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Preface

One of the primary aims of biology is to 
understand how expression, activation and inac-
tivation of genes and proteins is orchestrated to 
generate the wide variety of cells, organs and tis-
sues that comprise a living organism. Ultimately, 
elucidation of regulatory networks controlling 
these processes will provide key mechanistic 
and molecular insight into normal development 
and have the potential to lead to the discovery of 
cellular factors that can be targeted in attempts 
to combat numerous diseases that affect cell and 
tissue architecture and function. Regardless of 
where the work starts, at some point the need to 
study specific genes and proteins within the cel-
lular milieu, becomes central toward achieving 
this goal.

The chapters included in this volume, taken 
from Cell Biology: A Laboratory Handbook, 3rd edi-
tion, describe an array of cell biological assays 
that can be used to define and characterize 
experimentally the machinery that regulates 
events critical to the function of diverse cell 
types. Broadly defined, these encompass meth-
ods to analyze translocation of proteins between 
sub-cellular compartments, intracellular signal-
ing and cytoskeletal organization. Each of these 
processes is key to the definition of cell shape, 
function and responsiveness to both intracellu-
lar and extracellular cues.

The methods described in these chapters 
can be separated into three general categories. 
The first group of assays lays out the ration-
ale and techniques to measure protein trans-
port between sub-cellular compartments or the 
plasma membrane in vitro, in semi-intact cells 

and in intact cells. Each of these assays have 
been used to gain fundamental insight into the 
mechanisms regulating exocytosis and endocy-
tosis, nuclear-cytoplasmic shuttling and trans-
location of proteins (including co-translational 
transport into the endoplasmic reticulum) 
between intracellular compartments. In com-
bination, these techniques provide researchers 
with a full arsenal of approaches with which to 
identify, characterize and determine the mini-
mal essential machinery for protein transport 
in cells. The second group of assays provides in 
depth methods to study intracellular signaling 
and localized protein activity within single, liv-
ing cells. These assays take advantage of vital 
fluorescent sensors to measure local changes 
in intracellular calcium, protein conformation, 
protein phosphorylation and nucleotide tri-
phosphate occupancy, all read-outs of protein 
activity. In addition, these assays incorporate 
methods to control and analyze signaling events 
with tremendous spatial and temporal resolu-
tion in cells. The third group of methods detail 
in vitro and cell-based assays to evaluate the 
regulation and organization of actin and micro-
tubule networks in response to individual pro-
teins, defined cytosol, signaling cascades and 
environmental insult by bacteria. These assays 
also provide researchers with the ability to iden-
tify molecular effectors of cytoskeletal dynamics 
and organization that play key roles in how cells 
respond physically to a variety of physiological 
stimuli. Results obtained in any one groups of 
assays can be fruitfully incorporated into exper-
iments using the others to gain more complete 
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insight into regulation individual cellular proc-
esses. Indeed, in vitro experiments showing that 
motor proteins move along actin and microtu-
bules have been combined successfully with 
protein transport and signaling assays to iden-
tify cytoskeletal motors responsible for numer-
ous protein and organelle transport events 
in cells.

Using detailed experimental examples, the 
chapters in this volume examine a wide range 
of techniques and assays that can be applied 
in most laboratories. While several of these 

methods are technically demanding, most are 
straight-forward, utilize equipment, tools and 
supplies commonly available at research insti-
tutions, and can be adapted to suit specific 
questions of individual scientists. In this era of 
cell biology, the ability to apply diverse techni-
cal approaches enables researchers to address, 
at a molecular level, the many questions associ-
ated with complex biological events. Together, 
the step-by-step instructions with detailed dis-
cussion of each technique make this laboratory 
handbook an essential resource.
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I. INTRODUCTION

Polarized exocytic transport in epithelial cells 
can be measured by performing in vitro assays 
on filter-grown Madin–Darby canine kidney 
cells (MDCK strain II cells). Techniques have 
been developed to establish conditions where 
cytosol-dependent transfer of a viral marker 
protein is monitored in MDCK cells permea-
bilized with the cholesterol-binding and pore-
forming toxin Streptococcus streptolysin-O 
(SLO). The transport is assayed either early in 
the biosynthetic pathway, from the endoplasmic 
reticulum (ER) to the Golgi complex, or from the 
trans-Golgi network (TGN) to the apical or from 

the TGN to the basolateral plasma membrane 
(for a detailed characterization of the assays and 
their properties, see Lafont et al., 1998).

The assays provide the possibility to analyze 
the effects of exogeneous molecules added to the 
cytosol. Cytosolic molecules can be inactivated 
prior to their addition to permeabilized cells or 
depleted using antibodies. Membrane-imper-
meable molecules can gain access to lipids or 
membrane proteins facing the cytosol. We have 
successfully used fluorescent lipid analogues, 
chemicals, antibodies, peptides, purified pro-
teins, and toxins. The specificity of the inhibition 
of transport after depleting cells for a selected 
cytosolic molecule may be tested by rescuing 

 I. Introduction 3

  II. Materials and Instrumentation 4

 III. Procedures 4
A. SLO Standardization 4

B. Preparation of Cytosols 5
C. Transport Assays 6

IV. Comments and Pitfalls 11
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transport when the purified molecule is added 
back to the transport reaction. Efficiency of the 
transport steps can also be tested after cells have 
been treated with drugs affecting biosynthetic 
pathways, e.g., after cholesterol biosynthesis 
inhibition using methyl-β-cyclodextrin.

II. MATERIALS AND 
INSTRUMENTATION

The recombinant SLO fused to a maltose-
binding protein is obtained from Dr. S. Bhakdi 
(University of Mainz, Mainz, Germany). 
SLO is also now available from several com-
mercial sources. (Hersey and Steiner (1985)). 
PhosphorImager and ImageQuant software are 
purchased from Molecular Dynamics. Sonifier 
cell disruptor B 15 is purchased from Branson. 
Media and reagents for cell culture are purchased 
from Gibco Biocult and Biochrom.; chemicals are 
from Merck; ATP (Cat. No. A-6033), antipain (Cat. 
No. A-6271), CaCO3 (Cat. No. C-5273), chymosta-
tin (Cat. No. C-7268), cytochalasin D (Cat. No. 
C-5394), leupeptin (Cat. No. L-2884), pepstatin 
(Cat. No. P-4265), and pyruvate (Cat. No. P2256) 
are from Sigma; creatine kinase (Cat, No. 127566), 
creatine phosphate (Cat. No. 621714), dimathyl 
sulfoxide (DMSO) (Cat. No. D-5879), endogly-
cosidase H (Cat. No. 1088734), and NADH (Cat 
No. 107727) are from Boehringer Mannheim; 
trypsin and soybean trypsin inhibitor are from 
Worthington Biochemical Corporation; protein 
A–Sepharose (Cat. No. 17-0780-01) is from Phar-
macia; and cell filters (0.4-μm pore size; No. 3401, 
12-mm-diameter Transwell polycarbonate filters) 
are from Costar.

