g., 10
min at 600 X g, 10 min at 3000 X g, 10 min at
15,000 X g, 10 min at 25,000 X g, and 10 min
at 40,000 x g) in order to devise the optimal
protocol.

Density gradient centrifugation

For atissue or cell other than those described
in this unit, it may also be necessary to modulate
some of the gradient and/or centrifugation con-
ditions in the light of experience, for example,
making the gradient more or less dense at the
bottom to take account of organelles which may
be correspondingly more or less dense. Modi-
fications will also need to be made if the type
of rotor described in this unit (see Basic Proto-
col 1) is not available. The sedimentation path
length of the rotor will influence the shape of
the density gradient profile—the longer the
path length, the more shallow the gradient will
be in the middle, and the steeper it will be at
both ends (under the same centrifugation con-
ditions). With Percoll, the density profile of the
gradient can be checked by using colored den-
sity marker beads, which are available from
Amersham-Pharmacia Biotech.

The preparation of preformed continuous
gradients of iodixanol using a two-chamber
gradient maker requires considerable practice
to achieve highly reproducible gradients. Some
of the important points in operating such de-
vices are covered by Dobrota and Hinton
(1992). A Gradient Master, which involves sim-
ply layering the densest and lightest solutions
in the centrifuge tube, provides a more expen-
sive but reproducible alternative. If neither of
these is available, then a discontinuous gradient
constructed from three or four solutions span-
ning the required density range can be prepared
and allowed to diffuse, usually overnight at
4°C. Note that the time required to achieve
complete linearity will depend on the tube di-
ameter and the volume of each layer. Always
collect a blank gradient and check (using re-
fractive index) that the gradient is indeed linear
and covers the appropriate density range.

Enzyme and other assays

Prior to the execution of an enzyme assay
(or other measurement), it is common practice
to remove Percoll, Nycodenz, or iodixanol
from each gradient fraction. In the case of
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Percoll, the silica colloid is normally pelleted
from the gradient fraction at 100,000 X g, while
the other two media are removed in the super-
natant after dilution of the fraction with 2 to 4
vol of alow-density medium and centrifugation
of the organelles 15 to 20 min at ~20,000 X g.
These practices eliminate any possible interfer-
ence of the gradient medium with the sub-
sequent procedure(s) and are described in the
final steps of the appropriate protocols. Os-
mundsen (1982) warned, however, that at least
with peroxisomes, organelles may be lost into
the Percoll pellet and that this loss may be as
much as 50% of the total.

If the sample volumes used in an enzyme
assay are sufficiently small (see Supports Pro-
tocol 1 and 2), the gradient solute may be
adequately diluted so as not to cause any inter-
ference in the assay, even at the highest density.
Thus, so long as the concentration of organelles
in the gradient fraction is high enough for the
enzyme activity to be detectable, the assay may
be performed directly without removal. If,
however, either of these requirements are not
met, then dilution, pelleting, and resuspension
of the pellet in a smaller volume are unavoid-
able. If Percoll is not removed from the gradient
fraction, a blank containing the sample is es-
sential.

In order to determine specific activities of
measured enzymes, it is also necessary to esti-
mate the protein content of fractions. Percoll,
Nycodenz, and iodixanol interfere with meth-
ods using the Folin-Ciocalteu reagent, al-
though, if by using small volumes of Nycodenz
or iodixanol-containing fractions (<100 pl) in
a 1 to 2 ml assay volume, the concentration of
gradient solute in the assay solution is <10%,
the interference is marginal. Methods based on
Coomassie blue are generally unaffected by
any concentration of these gradient media,
while Percoll-containing fractions may be used
so long an appropriate Percoll blank is used.

Anticipated Results

Basic Protocol 1

Differential centrifugation. Table 3.6.2 pro-
vides an analysis of the enzyme content of three
principal differential centrifugation fractions.
In particular it should be noted that values for
acid phosphatase in the 20,000 X g supernatant,
in excess of those in Table 3.6.2 might indicate
that there is considerable lysosomal breakage
during the homogenization. There will be some
variation depending on the type of tissue or cell,
and it is interesting that for brain tissue Caimi
et al. (1989) reported only 4% of the acid
phosphatase in a 17,500 x g supernatant. The
authors used a very mild homogenization
method using only 5 very slow strokes of the
pestle of a Potter-Elvehjem homogenizer.

Density gradient. In Percollin particular, the
density of the lysosomes (Table 3.5.1) reveals
a considerable heterogeneity, with the result
that those lysosomes banding at a lower density
in Percoll gradients overlap other organelles
and are not recoverable in anything approach-
ing a pure form. The profile of the lysosomal
enzyme markers in the gradient, while always
demonstrating this broad range of density
banding, varies with the gradient-forming con-
ditions and the enzyme. In the gradient system
described in this protocol (Symons and Jonas,
1987) the B-hexosaminidase of rat liver
lysosomes shows only one clear band in the
bottom 2 ml of the gradient, while the enzyme
is broadly distributed at a low level in the top 8
ml of the gradient; nevertheless, this represents
~40% of the total enzyme in the gradient (Fig.
3.6.1).

In the system of Nakabayashi and Ikezawa
(1988), on the other hand, the lysosomal en-
zymes from chicken liver showed a very pro-
nounced biphasic distribution (Fig. 3.6.2);
moreover N-acetyl-B-p-glucosaminidase was
concentrated in the dense band, while B-p-

Table 3.6.2 Enzyme Content in Differential Centrifugation Fractions

Enzyme content (% of total in homogenate)

Enzyme/protein 20,000 x
750 x g pellet 20,000 x g pellet Supemataft
Acid phosphatase 20-25 30-35 35-40
Catalase 20-25 35-40 25-30
NADPH-cyt ¢ reductase 15-20 5-10 70-80
Protein 25-30 15-20 55-60
Succinate dehydrogenase 40-50 40-50 5-10
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Figure 3.6.1 Isolation of rat liver lysosomes in a Percoll gradient: distribution of enzyme markers.
Rat liver LMF in 40% Percoll was centrifuged for 90 min at 35,000 x g, 4°C. The gradient was
collected low-density end first (1-ml fractions). B-hexosaminidase (filled squares); cytochrome
oxidase (filled triangles); catalase (filled-diamonds); and glucose-6-phosphatase (filled inverted
triangles). Data adapted from Symons and Jonas (1987) with kind permission.
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Figure 3.6.2 Isolation of chicken liver lysosomes in a Percoll gradient: distribution of enzyme
markers. Chicken liver LMF in 36% Percoll was centrifuged 30 min for 25,000 x g, 4°C. The gradient
was collected dense-end first. N-acetyl-B-glucosaminidase (filled squares); B-galactosidase (open
triangles) and succinate dehydrogenase (filled inverted triangles). Data adapted from Nakabayashi
and lkezawa (1988) with kind permission.

Current Protocols in Cell Biology



galactosidase predominated in the light band.
The actual enzyme profiles may be dictated by
the gradient density profile, which in turn is
controlled by the centrifugation conditions. At
alow RCF and short centrifugation time (Nak-
abayashi and Ikezawa, 1988) the density profile
is more sigmoidal (shallow in the middle),
while at higher RCFs and longer times the
profile will be more linear (Symons and Jonas,
1987).