III. PROCEDURES

A. SLO Standardization

Each batch of toxin is standardized for the 
amount of lactate dehydrogenase (LDH) released 

from the filter-grown MDCK cells, and the 
amount of LDH released is determined according 
to a previously described protocol. Alternatively, 
it is possible to use antibody cytosol accessibility 
to monitor SLO permeabilization.

Solutions

1. Growth medium (GM): Eagle’s minimal 
essential medium with Earle’s salts (E-
MEM) supplemented with 10 mM HEPES, 
pH 7.3, 10% (v/v) fetal calf serum, 2 mM 
glutamine, 100 U/ml penicillin, and 100 μg/
ml streptomycin.

2. Either purified SLO or recombinant SLO 
fused to a maltose-binding protein is 
obtained from Dr. S. Bhakdi (University of 
Mainz, Mainz, Germany). The recombinant 
SLO preparation is strored as lyophilisate at 
�80ºC.

3. 10X KOAc transport buffer: To prepare 1 liter, 
dissolve 250 mM HEPES (59.6 g); 1150 mM 
KOAc (112.9 g), and 50 mM MgCl2 (25 ml 
from 1 M stock) in 800 ml water. Adjust the 
pH to 7.4 with �50 ml 1 M KOH and make it 
1 liter with water.

4. KOAc� buffer: KOAC buffer containing 
0.9 mM CaCO3 (90 mg/liter) and 0.5 mM 
MgCl2 (0.5 ml/liter from 1 M stock)

5. Assay buffer: KOAc plus 0.011% Triton X-100 
for media and KOAc for filter

6. NADH 14 mg/ml KOAc
7. 60 mM pyruvate: 30 mg in 50 ml water

Steps

1. Grow MDCK cells strain II on 1.2-mm-
diameter filters for 3.5 days in vitro and 
change the medium every 24 h.

2. Wash cells by dipping in KOAc.
3. Prepare a range of SLO, e.g., from 0.5 to 

10 μg of recombinant SLO per filter. Activate 
the SLO for 30 min at 37ºC in 50 μl KOAc 
plus 10 mM dithiothreitol (DTT) per filter. 
Place the filters on a Parafilm sheet put on a 
metal plate on an ice bucket.
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 4. Add 50 μl of activated SLO on the apical 
side for 15 min at 4ºC.

 5. Wash excess SLO by dipping the filters 
twice in KOAc�.

 6. Transfer the filters to a 12-well dish 
containing 0.75 ml TM at 19.5ºC. Add 
0.75 ml TM to the apical side and incubate 
at 19.5ºC for exactly 30 min in a water bath.

 7. Collect apical and basolateral media, cut 
the filters, and shake the filters with 1 ml 
KOAc containing 0.1% Triton X-100.

 8. Mix in a disposable cuvette:
a. 800 μl of assay buffer (KOAc or KOAc/

Triton X-100)
b. 200 μl of sample
c. 10 μl of NADH
d. 10 μl of pyruvate.

 Turn the cuvette upside down twice using 
Parafilm to close it.

 9. Read immediately the OD at 340 nm for 60 s 
(the OD should be around 1.5).

10. Calculate the LDH activity as the change 
in OD in 10 s, taking the average of the first 
30 s.

11. Dissolve the recombinant SLO in KOAc 
buffer and store in aliquots at �80ºC with 
the amount necessary for one set of assays 
per aliquot.

B. Preparation of Cytosols

Solutions

1. Growth medium: For HeLa cells, use Joklik’s 
medium supplemented with 50 ml/liter 
newborn calf serum (heat inactivated for 
30 min at 56ºC), 2 mM glutamine, 100 U/ml 
penicillin, 100 μg/ml streptomycin, and 
150 μl 10 M NaOH. For MDCK cells, use 
Eagle’s minimal essential medium with 
Earle’s salts (E-MEM) supplemented with 
10 mM HEPES, pH 7.3, 10% (v/v) fetal calf 
serum, 2 mM glutamine, 100 U/ml penicillin, 
and 100 μg/ml streptomycin.

2. 10X KOAc transport buffer: To prepare 1 liter, 
dissolve 250 mM HEPES (59.6 g); 1150 mM 
KOAc (112.9 g), and 50 mM MgCl2 (25 ml 
from 1 M stock) in 800 ml water. Adjust the 
pH to 7.4 with �50 ml 1 M KOH and make it 
1 liter with water.

3. PBS�: PBS containing 0.9 mM CaCl2 and 
0.5 mM MgCl2.

4. Swelling buffer (SB): For 100 ml, prepare 
1 mM EGTA 0.5 M (200 μl), 1 mM MgCl2 1 M 
(100 μl), 1 mM DTT 1 M (100 μl), and 1 μM 
cytochalasin D 1 mM (100 μl).

5. Protease inhibitor cocktail (CLAP): To 
prepare a 1000X stock, dissolve antipain, 
chymostatin, leupeptin, and pepstatin each 
at 25 μg/ml DMSO and combine.

Steps

HeLa Cytosol
1. To grow 20 liters of HeLa cells in suspension 

to a density of 6 � 105 cells/ml:
a. Inoculate 250 ml cell suspension (6 � 105 

cells/ml) in 1 liter medium and leave stir-
ring in a 37ºC room.

b. On the third day, split 1:4 by adding 250 ml 
to 750 ml of fresh medium. Leave stirring 
in the 37ºC room. This will give 4 liters of 
cell suspension.

c. On the fifth day, again split 1:4 by adding 1 
liter of the cell suspension to 3 liters of fresh 
medium in a 6-liter round-bottom flask. If 
the cells seem overgrown, add some fresh 
medium. Thus, between 16 and 20 liters of 
cell suspension are obtained.

2. Concentrate the cell suspension to 2 liters 
either by centrifugation or with any cell-
concentrating system.

3. Centrifuge cells at 5000 rpm in a Sorvall GS-
3 rotor (400-ml buckets) at 4ºC for 20 min.

4. Discard the supernatant and wash cells by 
resuspending the pellet with 10 ml of ice-
cold PBS with a sterile 10-ml pipette (10 ml 
PBS/bucket). Pool the suspension in 250-ml 
Falcon tubes.

 III. PROCEDURES 5
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 5. Spin at 3000 rpm for 10 min at 4ºC in a 
minifuge. The pellet will be loose. Discard 
the supernatant.

 6. Fill the tube with cold SB (about 35 ml). 
Resuspend the cells carefully with a sterile 
10-ml pipette in SB. Let the pellet swell for 
5 min on ice.

 7. Spin in the minifuge at 2000 rpm at 4ºC for 
10 min. Remove as much as possible of the 
supernatant. The pellet should be loose.

 8. Transfer the pellet to a 30-ml Dounce 
homogenizer (use a spatula) and, after 
adding SB, perform five strokes. Add 0.1 
volume of 10� KOAc and homogenize 
further by 15–20 strokes.

 9. Spin the homogenate at 4ºC at 10,000 rpm 
for 25 min in SS-34 tubes (Sorvall). Collect 
the supernatant.

10. Spin at 50,000 rpm in Ti70 tubes 
(Beckmann) for 90 min at 4ºC. Aliquot the 
supernatant in screw-top 1.5-ml tubes. 
Avoid including lipids that might be on the 
top of the supernatant. Freeze the aliquots 
in liquid N2 and store at �70ºC.

11. Measure the protein concentration; 
it should be around 5 mg/ml. Lower 
concentrations do not work.

12. When needed, thaw the aliquots quickly 
and keep them on ice (up to 6 h) until use. 
Aliquots can be refrozen at least twice.

MDCK Cytosol
 1. Trypsinize thirty 24 � 24-cm dishes 

of confluent MDCK cells. Resuspend 
trypsinized cells in cold growth medium 
(containing 5% FCS to inactivate trypsin) 
and leave on ice until all dishes are 
trypsinized and cells are pooled. After this, 
all handling should be done on ice using 
ice-cold solutions.

 2. Centrifugate at 4ºC for 10 min at 2000 rpm 
in a RF Heraeus centrifuge. Wash medium 
away with PBS.

 3. Wash in PBS containing 2 mg/ml soybean 
trypsin inhibitor (STI). Wash out STI with 

 PBS and resuspend the cell pellet in the SB (cf. 
see earlier discussion) and keep 10 min on ice.

4. Centrifugate at 2000 rpm for 10 min at 4ºC in 
a RF Heraeus centrifuge.

5. Sonicate the loose cell pellet (�10 ml) (power 
6, 0.5-s pulse, sonifier cell disruptor B 15, 
Branson) until cells are broken as judged 
by light microscopy. Add 0.1 volume of 10X 
KOAc to the sample and spin it for 20 min at 
3000 rpm.

6. Spin the supernatant again at 75,000 rpm for 
1 h in a TLA 100.2 rotor.

The procedure routinely yields �6 ml of cytosol 
at 14 mg/ml. Other cell types, e.g., NIH 3T3 
fibroblasts, can also be used as starting material 
for cytosol preparation using the protocol just 
described. We have not observed significant dif-
ferences between the efficiencies of the different 
cytosols to support transport. However, HeLa 
cytosol is used routinely because of the ease of 
preparing large quantities.

C. Transport Assays

Solutions

All solutions are sterilized and kept at 4ºC 
unless indicated.

1. Growth medium: E-MEM supplemented with 
10 mM HEPES (10 ml/liter), pH 7.3, 10% (v/
v) fetal calf serum, 2 mM glutamine 200 mM 
(10 ml/liter), 100 U/ml penicillin 104 U/ml 
(10 ml/liter), and 100 μg/ml streptomycin 
104 μg/ml (10 ml/liter).

2. Infection medium (IM): E-MEM supplemented 
with 10 mM HEPES, pH 7.3, 0.2% (w/v) 
BSA, 100 U/ml penicillin, and 100 μg/ml 
streptomycin.

3. Labeling medium (LM): Methionine-free 
E-MEM containing 0.35 g/liter sodium 
bicarbonate instead of the usual 2.2 g/
liter 10 mM HEPES, pH 7.3, 0.2% (w/
v) BSA supplemented with 16.5 μCi of 
[35S]methionine/filter.
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 4. Chase medium (CM): Labeling medium 
without [35S]methionine and containing 
20 μg/ml cycloheximide and 150 μg/ml 
cold methionine.

 5. 10X KOAc transport buffer: To prepare 1 liter, 
dissolve 59.6 g HEPES (250 mM); 112.9 g 
KOAc (1150 mM), and add 25 ml from 
1 M stock MgCl2 (50 mM) in 800 ml water. 
Adjust the pH to 7.4 with �50 ml 1 M KOH 
and make it 1 liter with water.

 6. KOAc� buffer: KOAC buffer containing 
0.9 mM CaCO3 (90 mg/liter) and 0.5 mM 
MgCl2 (0.5 ml/liter from 1 M stock).

 7. PBS�: PBS containing 0.9 mM CaCl2 
(0.13 g/liter CaCl2 �2H2O) and 0.5 mM 
MgCl2 (0.5 ml/liter from 1 M stock).

 8. 0.5 M EGTA: To prepare 100 ml, dissolve 
19 g in 60 ml water. The solution should be 
turbid (pH 3.5). Add slowly �10 ml 10 M 
KOH. When the pH of the solution starts 
to clear, adjust to 7.4. Make it 100 ml with 
water.

 9. 0.1 M Ca and 0.5 M EGTA: To prepare 
100 ml, stir 1 g CaCO3 and 3.8 g EGTA in 
�70 ml water for at least 45 min (degas). 
After adding 2 ml of 10 M KOH, the pH is 
about 6. Finally, make the pH 7.4 adding 
few drops of 1 M KOH. Make it 1 liter with 
water.

10. Transport medium (TM): To prepare 50 ml, 
combine 50 μl 1 M DTT, 200 μl 0.5 M EGTA, 
and 1 ml 0.5 M EGTA/0.1 M CaCO3 in 1X 
KOAc.

11. ATP-regenerating system (ARS): 100X stock, 
prepare three solutions (10 ml each):
a. 100 mM ATP (disodium salt, pH 6–7, neu-

tralized with 2 M NaOH; 0.605 g/10 ml)
b. 800 mM creatine phosphate (disodium 

salt, 2.620 g/10 ml)
c. 800 U/mg (at 37ºC) creatine kinase 

(0.5 mg/10 ml in 50% glycerol).
 Store stocks in aliquots at �20ºC. Mix sol-

utions a–c 1:1:1 just before use.
12. Lysis buffer (LB): PBS� containing 2% NP-40 

and 0.2% SDS.