Although there is clear heterogeneity of the
lysosome population in Percoll gradients, it is
most likely that the production of two distinct
bands is an artifact of the gradient density
profile. This was elegantly demonstrated by
Draye et al. (1987), who banded rat liver
lysosomes in a Percoll gradient and discovered
that when the enzyme marker (N-acetyl-B-glu-
cosaminidase) was plotted as a relative concen-
tration (concentration in gradient fraction/theo-
retical concentration if homogenously distrib-
uted through the gradient) versus gradient
volume, the typical biphasic profile was ob-
tained (Fig. 3.6.3). When the data is replotted
as frequency (enzyme activity/density interval
of fraction) versus density, a single asymmet-
rical peak is obtained (Fig. 3.6.4). The authors
confirmed this by banding the lysosomes in a
linear gradient and obtained the same single
asymmetrical peak.

The overall yield of lysosomes (as a percent-
age of the homogenate) in the Symons and
Jonas (1987) gradient is ~20%, although for
most Percoll gradients, the figure is closer to
15%. The relative specific activity (RSA) of
lysosomal enzyme markers (specific activity in
the fraction/specific activity in the homogen-
ate) is ~60.

Alternate Protocol 1

When the lysosomes are density-perturbed
with dextran, 70% to 80% of the total N-ace-
tyl-B-glucosaminidase in the gradient is recov-
ered in a single very sharp band in the bottom
two fractions, and all of the CaCl,-swollen
mitochondria are at the top of the gradient (Arai
et al., 1991). The RSA of lysosomal markers
(~100) is accordingly higher than in Basic Pro-
tocol 1.

Alternate Protocol 2

The relative specific activity of lysosomal
enzyme markers is ~100 (Olsson et al., 1989)
in the 19%/24% Nycodenz interfacial material,
while that for enzyme markers of mitochondria,
peroxisomes, and endoplasmic reticulum is
<0.5, showing a high degree of purification of
the lysosomes. Typical yields of lysosomes (as
a percent of the total homogenate) are ~10%.
Thus, while the yield is lower than with the

Relative concentration

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Gradient volume (ml)

1.2

Density (g/ml)

Figure 3.6.3 Biphasic banding of lysosomes in Percoll gradient. The bars show the relative
concentration (concentration in gradient fraction/theoretical concentration if homogenously distrib-
uted through the gradient) of N-acetyl-B-glucosaminidase plotted against gradient volume. The
continuous line is the density profile. Data from Draye et al. (1987) with kind permission.
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Figure 3.6.4 Real density heterogeneity of lysosomes in Percoll gradient. The data from Figure
3.6.3 were replotted as frequency (enzyme activity divided by density interval of fraction) versus
density. Data from Draye et al (1987) with kind permission.

native lysosomes on a Percoll gradient, the
purity is as high as that of dextranosomes.

Alternate Protocol 3

A typical separation of the organelles from
the LMF on a continuous iodixanol gradient is
shown in Figure 3.6.5. The lysosomes band at
the top of the gradient and there is a concomi-
tant separation of the mitochondria and perox-
isomes in the lower density region of the gra-
dient. Although the iodixanol gradient was de-
signed primarily as an analytical gradient, it
could be used preparatively for lysosomes.

Basic Protocol 2

Figure 3.6.6 shows the very satisfactory
separation of lysosomes from plasma mem-
brane (leukosialin) and Golgi membranes
(galactosyl transferase) in the Percoll gradient
(Carlsson and Fukuda, 1992). Approximately
50% of the total N-acetyl-B-hexosaminidase is
recoverable in the bottom four fractions of the
gradient. The mitochondria (not shown) band
with the plasma and Golgi membranes.

Time Considerations

There are no points at which either of the
basic protocols can be discontinued and then
resumed. The light mitochondrial fraction pro-
duced in Basic Protocol 1 must be used imme-
diately for any subsequent gradient separation.

The preformed gradients in Alternate Protocols
2 and 3 should be made up during the prepara-
tion of the LMF in Basic Protocol 1, and kept
on ice until required. If they are prepared at
room temperature they must be given time to
cool down to 4°C. The continuous iodixanol
gradient of Alternate Protocol 3 can also be
made from a discontinuous gradient the pre-
vious day and stored overnight at 4°C.

Basic Protocol 1 and Alternate Protocol 1
should be accomplished in ~4 hr. Because of
the shorter density gradient centrifugation time,
Basic Protocol 2 will take ~3.5 hr. As long as
the gradients for Alternate Protocols 2 and 3
have been prepared ahead of time, these proto-
cols will take ~4.5 hr. These values assume the
use of a Percoll gradient. Protocols will take
more or less time if one of the alternative
gradients is chosen.

With experience and practice it may be un-
necessary to unload the gradients in a series of
equal fractions. Instead, the lysosome band
might be removed using a Pasteur pipet or
syringe and this will save 215 min per tube.

Functional assays should be carried out as
soon as possible after the preparation, but for
simple marker enzyme assay (such as described
in this unit, and uniT 3.4) material can be stored
at 0° to 4°C for up to 16 hr without much loss
of activity. These assays and compositional
measurements may also be carried out on ma-
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Figure 3.6.5 Fractionation of a rat liver LMF in a continuous iodixanol gradient. Rat liver LMF was
centrifuged through a 19% to 27% iodixanol gradient for 2 hr at 110,000 x g, 4°C. Gradient collected
in 1 ml fractions. B-galactosidase (filled inverted triangles); succinate dehydrogenase (open
triangles), and catalase (filled squares). The discontinuous line is the density profile.
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Figure 3.6.6 Isolation of HL-60 cell lysosomes in a Percoll gradient. PNS was layered over 20%
Percoll and centrifuged 30 min at 36,000 x g, 4°C. The gradient was collected dense-end first in
0.38 mlfractions. - N-acetylhexosaminidase (filled squares); galactosyl transferase (open triangles)
and leukosialin (filled inverted triangles). Data from Carlsson and Fukuda (1992) with kind
permission.
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terial frozen to —20°C or —80°C. There are,
however, no general rules regarding the suit-
ability of a particular storage regime, and it is
strongly recommended that the validity of re-
sults on stored material be checked by compari-
son with results obtained with the fresh organ-
elles. Any concentration of the membrane frac-
tions and/or removal of gradient medium must
be carried out prior to freezing.

All of the solutions can be made up ahead
of time and stored at 4°C for 1 to 2 days, or
frozen to—20°C for longer periods, but note that
any enzymes and PMSF (or other protease
inhibitors) should be added immediately prior
to use.
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Overview of Subcellular Fractionation
Procedures for the Yeast Saccharomyces

cerevisiae

The budding yeast Saccharomyces cere-
visiae is an excellent model organism for the
study of eukaryotic cell biology. This unicel-
lular organism shares many features with
higher eukaryotic cells including all of the
major membrane-bounded subcellular organ-
elles. Accumulating evidence indicates that
many cellular processes are mechanistically
conserved between yeast and other eukaryotes.
Despite the cellular complexity of S. cere-
visiae, its haploid genome is only 3.5 times
larger than that of E. coli and has been com-
pletely sequenced (Cherry et al., 1997; Clay-
ton et al., 1997; Mewes et al., 1997). This
incredible wealth of genetic information, to-
gether with powerful genetic and molecular
biology techniques, has made S. cerevisiae an
extremely valuable organism in eukaryotic cell
biology (Botstein et al., 1997; Winzeler et al.,
1999). The subcellular fractionation tech-
niques for S. cerevisiae discussed in this unit
are critical to the investigation of the molecular
mechanisms of complex cellular functions.