13. CLAP: To prepare a 1000X stock, combine 
25 μg/ml DMSO of antipain, chymostatin, 
leupeptin, and pepstatin.

Steps

The basic steps of the assays can be summa-
rized as follows. Grow MDCK cells on a per-
meable filter support until a tight monolayer is 
formed. Grow cells on 12-mm-diameter filters and 
use when they display a transmonolayer electrical 
resistance of at least 50Ω� cm2. Infect cell layers 
with either vesicular stomatitis (VSV) or influenza 
virus using the G glycoprotein of VSV (VSV G) or 
the hemagglutinin (HA) of influenza virus N as 
basolateral or apical markers, respectively. After 
a short pulse of radioactive methionine, block 
the newly synthesized viral proteins either in the 
ER or in the TGN. At this stage, one cell surface 
is permeabilized with SLO, which allows leakage 
of cytosolic proteins, whereas membrane constit-
uents, including transport vesicles, are retained 
inside the cells. After removal of the endogenous 
cytosol by washing, add cytosol and ATP and 
raise the temperature to 37ºC. Transport of the 
viral proteins from the ER to the Golgi complex 
or from the TGN to the apical or the basolateral 
plasma membrane is reconstituted in a cytosol-,
energy-, and temperature-dependent manner. 
Measure the amount of viral proteins reaching 
the acceptor compartment by endoglycosidase 
H treatment (ER to Golgi transport), trypsiniza-
tion of HA on the apical surface (TGN to apical 
transport), or immunoprecipitation of the VSV 
G at the basolateral surface (TGN to basolateral 
transport). Obtain quantitations of viral polypep-
tides resolved on SDS–PAGE by PhosphorImager 
analysis.

Due to the handling and the various steps, the 
entire procedure for running one assay requires 
about 9 h for the apical assay and 11 h for the baso-
lateral assay. Carry out immunoprecipitation for 
the basolateral assay the following day (takes 5 h). 
The ER-to-Golgi transport takes about 6 h before 
an overnight enzymatic treatment step. Samples 

 III. PROCEDURES 7
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can be frozen at �20ºC before running SDS–
PAGEs (routinely performed the following day). 
It is worth noting that for the reproducibility of 
the results the assays should be performed strictly, 
obeying the schedule indicated in the protocol.

Grow the N strain influenza virus (A/chick/
Germany/49/Hav2Neq1) in 11-day embryonated 
chick eggs as described. (Bennett et al., 1988) 
Prepare a stock of phenotypically mixed VSV 
(Indiana strain) grown in Chinese hamster ovary 
C15.CF1 cells, which express HA on their plasma 
membrane as described. Prepare the affinity-puri-
fied antibody raised against the luminal domain 
of the VSV G as described (Matlin et al., 1983).

Apical Transport Assay
1. Cell culture: Seed 1:72 of the MDCK cells 

from one confluent 75-cm2 flask per filter 
(6 � 104 cells/filter) with 0.75 ml of growth 
medium apically and 2 ml basolaterally. 
Change the growth medium every 24 h and 
use cells 3.5 days after plating.

2. Infection: Prior to viral infection, wash the 
monolayers in warm PBS� and then IM and 
infect with the influenza virus in 50 μl IM 
(20 pfu/cell; enough to obtain 100% infection 
as judged by immunofluorescence) on the 
apical side. After allowing adsorption of the 
virus to the cells for 1 h at 37ºC, remove the 
inoculum and continue the infection for an 
additional 3 h after adding 0.75 ml IM on the 
apical side and 2 ml IM on the basolateral 
side of the filter.

3. Metabolic labeling: Rinse the cell monolayers 
by dipping in beakers containing warm 
PBS� and LM at 37ºC. Place a drop of 
25 μl of the LM containing 12.5 μCi of 
[35S]methionine on a Parafilm sheet in a wet 
chamber at 37ºC in a water bath. Add 100 μl 
of only LM to the apical side of the filters 
and place them basal side down on the drop. 
Incubate for 6 min at 37ºC.

4. TGN block: Terminate metabolic pulse labeling 
by moving the filters to a new 12-well plate 
containing 1.5 ml CM already at 20ºC. Add 

0.75 ml of CM (20ºC) on the apical side and 
incubate for 75 min in a 19.5ºC water bath.

5. SLO permeabilization: Activate the SLO in 
KOAc buffer containing 10 mM DTT at 37ºC 
for 30 min and keep at 4ºC until used for 
permeabilization. Use the toxin within 1 h 
of activation. Wash the filters twice in ice-
cold KOAc� by dipping. Carefully remove 
excess buffer from the apical side and blot 
the basolateral side with a Kleenex. Place 
25-μl drops of the activated SLO (enough to 
release 60% LDH in 30 min, about 20 mg/
ml) on a Parafilm sheet placed on a metal 
plate on an ice bucket. Leave the apical 
side without buffer. Place the filters on 
the drop for 15 min. Wash the basolateral 
surface twice by dipping in ice-cold KOAc� 
buffer. Transfer the filters to a 12-well dish 
containing 0.75 ml TM at 19.5ºC. Add 0.75 ml 
TM to the apical side and incubate at 19.5ºC 
for exactly 30 min in a water bath.

6. Transport: Remove the filters from the water 
bath, rinse them once with cold TM, blot 
the basolateral side, and place on a 35-μl 
drop on either TM (control) or HeLa cytosol 
(�treatment or molecule to be tested) 
supplemented each with ARS (3 μl/100 μl 
TM or HeLa cytosol). Add the ARS to TM 
or cytosol immediately before dispensing 
the drops onto which the filters are placed. 
Layer 100 μl of TM on the apical side 
and incubate at 4ºC for 15 min in a moist 
chamber. Transfer the chamber to a warm 
water bath for 60 min at 37ºC. Terminate the 
transport by transferring on ice and washing 
the filters with cold PBS� three times.

7. Trypsinization: Add to the apical surface 
250 μl of 100 μg/ml trypsin freshly prepared 
in PBS� and then add 2 ml of PBS� to the 
basolateral chamber. Keep on ice for 30 min 
and stop the reaction by adding 3 μl of 
soybean trypsin inhibitor (STI; 10 mg/ml) 
to the apical side and then wash the apical 
surface three times with PBS� containing 
100 μg/ml STI.
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8. Cell lysis: Solubilize the monolayers in 100 μl 
LB containing freshly added CLAP. Scrape 
the cells and spin for 5 min in a microfuge; 
discard the pellet. Analyze 20 μl per sample 
by SDS–PAGE on a 10% acrylamide gel, fix, 
and dry the gel.

9. Quantitation: Scan the gels with a 
PhophorImager and measure the band 
intensities using ImageQuant software. 
Calculate the amount of HA transported as 
the percentage of HA (68 kDa) transported 
to the cell surface � [2 � HA2/(HA � 2 � 
HA2) � 100] with HA2 (32 kDA) being the 
small trypsin cleavage product of HA.

Basolateral Transport Assay
1. Cell culture: Seed 1:72 of MDCK cells from 

one confluent 75-cm2 flask per filter (6 � 104 
cells/filter) with 0.75 ml of growth medium 
apically and 2 ml basolaterally. Change the 
growth medium every 24 h and use cells 3.5 
days after plating.

2. Infection: Prior to viral infection, wash the 
monolayers in warm PBS� and then in 
IM and infect with the vesicular stomatitis 
virus in 50 μl IM (20 pfu/cell; enough 
to obtain 100% infection as judged by 
immunofluorescence) on the apical side. 
After allowing adsorption of the virus to the 
cells for 1 h at 37ºC, remove the inoculum and 
continue the infection for an additional 3 h 
after adding 0.75 ml IM on the apical side and 
2 ml IM on the basolateral side of the filter.

3. Metabolic labeling and chase: Rinse the 
cell monolayers by dipping in beakers 
containing warm PBS� and then LM 
at 37ºC. Place a drop of 25 μl of the LM 
containing 12.5 μCi of [35S]methionine on a 
Parafilm sheet in a wet chamber at 37ºC in 
a water bath. Add 100 μl of LM to the apical 
side of the filter and place the filter on the 
drop. Incubate for 6 min at 37ºC and incubate 
for an additional 6 min at 37ºC in CM with 
0.75 ml on the apical side and 2 ml on the 
basolateral side before the 19.5ºC block.

 4. TGN block: Terminate the pulse by moving 
the filters to a new 12-well plate containing 
1.5 ml CM already at 20ºC. Add 0.75 ml of 
CM (20ºC) on the apical side and incubate 
for 60 min in a 19.5ºC water bath.

 5. SLO permeabilization: Activate the SLO in 
KOAc buffer containing 10 mM DTT at 37ºC 
for 30 min and keep at 4ºC until used for 
permeabilization. Use the toxin within 1 h 
of activation. Wash the filters twice in ice-
cold KOAc� by dipping. Carefully remove 
excess buffer from the apical side and blot 
the basolateral side with a Kleenex. Add 
50-μl drops of the activated SLO (enough to 
release 60% LDH in 30 min, about 40 mg/
ml) on a Parafilm sheet placed on a metal 
plate layered on an ice bucket. Leave the 
basolateral side without buffer. Incubate for 
15 min. Wash the apical surface twice with 
0.75 ml of ice-cold KOAc� buffer. Transfer 
the filters to a 12-well dish containing 
0.75 ml TM at 19.5ºC. Add 0.75 ml TM to 
the apical side and incubate at 19.5ºC for 
exactly 30 min in a water bath.

 6. Transport: Remove the filters from the water 
bath, rinse them once with cold TM, blot 
the basolateral side, and add 100 μl of either 
TM (control) or HeLa cytosol (�treatment 
or molecule to be tested) supplemented 
with ARS each (3 μl/100 μl TM or HeLa 
cytosol) on the apical side. Add the ARS 
to TM or cytosol prior to dispension onto 
drops. Incubate at 4ºC for 15 min. Put the 
filters on already dispensed 35-μl drops of 
TM supplemented with ARS on a Parafilm 
in a moist chamber in a water bath at 37ºC. 
Incubate for 60 min. Terminate the transport 
by transferring on ice and washing the 
filters with cold PBS� three times.

 7. Anti-VSV G binding: Wash twice (2–5 min) 
with 2 ml of CM containing 10% FCS (CM-
FCS) on the basolateral side and once with 
0.75 ml on the apical side. Dilute anti-VSV-
G antibodies in CM-FCS (1:18, i.e., 50 μg/
ml; 300 μl) and place the filters on 25-μl 

 III. PROCEDURES 9



10 1. PERMEABILIZED EPITHELIAL CELLS TO STUDY EXOCYTIC MEMBRANE TRANSPORT

I. MEMBRANE PROTEIN TRANSLOCATION ASSAYS

drops of PBS�/ab (1.5 μl ab/filter). Add 
nothing on the apical side and incubate in 
a cold room on a metal plate placed onto 
an ice bucket for 90 min. Remove the filters 
and wash (three times) on the basolateral 
side with CM-FCS (2 ml with constant 
rocking) and once on the apical side. Shake 
the filters gently for efficient removal of 
unbound antibodies. Wash the filters once 
with PBS� and place each on a 25-μl drop 
of PBS� supplemented with cold virus 
(1:25; 300 μl). Incubate for 10 min in the cold.

 8. Cell lysis: Solubilize the monolayers in 
200 μl LB containing freshly added CLAP 
and cold virus (1:166). Scrape the cells, spin 
for 5 min, and discard the pellet. Remove a 
10-μl aliquot from each sample (total).

 9. Immunoprecipitation: Wash protein A–
Sepharose powder with PBS (3�), let it 
swell 10 min in PBS, wash it with LB, and 
store as 1:1 slurry in LB at 4ºC for 3 weeks 
maximum. Add 30 μl of the 1:1 slurry of 
protein A–Sepharose to the lysate. Rotate 
in a cold room for 60 min. Spin the resin 
down and wash (3�) with 500 μl LB, elute 
the bound sample with 35 μl 2X Laemmli 
buffer, and boil for 5 min at 95ºC. Load 20 μl 
of bound material and 10 μl of total (after 
boiling with 10 μl of 2X Laemmli buffer) on 
SDS–PAGE gels (10%). Run SDS–PAGE on 
10% acrylamide gels, fix, and dry the gels.

10. Quantitation: Scan the gels with a 
PhophorImager and measure band 
intensities using ImageQuant software. 
Calculate the amount of VSV G (67 kDa) 
transported as follows: percentage of 
VSV G on the cell surface � (surface 
immunoprecipitated VSV G / total VSV G) 
� 100.

ER-to-Golgi Transport Assay
In the ER-to-Golgi transport assay, influenza 

N- or VSV- infected MDCK monolayers can be 
used. An infection with the influenza virus is 
used here as an example.

1. Cell culture: Seed 1:72 of the MDCK cells 
from one confluent 75-cm2 flask per filter 
with 0.75 ml of growth medium apically 
and 2 ml basolaterally. Change the growth 
medium every 24 h and use cells 3.5 days 
after plating.

2. Infection: Prior to viral infection, wash the 
monolayers in warm IM and then infect 
with the influenza virus in 50 μl IM (20 pfu/
cell; enough to obtain 100% infection as 
judged by immunofluorescence) on the 
apical side. After allowing adsorption of the 
virus to the cells for 1 h at 37ºC, remove the 
inoculum and continue the infection for an 
additional 3 h after adding 0.75 ml IM on the 
apical side and 2 ml IM on the basolateral 
side of the filter.

3. Metabolic labeling: Rinse the cell monolayers 
by dipping in beakers containing warm 
PBS� and then LM at 37ºC. Place a drop 
of 25 μl of the LM containing 12.5 μCi of 
[35S]methionine on a Parafilm sheet in a 
wet chamber at 37ºC in a water bath. Add 
100 μl of LM to the apical side of the filter 
and place the filter on the drop. Incubate for 
6 min at 37ºC.