The basic methods used to isolate and char-
acterize organelles and organelle-derived
membranes from S. cerevisiae are very similar
to those used for animal cells and cells from
other higher eukaryotes (see UNITs 3.1-3.6). This
unit provides an overview of centrifugation-
based fractionation procedures used to sepa-
rate the subcellular components of S. cere-
visiae according to their size and/or buoyant
densities. The critical steps include: (1) cell
growth under appropriate conditions, (2)
preparation of the cell lysate with minimal
damage to organelle integrity, (3) selection of
a fractionation protocol that separates the sub-
cellular components of interest into distinct
sets of fractions, and (4) identification and
characterization of the membranes/organelles
in the resulting fractions.

Yeast cells are cultured using relatively sim-
ple, rapid, and inexpensive techniques (see
UNIT 1.6). Vigorous strains grown in rich me-
dium at 30°C have a doubling time of [P0 min.
Yeast are very versatile. They can be main-
tained in either their haploid or diploid state
and grown under either aerobic and anaerobic
conditions. The abundance of certain enzymes

and organelles that are subject to metabolic
regulation can be manipulated by altering the
nutrientcomposition ofthe medium. Incontrast
to animal cells, yeast cells have a thick cell wall
that must be disrupted or removed to generate
cell lysates. The released subcellular compo-
nents are then subjected to one or more cen-
trifugation steps, and their distribution among
the resulting fractions is determined through
their biochemical and morphological charac-
teristics.

Disruption of the cell wall by shearing with
glass beads is a rapid and effective method to
prepare yeast cell homogenates for the isola-
tion of cytosol or plasma membranes. How-
ever, glass-bead lysis is not suitable for most
subcellular fractionation experiments, be-
cause strong mechanical forces damage the
intracellular organelles and can disrupt critical
protein and membrane interactions. To mini-
mize the disruption of subcellular integrity,
yeast cells are usually enzymatically converted
to spheroplasts (yeast cells lacking cell walls)
prior to cell lysis. For example, yeast cells can
be incubated with enzyme preparations such
as Zymolyase 100T (Seikagaku America,
ICN), which destabilizes cell walls by cleaving
the B-glucan linkages. Subsequently, the
spheroplasts are lysed under iso- or hypoos-
motic conditions, usually in combination with
moderate mechanical force (e.g., several
strokes in a Dounce homogenizer).

The most appropriate subcellular fractiona-
tion procedure depends on the goals of the
particular experiment and the desired levels of
organelle yield, purity, and function. Analyti-
cal protocols are primarily used to evaluate the
subcellular location of one or more proteins.
These techniques are designed to obtain dis-
cernible differences in the distribution of two
or more organelles, while organelle purity,
yield, and function are of secondary impor-
tance. Ideally, such procedures provide a rela-
tively rapid and simple means to fractionate
subcellular components and to subsequently
compare the distribution of a protein of interest
with the distribution of various organelle
membranes. Preparative procedures are gener-
ally used to isolate specific organelles, mem-
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branes, and/or cytosol. These protocols have a
greater emphasis on purity, yield, and/or func-
tion than do most analytical protocols. For
example, when preparing organelles for recon-
stitution of a cellular process in a cell-free
system, the primary requirement is that the
organelle(s) of interest remain functional,
while organelle yield and purity are important
secondary goals. In contrast, the analysis of the
protein or lipid composition of a particular
organelle requires that the preparation be of
very high purity. If the isolated subcellular
components will be fractionated further (e.g.,
for the separation of mitochondrial inner and
outer membranes), and/or used in multiple sub-
sequent experiments, then high yields become
especially important.

The following sections provide an overview
of several key techniques used during yeast
subcellular fractionation experiments. The
critical parameters, merits, and limitations of
various procedures are discussed to facilitate
the development and optimization of centrifu-
gation-based fractionation strategies for yeast.
Topics include yeast cell growth, cell lysate
preparation, differential velocity centrifuga-
tion, density gradient centrifugation, and the
analysis of subcellular fractions.

YEAST STRAIN SELECTION AND
GROWTH CONDITIONS

Yeast Strains

All references to “yeast” within this unit
refer to the budding yeast S. cerevisiae, unless
otherwise indicated. Many of the protocols
developed for S. cerevisiae are not directly
applicable to other yeast (e.g., Schizosac-
charomyces pombe) without significant modi-
fication. S. cerevisiae protocols can be applied
to many different strains; however, variations
among strains and growth conditions may re-
quire adjustments to a given protocol.

The desired S. cerevisiae strains can be gener-
ated using a variety of genetic and molecular
biology techniques (Sherman, 1991). In addition,
published strains can be obtained from central-
ized sources such as the Yeast Genetic Stock
Center (http://www.atcc.org/searchengine/ygsc.
html) or from the investigators that first generated
the strainand described itin the literature. In many
cases, a limited set of strains is used most fre-
quently by a given laboratory or a group of inves-
tigators in a common field. If the strain used in a
published protocol is available and compatible
with the goals of the experiment, using it can
minimize the need for protocol modifications. All

other things being equal, it is usually best to use
the healthiest strain and the most optimal
growth conditions that meet the goals of the
experiment.

For many subcellular fractionation proce-
dures, it is best to use a strain that is deficient
in vacuolar protease activity in order to mini-
mize problems with proteolysis. The three ma-
jor vacuolar proteases are proteinase A (PrA),
proteinase B (PrB), and carboxypeptidase Y
(CPY), which are encoded by the PEP4, PRBI,
and PRC1 genes, respectively (Jones, 1991a,b;
Van Den Hazel et al., 1996). These proteases,
as well as most other vacuolar hydrolases, are
first synthesized as inactive precursors and are
activated by the cleavage of their pro domain
upon arrival in the acidic, protease-rich envi-
ronment of the vacuole (Klionsky and Emr,
1989; Horazdovsky et al., 1995). The minimal
requirement for low vacuolar protease activity
is the deletion or inactivation of PrA, because
this proteinase self-activates under acidic con-
ditions and subsequently initiates the activa-
tion cascade for PrB, CPY, and multiple other
vacuolar hydrolases (Zubenko et al., 1983;
Jones, 1990, 1991a,b). Protease activity levels
can be further reduced by eliminating PrB and
CPY expression, as these proteases can be-
come activated in the absence of PrA activity
under certain conditions (Jones, 1991a,b; Ro-
manos et al., 1992; Westphal et al., 1996).