4. Terminate the pulse by moving the filters to 
a new 12-well plate containing 1.5 ml CM 
already at 4ºC. Add 0.75 ml of CM (4ºC) on 
the apical side and incubate for 30 min at 
4ºC.

5. SLO permeabilization: Activate the SLO in 
KOAc buffer containing 10 mM DTT at 37ºC 
for 30 min and keep at 4ºC until used for 
permeabilization. Use the toxin within 1 h 
of activation. Wash the filters twice in ice-
cold KOAc� by dipping. Carefully remove 
excess buffer from the apical side and blot 
the basolateral side with a Kleenex. Place 
25-μl drops of the activated SLO (enough to 
release 60% LDH in 30 min, about 20 mg/ml) 
on a Parafilm sheet placed on a metal plate 
layered on an ice bucket. Leave the apical 
side without buffer. Place the filters on 
the drops for 15 min. Wash the basolateral 
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surface twice by dipping in ice-cold KOAc� 
buffer. Transfer the filters to a 12-well dish 
containing 0.75 ml TM at 4ºC. Add 0.75 ml 
TM to the apical side and incubate at 37ºC 
for 3 min and 1.5 ml on the basolateral side 
of the filter (formation of pores), followed by 
an incubation at 4ºC for 20 min in fresh TM 
on both sides (cytosol depletion).

6. Transport: Rinse the filters once with cold 
TM, blot on the basolateral side, and put 
on a 35-μl drop of either TM (control) or 
HeLa cytosol (�treatment or molecule to 
be tested) supplemented with ARS each 
(3 μl/100 μl TM or HeLa cytosol). Add the 
ARS to TM or cytosol prior to dispension 
onto drops. Layer the apical side with 100 μl 
of TM and incubate at 4ºC for 15 min in a 
moist chamber. Transfer the chamber to a 
water bath at 37ºC for 45 min. Terminate the 
transport by transferring on ice and washing 
the filters with cold PBS� three times.

7. Cell lysis: Solubilize the monolayers in 100 μl 
LB containing freshly added CLAP. Scrape 
the cells and spin for 5 min in microfuge; 
discard the pellet.

8. Endoglycosidase H treatment: Remove a 75-
μl aliquot and add to 25 μl of 0.2 M sodium 
citrate buffer, pH of 5.0. The resulting 100 μl 
mixture has a pH of 5.3. Divide it in two 
50-μl aliquots. One receives 5 μl of 1 U/ml 
endoglycosidase H and the other receives 
only the citrate buffer. After 20 h at 37ºC, 
terminate the reaction by boiling in Laemmli 
buffer. Analyze the samples by running 
SDS–PAGE on a 10% acrylamide gel, fix, and 
dry the gel.

9. Quantitation: Scan the gels with a 
PhophorImager and measure band 
intensities using ImageQuant software. 
Calculate the amount of HA transported 
as the percentage of HA acquiring 
endoglycosidase H resistance with the 
following formula: percentage of HA 
reaching the Golgi complex � (endo H-
resistant HA / total HA) � 100.

IV. COMMENTS AND PITFALLS

In all cases the values are expressed as control 
cytosol-dependent transport being 100% (trans-
port in the presence of cytosol minus trans-
port in the absence of added cytosol). For each 
manipulation a matched control is used (e.g., 
antibody or peptide tested vs. control antibody 
or peptide, respectively). Assays are carried out 
routinely on duplicate filters and quantifications 
represent the mean � SEM obtained in several 
experiments.

A critical parameter for the successful per-
formance of these transport assays is the quality 
of SLO. MDCK cells are difficult to permeabilize 
compared to several other cell types (e.g., BHK, 
CHO, and L cells), and with the available com-
mercial sources of SLO, the degree of permeabili-
zation, as measured by LDH release, has not been 
satisfactory. The wild-type toxin purified from 
Streptococci and the recombinant toxin produced 
in Escherichia coli have both worked equally well.

The available amount of reagent often deter-
mines whether the preincubation during cytosol 
depletion is possible, as cytosol depletion must 
be carried out in an excess volume of buffer. 
The routinely used volume (750 μl per filter) can 
be, however, somewhat reduced. By using 500 μl 
per filter there is not yet a significant effect on 
transport efficiency, and by using 200 μl per filter 
cytosol depletion is compromised moderately, 
which increases the background, cytosol-inde-
pendent transport, and results in a transport 
efficiency of about three-fourths of normal.

Because the transport is carried out in a 
leaky cellular microenvironment with diluted 
cytosolic components, the increase in transport 
obtained with exogenous cytosol is usually 
two- to threefold (three- to fourfold in the ER-
to-Golgi assay). This is the window in which 
the differences in cytosol dependent transport 
are measured. In assays measuring transport in 
the late secretory pathway, part of the efficiency 
is lost due to retention of some viral marker 
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early in the exocytic route. However, because 
both markers, HA and VSV G, are glycoproteins 
whose mobility on SDS–PAGE shifts according 
to the degree of glycosylation, careful examina-
tion of their mobilities will reveal, in apical and 
basolateral assays, if the test condition retarded 
significantly the processing of the marker to 
the terminally glycosylated form. This may 
therefore serve as an internal control for the 
specificity of inhibition. A more accurate way 
to test the effect of a reagent in the early secre-
tory pathway is to assay the ER-to-Golgi trans-
port. The real advantage of having established 
similar procedures for three different transport 
assays is the possibility of using them as inter-
nal controls for each other. This enables the 
identification of molecules that are specifically 
involved in either apical or basolateral transport 

routes and allows the discrimination between 
compounds that are needed only in the polar-
ized routes versus those that are common to all 
three transport processes.
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I. INTRODUCTION

Study of the mechanisms of polarized pro-
tein sorting in epithelial cells has been facili-
tated greatly by the use of enveloped RNA 
viruses, such as vesicular stomatitis virus (VSV) 
and influenza virus, which bud from the baso-
lateral and apical plasma membranes, respec-
tively (Rodriguez-Boulan and Sabatini, 1978). 
Following infection, a rapid onset of viral pro-
tein synthesis occurs, leading to the vectorial 
transport of envelope glycoproteins to either 
the apical or the basolateral surface. This model 
continues to provide information on the mecha-
nisms of protein sorting (Musch et al., 1996) and 
the basic protocols are included here. However, 
because cells cannot be coinfected efficiently 
with both types of viruses due to reciprocal 
inhibition of protein synthesis, a major draw-
back of this paradigm is the inability to study 
the segregation of apical and basolateral pro-
teins from one another in the same cell.