Cell Culture Conditions

Most S. cerevisiae strains can be cultured
with relatively little difficulty and expense (see
UNIT 1.6; Sherman, 1991). Unless there are spe-
cial nutritional indications, the medium of
choice isarich broth, such as yeast extract/pep-
tone/dextrose (YPD; unir 1.6), that promotes
rapid growth. Minimal or synthetic medium
supplemented with dextrose (SD) and the ap-
propriate amino acids is frequently used if
plasmid maintenance is required. Alternate
carbon sources can be used to enhance organ-
elle function and proliferation (e.g., perox-
isomes, mitochondria) or to regulate the ex-
pression of proteins under the control of cer-
tain inducible or repressible promoters. The
growth of strains carrying mutations in the
adenine deficiency genes ADE! or ADE2 can
be improved by adding adenine hemisulfate at
100 mg/liter, which minimizes the accumula-
tion of the red metabolic intermediates. (The
pH of the medium should be adjusted to 6.0
with NaOH after the addition of adenine
hemisulfate.)
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The optimal temperature for culturing yeast
is 30°C, unless strains sensitive to high or low
temperature are being used. Yeast growth is
most vigorous under aerobic conditions. Ade-
quate aeration is achieved by culturing yeast
in an Erlenmeyer flask (filled to no more than
one-fourth capacity) on a rotary shaker. If
extensive foaming occurs, the cultures can be
safely treated with a standard antifoam solu-
tion. Smaller cultures (2 to 10 ml) can be grown
in tubes, which should be secured to a rotary
shaker at an angle to allow greater movement
of the culture. Fermenters can be used to cul-
ture the many cells required for large-scale
preparations.

To ensure that a culture consists of a homo-
geneous population of vigorously growing
cells, yeast should be cultured for =16 to 24 hr
prior to the start of an experiment. This is often
best achieved by inoculating a small volume
(b to 10 ml) of rich medium with a single
yeast colony from a fresh plate. Incubation of
this initial culture, sometimes referred to as a
preculture, allows viable cells to emerge from
the stationary phase and enter the growth
phase. Once the cell number has doubled at
least twice (two generations), the preculture is
used to inoculate a larger volume of medium
with cells that will be cultured for an extended
period (usually overnight) prior to the start of
the experiment. If the culture surpasses its
target cell density during the incubation period
and its growth rate begins to slow, it is best to
dilute the culture and allow the cells to grow
for several hours (at least two generations)
prior to harvesting.

Monitoring Growth Phase and Cell
Titer

For most applications, yeast cells are har-
vested by centrifugation during their mid- to
late-logarithmic growth phase. During this
time, the cells are growing and dividing vigor-
ously, and have reached a concentration that
permits areasonable yield. In addition, rapidly
dividing cells have lower protease levels and
thinner cell walls that are more susceptible to
disruption than cells exiting or approaching
stationary phase.

The cell concentration that correlates with
the mid-logarithmic growth phase can vary
considerably for different strains and culture
conditions. For example, mutant strains with
slower growth kinetics or strains grown in
minimal medium will reach the logarithmic
growth and stationary phases at significantly
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lower cell concentrations than heartier wild-
type strains or strains grown in rich medium.
Thus, growth curves should be generated for
each strain and each set of culture conditions.

The approximate cell concentration of a
culture can be determined using a microscope
and hemacytometer (uniT 1.7) or by measuring
the optical density of the suspension at 600 nm
(ODggo; uniT 1.6). Although the latter technique
provides only an estimate of the cell concen-
tration, it is rapid and simple. The ODgo meas-
urement of a culture, also referred to as the
absorbance (4gq), is proportional to the num-
ber of cells and their size.

The relationship between the ODg value,
viable cell number, and growth phase is de-
pendent on the strain and culture conditions.
To generate a standard curve for each strain
and culture condition to be used, remove sam-
ples of the culture at regular intervals through-
out its growth and measure the ODg value.
The most linear range of the relationship be-
tween ODgoo values and cell number is at
ODgqp values between 0.1 and 0.3; thus, it is
usually recommended to measure a diluted
culture sample (e.g., 1:5 to 1:10 dilution).
Next, determine the corresponding viable cell
number by plating appropriate dilutions onto
YPAD plates (unir 1.6).

In general, each 0.1 ODg unit corresponds
to [2-4 x 10 cells/ml for haploid cells and
0.5-2 x 106 cells/ml for diploid cells. An ODggq
unit of haploid cells, defined as 1 ml of culture
with an ODgq value of 1, typically represents
3 x 107 cells. In many cases, a haploid yeast
culture (grown with appropriate preculturing
as described above) will reach its mid-logarith-
mic growth phase when its ODgyy value is
between 0.4 and 0.9. However, these values are
estimates, and it is strongly recommended that
the correlation between the ODg value, cell
density, and growth phase be determined em-
pirically for each strain and growth condition
to be used.

An unusually rapid increase in the ODggg
of a yeast culture, as well as an unpleasant
odor, may indicate that the culture is contami-
nated with bacteria. Contamination can be
confirmed by inspection with a phase-contrast
microscope.

PREPARATION OF YEAST CELL
LYSATES

The preparation of the cell homogenate is
a crucial step in any subcellular fractionation
procedure. The major aim of a homogenization
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technique is to reproducibly achieve a high
degree of cell breakage with a minimum of
damage to the organelles or organelle mem-
branes of interest. To analyze yeast organelle
membranes, the cell must be stressed suffi-
ciently to cause the disruption of the cell wall
and plasma membrane to release the cytosol or
the other subcellular components in an intact,
dispersed state. Ideally, the cells are disrupted
insuchaway thatthe subcellular compartments
and membranes: (1) retain their normal func-
tional and structural integrity, (2) are freely
suspended in the homogenate, and (3) are in a
state that is compatible with the goals and
techniques of the subsequent experiments.

The extent of cell lysis and the quality of a
yeast cell homogenate depend largely on the
culture conditions, cell lysis and homogeniza-
tion techniques, and lysis buffer. Culture con-
ditions have been discussed above (see Yeast
Strain Selection and Growth Conditions), and
should be standardized to ensure optimal and
reproducible results. In addition, the experi-
mental conditions to which cells are subjected
(e.g., extended incubations on ice, treatment
with energy poisons) should be noted and
standardized.

All lysis and homogenization techniques
cause some degree of membrane fragmenta-
tion, which reduces organelle integrity and
exacerbates the preexisting problem of organ-
elle heterogeneity. Some organelle membranes
will rupture and release their lumenal contents;
subsequently, the damaged membranes can
also reseal and trap inappropriate constituents.
The release of hydrolytic enzymes from the
vacuole/lysosome can result in extensive pro-
tein degradation, while the release of DNA
from nuclei increases the viscosity of the sus-
pension and promotes aggregation. Moreover,
the normal interactions between organelles
and cytoskeletal elements, as well as the for-
mation of aggregates during the homogeniza-
tion process, can cause difficulties in the prepa-
ration of an optimal homogenate. Realistically,
homogenization procedures are an imperfect
compromise between complete homogeniza-
tion and minimal damage to intracellular com-
ponents.

Cell Lysis with Glass Beads

Mechanical disruption of the cell wall by
shearing with glass beads is a simple and rapid
method to prepare homogenates for the isola-
tion of cytosol or plasma membranes (see Ta-
ble 3.7.1). This technique is very flexible, as it

can be applied to multiple small cultures using
a vortex mixer, as well as to very large cultures
using a Bead Beater (BioSpec). However,
glass-bead lysis is not suitable for most subcel-
lular fractionation experiments, as the strong
mechanical forces damage the intracellular or-
ganelles and can disrupt critical protein and
membrane interactions.

Spheroplast Preparation and Lysis

The optimal lysates for most subcellular
fractionation experiments are prepared by en-
zymatically removing the yeast cell wall prior
to lysis (see Table 3.7.1). Yeast cells lacking
cell walls, referred to as spheroplasts, are frag-
ile and can be lysed with far more gentle
methods than can whole yeast cells. Thus, the
preparation of lysates from spheroplasts
causes much less damage to organelles, organ-
elle membranes, protein complexes, and other
intracellular components than does glass-bead
lysis.

A number of hydrolytic enzyme prepara-
tions that rapidly and efficiently destabilize
yeast cell walls are available. The key enzyme
in these preparations is a glucanase that hydro-
lyzes the bonds between [31-3-linked glucans,
the primary structural components of yeast cell
walls. In addition, the enzymatic preparations
have an alkaline protease activity that plays a
more minor role in cell wall digestion. Hy-
drolysis of the cell walls is enhanced by treat-
ment with dithiothreitol (DTT) or 2-mercap-
toethanol (2-ME). These sulfthydral reagents
break the disulfide bonds within cell wall pro-
teins, thereby giving the B1-3-glucanase
greater access to the glucan linkages. It is often
beneficial to determine the optimal digestion
conditions empirically in a small-scale experi-
ment, as they can vary considerably with dif-
ferent yeast strains, culture conditions, and
enzyme preparations.

The most widely used enzyme preparation
is Zymolyase 100T (Seikagaku America,
ICN), a highly purified 1-3-glucanase prepa-
ration derived from cultured filtrates of Arthro-
bacter luteus. Zymolyase 20T is also used, but
its specific activity is one-fifth that of Zy-
molyase 100T. Several investigators use lyti-
case preparations to minimize costs, because
it can be isolated from cultures of Oerskovia
xanthineolytica using a straightforward proto-
col (Scott and Schekman, 1980) or purchased
(Sigma). The use of crude enzyme prepara-
tions such as B-glucuronidase is usually not
recommended for subcellular fractionation ex-
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Table 3.7.1 Yeast Cell Lysis Techniques: Advantages and Disadvantages

Method

Advantages

Disadvantages

Glass-bead lysis

Spheroplast
preparation and lysis

Rapid, efficient homogenization

Can be applied to many small cultures (using
a vortex mixer) or large cultures (using a
Bead Beater)

Glass beads are inexpensive and easy to
prepare

Does not require an incubation step prior to
cell lysis

Plasma membrane is not exposed to
hydrolytic enzymes for extended times

Minimal damage to organelles and protein
complexes, as spheroplasts readily lyse when
exposed to osmotic and/or mechanical stress
Spheroplast lysis is highly efficient and
reproducible

Multiple methods for lysing spheroplasts:
DEAE-facilitated isoosmotic lysis (the most
gentle method), exposure to hypoosmotic
conditions (osmotic shock), Dounce
homogenization, and/or multiple passes
through a syringe needle or pipet tip

The degree of lysis and homogenization can
be easily adjusted (e.g., by changing number
of strokes or pestle clearance when using a
Dounce homogenizer)

Extensive damage to organelles and
organelle membranes

Agitation generates heat (increased
proteolysis) and foam (due to protein
denaturation)

Can disrupt membrane and protein
interactions

Lysis efficiency is less reproducible than
spheroplast lysis

Takes longer than glass-bead lysis

Extended incubation time (30-60 min) before
cell lysis can conflict with the goals and
steps of some experiments

Spheroplasts are fragile; osmotic support and
gentle handling are required to prevent
premature lysis

Enzyme preparations used to digest cell wall
can damage some plasma membrane proteins
Highly purified glucanase preparations (e.g.,
Zymolyase 100T) are relatively expensive
Lyticase is more economical than
Zymolyase, but time and effort are required
to prepare it

High-quality glucanase preparations are
readily available (e.g., Zymolyase 100T)
Lyticase is very economical if prepared in

the laboratory

periments, since they have much higher pro-
tease levels than do Zymolyase or lyticase
preparations. For example, [B-glucuronidase
preparations (“snail-gut juice”), which are iso-
lated from the alimentary canal of the Roman
snail Helix pomatia, can have at least thirty
different enzyme activities. Although Zy-
molyase and lyticase are highly purified prepa-
rations, even they can contain residual pro-
tease, phosphatase, and nuclease activities;
thus, it is always important to wash the sphero-
plasts well prior to cell lysis.

Spheroplasts are very sensitive to mechani-
cal and osmotic stress. They must be sus-
pended in an isotonic solution during and after
the digestion procedure to prevent lysis. The
nonmetabolizable sugar sorbitol is frequently
used at concentrations of 1.0 to 1.2 M (up to
1.5 M for particularly unstable strains) to pro-
vide osmotic support. In addition, spheroplasts
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must be handled with care to prevent premature
cell lysis.

Spheroplasts can be lysed using several
techniques. In many procedures, the sphero-
plasts are resuspended in a hypoosmotic solu-
tion, which causes them to swell and poten-
tially lyse. A dramatic and rapid decrease in
osmotic support is sufficient to promote cell
lysis; however, it also promotes the lysis of
intracellular organelles. To disrupt the plasma
membrane with a minimum of damage to sub-
cellular components, mild hypoosmotic con-
ditions are used in combination with moderate
homogenization techniques—e.g., glass/glass
(Dounce) or glass/Teflon (Potter-Elvehjem)
homogenization, or passage through a small-
gauge syringe needle or pipet tip. Even milder
conditions with very little osmotic and me-
chanical stress are required to maintain the
integrity of a high percentage of very fragile
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organelles (such as vacuoles). Cell lysis under
isoosmotic conditions can be facilitated by in-
cubating the spheroplasts with a cationic poly-
mer such as DEAE-dextran, which interacts
with the negatively charged phospholipids in
the plasma membrane. Treatment with
triethanolamine/acetic acid, pH 7, also im-
proves cell lysis efficiency under mild hypo-
tonic conditions.

Lysis Buffers

The optimal lysis buffer facilitates cell lysis
and simultaneously protects the structural and
functional integrity of the organelles, organ-
elle membranes, and protein complexes of in-
terest. Ideally, a lysis buffer should be isoos-
motic to the organelles within the homogenate;
however, most lysis buffers are hypoosmotic
to some degree to facilitate efficient cell lysis.
In some cases, the osmolarity of the buffer can
be adjusted after cell lysis to protect organelles
from extended osmotic stress. In addition to
minimizing damage to subcellular compo-
nents, the lysis buffer should interfere as little
as possible with subsequent fractionation steps
and biochemical assays.

The most appropriate buffer composition
depends on the cell lysis method and the pur-
pose for which the lysate is being prepared.
Standard buffers consist of several compo-
nents, including: (1) a suitable organic buffer
to maintain a physiological pH, (2) sorbitol or
another osmotic balancer to stabilize the or-
ganelle membranes, (3) salts to provide the
appropriate ionic strength, and (4) a cocktail
of protease inhibitors to minimize the damage
caused by hydrolytic enzymes. Most lysis
buffers include the cation chelator EDTA, as
Mg?" serves as a cofactor for several proteases
and can promote membrane aggregation at
high concentrations. However, in a few cases,
Mg?" is added to the lysis buffers to stabilize
the composition, membrane association, and
function of certain protein complexes and en-
zymes.