Two alternative approaches have been devel-
oped that improve upon and greatly facilitate 
studying the molecular effectors of protein sort-
ing in the trans-Golgi network (TGN) and polar-
ized transport routes to the plasma membrane in 
epithelial cells. These approaches utilize either 
recombinant adenovirus vectors or intranuclear 
microinjection of cDNAs to introduce exogenous 
biosynthetic markers into cells. Both methodolo-
gies advance previous techniques in numerous 
ways: (i) they allow for high-level, simultaneous 
expression of two markers (Marmorstein et al., 
2000); (ii) they are amenable to the use of tem-
perature blocks, which allow for accumulation 
in and synchronous release of newly synthe-
sized proteins from the TGN; (iii) neither method 
interferes with the ability of cells to synthesize 
and transport endogenous proteins, permitting 
the study of marker proteins in a normal cellular 
environment; (iv) adenoviral infection generally 
results in transduction of all cells in the culture 
and is thus ideal for metabolic labeling studies 

and biochemical analysis of biosynthetic events; 
(v) microinjection results in the rapid expression 
of cDNAs, providing a means by which to study 
anterograde membrane trafficking events selec-
tively and dynamically in individual cells; and 
(vi) cDNAs or adenoviral particles can be intro-
duced easily into a wide variety of cultured cells, 
making it relatively simple to compare secretory 
sorting pathways in different multiple cell types.

The most important advance provided by 
cDNA microinjection and adenoviral-mediated 
gene transfer in studying protein-sorting events 
is the ability to cointroduce two or more genes 
into cells and express simultaneously multiple 
secretory cargoes that follow divergent routes 
out of the TGN. This allows one to evaluate the 
role(s) of potential molecular effectors of pro-
tein sorting and targeting to different cellular 
domains. Furthermore, the level of expression 
of exogenous genes can be manipulated [by 
changing the amount of DNA introduced and 
the expression time allowed in  microinjection-
based assays or by varying either the multi-
plicity of infection (moi) or the time in culture 
following adenoviral infection] to allow study 
of the ability to saturate the various sorting 
pathways available to the cell (Marmorstein 
et al., 2000). Adenoviral infection also results 
in high-level expression of reporter proteins 
in large cell populations, a factor essential in 
obtaining sufficient incorporation of radioac-
tive amino acids for pulse–chase studies, as 
well as for immunoisolation of transport vesi-
cles. (Once the adenovirus has been titrated and 
the infection conditions optimized, 100% of the 
cells express the desired proteins and remark-
ably consistent pools of cells are produced from 
experiment to experiment.) Procedures for ade-
noviral infection can be modified and adapted 
easily to a variety of different cell lines.

While cDNA microinjection is limited with 
respect to the number of cells that can be evalu-
ated, it is exquisitely suited to live cell imaging 
studies aimed at evaluating highly dynamic 
membrane trafficking events occurring at specific 



I. MEMBRANE PROTEIN TRANSLOCATION ASSAYS

points throughout the biosynthetic pathway (e.g., 
ER-to-Golgi events and Golgi-to-plasma mem-
brane events, such as budding of Golgi mem-
branes, transport of post-Golgi carriers, and 
exocytosis of post-Golgi carriers). Momentum 
in this area is due primarily to the advent of 
fluorescent tags, such as green fluorescent pro-
tein [GFP(Chalfie et al., 1994)] from the jellyfish 
Aequorea and dsRed from the coral Discosoma 
(Matz et al., 1999; Baird et al., 2000), which can 
be genetically appended to any DNA of choice. 
These tags serve as vital fluorescent indicators 
that facilitate direct observation and analysis of 
membrane-trafficking events in living cells.

This article describes an assay that monitors 
post-Golgi vesicle budding from semi-intact 
MDCK cells following infection either with 
enveloped RNA viruses or with recombinant 
adenovirus vectors. The adenoviruses we have 
found most useful for these applications encode 
receptors for neurotrophins (p75NTR) and low-
density lipoprotein (LDLR), which were shown 
previously to be sorted to the apical and basola-
teral surfaces of polarized MDCK cells, respec-
tively (Le Bivic et al., 1991; Hunziker et al., 1991; 
Gridstaff et al., 1998). Each of these proteins, 
when expressed in MDCK cells, incorporates 
radiosulfate into carbohydrate moieties during 
posttranslational processing late in the secre-
tory pathway, providing a convenient method 
to label markers in the sorting compartment.

In addition, this article describes methods we 
have developed pertaining to the use of time-
lapse fluorescence imaging to study the trans-
port of plasma membrane proteins through 
the biosynthetic pathway in living cells. While 
we only discuss this technique  specifically 
with respect to MDCK epithelial cells, with 
slight modifications we have also  successfully 
employed this approach for similar  studies 
in several different cell lines. Additionally, 
we have found that these studies can be used 
with numerous reporter proteins of interest. 
Thus while we focus on reporters marking the 
apical or basolateral plasma membrane, the 

 system is not limited to the study of  membrane-
 associated proteins. Finally, this article discusses 
some quantitative measurements that can be 
made from this type of data related to protein-
trafficking events occurring in vivo.

II. MATERIALS AND 
INSTRUMENTS

Dulbecco’s modified Eagle’s medium 
(DMEM, Cat. No. 10-013-CV), MEM nonessen-
tial amino acids (Cat. No. 25-025-CI), Hank’s 
balanced salt solution (HBSS, Cat. No.21-023-
CV), and l-glutamine (Cat. No. 25-005-CI) are 
from Cellgro. MEM SelectAmine kits (Cat. 
No. 19050), MEM vitamins (Cat. No. 11120), 
penicillin- streptomycin (Cat. No. 15140), 7.5% 
bovine serum albumin (BSA, Cat. No. 15260), 
and donor horse serum (Cat. No. 16050) can 
be purchased from Gibco-BRL (Grand Island, 
NY). Heat-inactivated fetal bovine serum (FBS, 
Cat. No. 100-106) is from Gemini Bioproducts. 
HEPES (Cat. No. H-4034), d-glucose (Cat. No. 
G-8270), and cycloheximide (Cat. No. C-7698) 
are from Sigma Chemicals. Polycarbonate filters 
(Transwells; 0.4 mm pore size, Cat. No. 3412 for 
24-mm filters) can be purchased from Corning 
Costar Corp. (Cambridge, MA). Tissue culture 
grade plasticware is from Corning Plasticware. 
Tran35S-label (Cat. No. 51006), [35S]cysteine (Cat. 
No. 51002), and H2

35SO4 (Cat. No. 64040) can be 
purchased from ICN (Costa Mesa, CA). Reagents 
for the production of viruses are described else-
where (Rodriguez-Boulan and Sabatini, 1978; see 
article by Hitt et al.) All other reagents are stand-
ard reagent grade and available from several 
sources. Sterile solutions are autoclaved or steri-
lized by ultrafiltration (0.2 mm).