Protein degradation can be a severe prob-
lem during subcellular fractionation experi-
ments. Subcellular components are inevitably
exposed to degradative enzymes upon cell
lysis and homogenization, as these manipula-
tions disrupt the in vivo regulation and com-
partmentalization of hydrolase activities. The
primary source of active degradative enzymes
in cell lysates is usually the vacuole, which is
an acidic lysosome-like compartment. A cock-
tail of protease inhibitors with a broad speci-

ficity range should be included in the lysis
buffer and all subsequent solutions (even when
using avacuolar protease—deficient strain). Be-
cause protease inhibitors such as phenyl-
methylsulfonyl flouride (PMSF) are unstable
in aqueous solutions, they should be added just
before the solutions are to be used and should
be replenished at multiple steps during the
fractionation process. In addition, the lysis
buffer and all other solutions and equipment
required to process the lysate should be pre-
chilled to 0° to 4°C before and during their use
(unless otherwise indicated). Damage caused
by hydrolytic enzymes can be minimized fur-
ther by (1) working quickly to limit the poten-
tial exposure time to active hydrolases, (2)
separating material of interest from the re-
maining cell lysate as soon as possible, (3)
maintaining the integrity of the vacuole, and/or
(4) using mutant yeast strains that lack most
vacuolar hydrolase activities (e.g.,
pep4Qprb 1A yeast strains).

It is also critical to be aware that different
lysis buffers can destabilize protein-protein
interactions to varying degrees and promote
the release of sensitive peripheral membrane
proteins. The destabilization of protein-pro-
tein interactions can disrupt the function, com-
position, and other biochemical characteristics
of subcellular components. In addition, the
release of peripheral membrane proteins can
change both the absolute and the relative den-
sities of organelles and organelle membranes.
It can be particularly difficult to determine the
subcellular localization of a peripheral mem-
brane protein, since these proteins can disso-
ciate from their resident membranes during the
fractionation procedure and thus cofractionate
with soluble cytoplasmic proteins.

The buffer composition often needs to be
optimized for a given purpose, since even a
slight change can have dramatic effects. Cer-
tain buffer characteristics can be either advan-
tages or disadvantages depending on the goals
of the experiment. For example, the use of
buffers with relatively high ionic strengths
minimizes protein and membrane aggregation
during cell lysis and homogenization; how-
ever, these buffers also tend to destabilize cer-
tain protein-protein interactions and promote
the release of peripheral membrane proteins.
Similarly, inclusion of triethanolamine in the
lysis buffer facilitates spheroplast lysis under
very mild hypoosmotic conditions, but it can
also destabilize some protein-protein interac-
tions.
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ISOLATION OF SUBCELLULAR
FRACTIONS: PROCEDURAL
OPTIONS

Subcellular fractionation procedures capi-
talize on the differing physical properties of
individual organelle and membrane types. The
most versatile fractionation procedures are
based on centrifugation techniques, which ef-
fectively exploit the differences in size, shape,
and/or density of distinct organelles and mem-
branes (see Table 3.7.2 and the text below). A
number of more-specialized fractionation pro-
tocols use gel filtration, immunoisolation, or
electrophoresis to separate certain subcellular
components according to their size, surface
antigen composition, or surface charge, re-
spectively (see Table 3.7.3). However, even
these alternate procedures usually begin with
centrifugation-based steps to enrich the start-
ing material with the subcellular components
of interest and to remove some of the undesir-
able components.

The most appropriate fractionation proce-
dure will depend on the primary goals of the
particular experiment. Parameters to consider
include: (1) the properties of the organ-
elles/membranes of interest (e.g., their abun-
dance, fragility, size, density), (2) the proper-
ties of the other subcellular components that
need to be separated from the organelles/mem-
branes of interest, (3) the required yield, (4)
the required purity, (5) the degree to which
certain contaminants are harmful, (6) the need
for organelle integrity and function, (7) the
need to maintain the association of peripheral
membrane proteins with their resident com-
partments, and (8) the need to maintain enzy-
matic activity levels. The importance of each
of these factors should be prioritized for a
given experiment, since some desirable quali-
ties will need to be sacrificed to meet the most
important goals. For example, the yield of a
given organelle within a fraction will generally
decrease as its purity increases. Thus, frac-
tionation procedures often need to be evalu-
ated and modified to meet particular require-
ments.

Centrifugation-Based Subcellular
Fractionation Techniques

There are three primary centrifugation pro-
cedures used for subcellular fractionation ex-
periments: (1) differential centrifugation by
velocity, (2) equilibrium density gradient cen-
trifugation, and (3) rate-zonal gradient cen-
trifugation. Centrifugation-based fractiona-
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tion procedures separate organelles and mem-
branes according to their sedimentation veloci-
ties and/or buoyant densities. These techniques
are very versatile, since the sedimentation ve-
locities and densities of subcellular compo-
nents are determined both by their intrinsic
properties and the characteristics of the sur-
rounding medium. Some of the merits and
limitations ofthese procedures are summarized
in Table 3.7.2. Several excellent reviews on the
theory and practice of centrifugation-based
fractionation techniquesarealso available (Do-
brota and Hinton, 1992; Evans, 1992; Hinton
and Mullock, 1997).

The absolute densities of subcellular com-
ponents, as well as their densities relative to
one another, can vary with the composition of
the surrounding solution. One cause of this
variability is the semipermeable nature of
membranes. While the mass of the membrane
(i.e., the lipids and integral membrane pro-
teins) and the nondiffusible components
within the lumen remain constant, the mass of
the water and diffusible solutes within the
organelle can change as the diffusible mole-
cules move into or out of the organelle to reach
equilibrium. Also, the volume of the organelle
will change as it swells with water in a hypoos-
motic solution, shrinks in a hyperosmotic so-
lution, or bursts due to osmotic or mechanical
stress. The mass of an organelle is also depend-
ent on the amounts of associated peripheral
membrane proteins and macromolecular com-
plexes (e.g., ribosomes), which can vary in
different buffers and density media. For exam-
ple, if a density medium destabilizes protein-
protein interactions, peripheral membrane
proteins may be released from their resident
membranes, and the mass and density of the
organelle will decrease.

The relative sedimentation velocities of
subcellular components are primarily deter-
mined by the mass and shape of the compo-
nents and by their density relative to that of the
surrounding medium. If the organelles have
significantly higher densities than the sur-
rounding medium, their relative sedimentation
velocities will be principally determined by
their mass, so that larger organelles will have
a faster sedimentation velocity than will
smaller ones. Shape usually plays a more mi-
nor role. However, if the organelles are sub-
jected to centrifugation in a density gradient,
their sedimentation velocities will decrease as
the density of the surrounding medium ap-
proaches their own density. The movement of
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Table 3.7.2 Centrifugation-Based Subcellular Fractionation Techniques: Advantages and Disadvantages

Method

Advantages

Disadvantages

Differential
centrifugation (basis:
sedimentation velocity?,
primarily size)

Equilibrium density
gradient (basis: density)

Rate-zonal (velocity)
gradient (basis:
sedimentation velocity
and density?)

Simple and rapid method to enrich
membranes in fractions corresponding to
broad size classes (Fig. 3.7.1)

Effective separation of membranes with large
size differences (see Table 3.7.4)

Relatively high yield

Initial low-speed centrifugation permits
removal of unbroken cells and large
aggregates

Excellent preparation step for further
fractionation: can enrich components of
interest, remove unwanted material, and
concentrate membranes from large lysate
volumes

Provides a rapid means to determine the
potential subcellular location of a protein of
interest (Table 3.7.4)

Extremely versatile: well suited for both
preparative and analytical fractionation
experiments

Relative densities of organelles/membranes
can vary in different gradient media (high
flexibility and versatility)

Gradients can be either continuous or
discontinuous

Not sensitive to changes in centrifugation
times as long as equilibrium status is reached
(good for overnight centrifugations)

Multiparameter separation based on size,
shape, and density

Well suited for the separation of multiple
subcellular components of different sizes
Superior to differential centrifugation for
separation of components based on size and
sedimentation velocities, since sample is
layered on top of the gradient

Results vary with centrifugation time and
gradient composition and shape (high
flexibility)

Shorter centrifugation runs than for
equilibrium gradients (lower risk of damage
to subcellular components)

Low resolution and purity?

Poor separation of membranes of similar
sizes

Pellets containing larger subcellular
components will be contaminated with
smaller ones®

Pelleting of organelles and membranes
can cause aggregation and structural
damage (minimized by pelleting on a
cushion)

Isolation of particular membrane types
requires further fractionation steps

Extended centrifugation times may be
detrimental to labile organelles and
enzyme activities (centrifugation times
can be minimized by using a vertical tube
rotor)

Sample size should be relatively low to
maximize resolution and minimize
aggregation

Very dense organelles/membranes may be
exposed to hyperosmotic conditions
(especially in sucrose gradients)

Results depend on centrifugation times
and gradient shape and composition (can
be more difficult to design and optimize)
Less well suited for organelle/membrane
purification unless procedure also
includes equilibrium gradient
fractionation step

Sample size should be relatively low to
maximize resolution and minimize
aggregation

Very large or dense components may be
exposed to hyperosmotic conditions

“9Relative sedimentation velocity in a buffer of low density and viscosity is primarily determined by size. Shape and density play a more minor role.
The resolution is quite low because components are suspended throughout the medium prior to centrifugation, and thus have a range of migration
distances to the bottom of the tube.

bRelative sedimentation velocity and final banding position in a nonequilibrium density gradient is determined by both particle size and density relative
to the surrounding medium. Size is the primary determinant of sedimentation velocity when the density of the component is significantly greater than
the surrounding medium. As the component approaches medium equal to its own density, the particle velocity will decrease. If the particle reaches
medium with a density equal to its own, the particle will stop, and its final position within the gradient will be based on its buoyant density alone,

irrespective of size or shape.
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Table 3.7.3 Several Noncentrifugal Fractionation Techniques: Advantages and Disadvantages

Method

Advantages

Disadvantages

Gel filtration (basis:

size and shape)
shaped organelles
High resolution

Relatively gentle, facilitates isolation of

Affinity isolation

(basis: surface

epitope) epitope (high purity)
intact organelles

Electrophoresis

(basis: surface

charge and size) shape, and density

Excellent for purification of small spherical
vesicles (<200 nm) from larger or irregularly

Highly selective for compartment or
membrane that has appropriate surface

Can be used after gel filtration to separate
different vesicle types that are similar in size,

Not suited for fractionation of larger or
irregularly shaped organelles/vesicles

Poor separation of different vesicle types

with similar sizes

optimization

Highly specialized; may need extensive

Not well suited for large-scale preparations

Limited by antibody specificity and avidity

(controls for nonspecific interactions are

critical)

Limited by epitope accessibility

Requires specialized, expensive equipment
Not suitable for larger organelles

Rarely used for yeast organelles (purification
of mammalian endosomes has been the most

common application)

a subcellular component will stop once the
density of the surrounding medium is equal to
its own density; in this case, the position of the
component within the gradient is based on its
density, irrespective of size.

The fractionation of subcellular compo-
nents is never perfect or complete. Centrifuga-
tion-based fractionation procedures are lim-
ited by the fact that different organelle or
membrane populations can have similar sizes
and/or densities. In addition, members of a
given organelle population vary to some de-
gree both in mass and density. Both of these
complications (i.e., the differences within an
individual population and the similarities be-
tween different populations) are exacerbated
by the organelle/membrane fragmentation
caused by lysate preparation and fractionation
procedures.

Differential centrifugation

Differential centrifugation protocols rap-
idly fractionate cell lysates into broad size
classes through sequential centrifugation steps
of increasing force and duration (Fig. 3.7.1).
This technique is also referred to as differential
pelleting. Because the subcellular components
have a substantially higher density than the
surrounding buffer, their relative sedimenta-
tion velocities are primarily determined by
their mass; larger organelles and membranes
will pellet faster and at lower centrifugal forces
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than will smaller organelles. Some of the merits
and limitations of differential centrifugation
are summarized in Table 3.7.2.

Differential centrifugation is particularly
useful to generate fractions that are signifi-
cantly enriched for the component(s) of inter-
est. The use of enriched fractions (instead of
crude cell lysates) facilitates subsequent puri-
fication or analysis by density gradient cen-
trifugation and other fractionation techniques.
Differential centrifugation is also a convenient
way to assess the potential subcellular loca-
tions of a protein of interest.

The resolution of size separation by differ-
ential centrifugation is quite low, because sub-
cellular components are randomly dispersed
throughout the medium prior to centrifugation.
Thus, the resulting separation of subcellular
components is based both on their sedimenta-
tion velocity (which is proportional to their
mass) and on their migration distance to the
bottom of the centrifugation tube (a random
characteristic). Small organelles with short mi-
gration distances (and relatively slow sedi-
mentation velocities) will pellet with larger
organelles that have faster sedimentation ve-
locities. In other words, a pellet intended to
consist of relatively large organelles will also
contain smaller organelles that happened to be
close to the bottom of the centrifugation tube.
Some of the smaller organelles found in low-
speed pellets can be removed by resuspending
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unlysed cells
large aggregates

some larger membranes

vacuolar membranes P13.000 S13,000
nuclear membranes
endoplasmic reticulum
plasma membranes

endosomal mem
Golgi complex

transport vesicles

Golgi complex

spheroplast
lysate

300xg

Y /

P300 Sa00

13,000xg

Y /

branes 100,000 xg

Y Y

P100,000 S100,000

endosomal membranes

soluble cytoplasmic proteins
soluble proteins from damaged organelles
released peripheral membrane proteins

Figure 3.7.1 A procedure for differential centrifugation of yeast cells (see Table 3.7.4 for further details).
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the pellet in fresh medium and repeating the
centrifugation step, a technique often referred
to as “washing” the pellet; however, this step
also increases the likelihood of organelle dam-
age.

A typical differential centrifugation
scheme is a presented in Figure 3.7.1. First, the
yeast cell lysates are subjected to a low cen-
trifugal force (e.g., 300 x g) to pellet any
unlysed cells and large aggregates. This cen-
trifugation step is often referred to as a “clear-
ing spin.” The cleared lysate (S3q0) is then
subjected to sequential centrifugation steps to
generate a 13,000 x g pellet (Py3 990), a 100,000
x g pellet (P0,000), and a 100,000 x g super-
natant (S;90,000). The resulting distribution of
subcellular components is summarized in Ta-
ble 3.7.4. The P3¢ fraction primarily con-
tains larger organelles and membranes (e.g.,
plasma membrane, vacuole, endoplasmic
reticulum, mitochondria, nuclei, perox-
isomes), while the Pjgo 009 fraction contains
smaller compartments (e.g., Golgi, transport
vesicles). Heterogeneous or moderate-sized
organelles can distribute between the two frac-
tions (e.g., endosomal membranes). The
S100,000 fraction contains soluble cytoplasmic
proteins, soluble proteins released from the

lumen of damaged organelles, and released
peripheral membrane proteins.

Equilibrium density gradient centrifugation

Subcellular components can be separated
according to their buoyant densities by cen-
trifugation to equilibrium in a density gradient.
This technique is referred to as equilibrium
density gradient centrifugation or isopycnic
gradient centrifugation. In response to cen-
trifugation, a given organelle or membrane
will migrate within the gradient until it reaches
the region of the gradient that matches its own
buoyant density. The subcellular component
will then remain at this position for the dura-
tion of the centrifugation irrespective of its
size, as there is no net force exerted on a
particle that is suspended in a liquid of its own
density (Archimedes’ principle). Some of the
merits and limitations of equilibrium density
gradient centrifugation are summarized in Ta-
ble 3.7.2.

Equilibrium density gradient centrifuga-
tion techniques are very versatile and are well
suited for both analytical and preparative pro-
cedures. Often the material to be separated by
equilibrium density gradient centrifugation is
first subjected to differential centrifugation
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Table 3.7.4 Distribution of Organelle Membranes after Cleared
Yeast Spheroplast Lysate (S300) is Subjected to Sequential
Centrifugation at 13,000 x g and 100,000 x g ¢

Subcellular Component P13,OOO P100,000
Endosomal membranes? [(B0%-70%  [B0%-70%
Endoplasmic reticulum¢® >95%

Golgi (cis cisternae)

Golgi (medial and trans cisternae)

Mitochondria

Nuclei¢

Peroxisomes (oleate induced)
Plasma membrane¢

Transport vesicles

Vacuolar membranes

[B0%-60%
[10%-30%
>95%
>95%
>95%
>95%

[H0%-70%
[070%-90%

>95%
>95%

“4Strain: SEY6210. Selected references: Gaynor et al. (1994); Marcusson et al.
(1994); Cereghino et al. (1995); Zinser and Daum (1995); Rieder and Emr (1997);

Babst et al. (1998).

PThe endosomal membrane system is thought to consist of at least two distinct
compartment types. The later prevacuolar endosomes appear to pellet at lower
speeds than the earlier post-Golgi endosomal compartments.

“Up to 50% of these membranes may pellet during the clearing centrifugation step
at 300 x g. Yields can be improved by resuspending and recentrifuging the 300 x g
pellet material, but some loss is unavoidable.

and is thus enriched for components of the
appropriate size. The combination of differen-
tial centrifugation and equilibrium density gra-
dient centrifugation allows subcellular compo-
nents to be fractionated according to both mass
and buoyant density. The material to be frac-
tionated can be loaded on the top, bottom, or
middle of the density gradient, since the com-
ponents will sediment or float until they reach
the appropriateregion of the gradient. (Loading
a gradient at the bottom, however, may damage
sensitive organelles if the gradient is hyperos-
motic at the dense regions of the gradient.)

Rate-zonal gradient centrifugation
Rate-zonal gradient centrifugation is a non-
equilibrium method in which subcellular com-
ponents loaded on top of a density gradient
move into enriched regions within the gradi-
ent. This technique is also referred to as veloc-
ity gradient centrifugation. The absolute and
relative banding positions of subcellular com-
ponents are primarily determined by each
component’s mass, the density of the compo-
nent relative to the surrounding medium, the
centrifugation time (duration), and the compo-
sition of the gradient. The mass is the primary
determinant of the sedimentation velocity (and
thus of position) when the density of the com-
ponent is significantly greater than that of the
surrounding medium. As the component ap-
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proaches medium equal to its own density, its
velocity will decrease. If the particle reaches
medium with a density equal to its own, it will
stop, and its final position within the gradient
will be based on its buoyant density alone,
irrespective of its mass or shape.

Like equilibrium density gradient centrifu-
gation techniques, rate-zonal density gradient
centrifugation techniques are very versatile
and well suited for both analytical and prepa-
rative procedures. The separation between dif-
ferent subcellular components can be manipu-
lated empirically to some extent by changing
the length of centrifugation, the density limits
of the gradient, or the gradient medium. Often
the material to be separated by rate-zonal den-
sity gradient centrifugation is first subjected to
differential centrifugation and is thus enriched
for components of the appropriate size. Rate-
zonal centrifugation procedures are particu-
larly useful to fractionate subcellular compo-
nents within a relatively short time, since the
rate-zonal centrifugation times are typically
much shorter than density equilibrium cen-
trifugation times.

Continuous Versus Discontinuous
Density Gradients

The density gradients used for density gra-
dient centrifugation procedures can be either
continuous or discontinuous. Some of the mer-
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Table 3.7.5 Advantages and Disadvantages of Continuous and Discontinuous Density Gradients

Density gradients

Advantages

Disadvantages

Continuous gradient

Discontinuous
gradient (step
gradient)

Especially well suited for the separation of
multiple organelle/membrane types

Very versatile: useful for both analytical and
preparative fractionation procedures
Appropriate for both equilibrium and
velocity density gradients

Higher resolution than step gradients

Less sensitive to overloading than step
gradients

Gradient preparation is simple and rapid
Especially well suited for preparative
fractionation procedures to isolate a
subcellular component of interest
Concentrated organelle/membrane layers are
often visible and may have distinguishing
characteristics (e.g., color, “fluffiness”)
Subcellular components of interest can be
rapidly harvested by collecting fractions at
the appropriate region of the gradient. (All
gradient fractions should be collected and
examined to assess the success of the
experiment.)

Fractions containing organelles of interest
are usually not identifiable without
monitoring distribution over several fractions
Material of interest may be spread over
several fractions and may require
concentration

Preparation is more time consuming

Lower resolution than continuous gradients
Preliminary experiments using continuous
density gradients are usually required to
determine optimal densities

Accumulation of membranes/organelles at an
interface can block movement of other
membranes/organelles

Sample quantities loaded on gradients must
be relatively low to minimize aggregation at
interfaces

Generally less well suited for analytical
purposes (e.g., separation of multiple
organelle types on a single gradient)
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its and limitations of continuous and discon-
tinuous density gradients are summarized in
Table 3.7.5.

In continuo