There are numerous manufacturers of micro-
scope heating and cooling chambers. We use the 
Harvard apparatus recording chamber (PDMI-2) 
and temperature controller (TC-202A). A vari-
ety of microinjection apparatuses are available 
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from Narishige Inc. or from Eppendorf. Cooled 
charged-couple device (CCDs) cameras are also 
available from several manufacturers. For high-
resolution time-lapse imaging, we recommend a 
camera capable of 12- to 16-bit digitization (4095–
65,000 gray levels) with at least a 5- to 10-MHz 
controller for rapid acquisition rates. The 
Flaming Brown Micropipet puller (Model P-97) 
is from Sutter Instruments. Glass capillaries for 
pulling microinjection needles are available from 
World Precision Instruments (Cat. No. 1B100F-6). 
The Sykes-Moore culture chamber, consisting of a 
32 � 7-mm chamber (Cat. No. 1943-11111), sili-
cone gaskets (Cat. No. 1943-33315), and the 
wrench assembly (Cat. No. 1943-44444) can be 
purchased from Bellco. Number 1 thickness, 25-
mm glass coverslips for the chamber (Cat. No. 
483800-80) are from VWR.

III. PROCEDURES

A. Adenovirus Transduction

1.  Coinfection of MDCK Cells with 
Recombinant Adenovirus Vectors

Solutions

1. Dulbecco’s modified Eagle’s medium (DMEM): 
Dissolve DMEM powder in 1 liter H2O. 
Sterilize by filtering through a 0.2-μm pore 
filter.

2. Complete DMEM (cDMEM): Add 50 ml 
heat-inactivated fetal bovine serum (FBS), 
10 ml 0.2 M l-glutamine, 5 ml penicillin–
streptomycin (10,000 U/ml and 10 mg/ml, 
respectively), and 5 ml MEM nonessential 
amino acids to 430 ml DMEM. Store at 4ºC 
for up to 2 weeks.

Steps

1. For infection with replication-defective 
viruses, grow cells on semipermeable 
polycarbonate filter supports. Seed cells at 

confluency on day 1 and culture for 4 days 
with medium changed daily. MDCK strain II 
cells are confluent at a density of ca. 7 � 105 
cells/cm2, so approximately 3.3 � 106 cells 
should be seeded on each 24-mm filter.

2. Before applying adenovirus vectors, rinse 
cultures twice with serum-free DMEM (2 ml 
for the apical chamber and 2.5 ml for the 
basolateral chamber). Removal of serum 
proteins from the culture medium results in 
enhanced adsorption of adenovirus particles 
to the cell surface and improves infection 
efficiency. MDCK cells do not appear to be 
affected adversely by serum deprivation 
during the infection period, but this should 
be checked with other cell types before 
attempting infection.

3. Add recombinant adenoviruses, diluted in 
serum-free DMEM, at moi ranging from 1 to 
1000 pfu/cell. Incubate at 37º for 1 h, gently 
tilting the plates every 15 min to mix. Two 
or more adenovirus vectors can be mixed 
together and applied simultaneously to 
cells. It is recommended that serial 
three-fold dilutions of viruses be tested 
in order to determine the optimal moi 
required for the quantitative expression of 
the marker proteins.

4. Vectors must be applied to the apical domain 
of epithelial cells, as infection is markedly 
more efficient from this surface. The reason 
for this is unclear, but a preference for 
adenovirus entry through the apical surface 
has been observed in every polarized 
epithelial cell type we have examined, 
including canine (MDCK), bovine (MDBK), 
and porcine (LLC-PK1) kidney; rat thyroid 
(FRT) and retinal pigment epithelia (RPE-J); 
and human intestine (Caco-2). Serum-free 
DMEM, without virus, should be applied to 
the basolateral chamber. Infection should be 
performed in a minimum volume of DMEM 
required to keep the filter submerged. A 
recommended volume is 0.25 ml apical/
0.5 ml basolateral for a 24-mm filter.
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5. Following the infection period, add 2 ml 
cDMEM to both apical and basolateral 
chambers. It is not necessary to aspirate 
the virus because the addition of serum 
effectively terminates the infection. Culture 
the cells at 37ºC for the desired incubation 
time. Expression of adenovirus-encoded 
proteins should be detectable by 4–6 h 
following infection, will rise gradually over 
the next 18 h and should reach a plateau 
by 24 h. This level of expression will be 
maintained for at least 1 week, provided the 
cells are fed daily. We routinely use cultures 
of polarized MDCK cells between 20 and 
24 h postinfection.

6. Monitor infection after 24 h as follows:
a. Use indirect immunofluorescent staining 

to determine (i) the percentage of cells 
in the culture expressing the transfected 
gene products and (ii) the intracellular 
distribution of the gene products. Under 
optimum infection conditions, at least 
95% of the cells will express each adeno-
virus-encoded protein. If the ultimate 
goal of the experiment is the study of the 
molecular trafficking of two or more pro-
teins in the same cell, it is essential that 
all of the cells that express one marker 
also express the second marker. Methods 
for fixation, permeabilization, and stain-
ing of epithelial cells grown on polycar-
bonate filters are described elsewhere in 
this manual (see Chapter 4).

b. Use immunoprecipitation or Western blot-
ting to determine (i) the molecular weight 
of the adenovirus-encoded proteins and 
(ii) the level of expression of the proteins 
in the culture. Ideally, both adenovirus-
encoded proteins will be expressed at com-
parable levels.

Pitfalls

Each batch of adenovirus virus vector must 
be tested for optimum transduction. We find a 

batch-to-batch variability in the correspondence 
of pfu obtained from plaque assays to the moi 
needed.

B.  Infection of MDCK Cells with 
Enveloped RNA Viruses

Solutions

1. DEAE-dextran (100X stock): Dissolve 100 mg 
DEAE-dextran (Sigma Cat. No. D1162) in 
10 ml H2O. Filter, sterilize, and store 1-ml 
aliquots at �20ºC.

2. Infection medium: Add 13 ml 7.5% bovine 
serum albumin and 5 ml 1M HEPES, pH 
7.4, to 482 ml DMEM. Filter, sterilize, and 
store at 4ºC. Immediately before use, add 
0.1 ml DEAE-dextran stock to 10 ml medium. 
DEAE-dextran is only necessary for 
infection with VSV.

3. Virus stocks: Vesicular stomatitis virus, Indiana 
strain (VSV), and influenza virus A (WSN 
strain) are grown in MDCK strain II cells, 
harvested, and plaque assayed as described 
by Rodriguez-Boulan and Sabatini (1978).

Steps

1. Set up 10-cm dishes of MDCK strain II cells, 
passages 6–20, and allow them to reach 
confluency. Cultures are infected with VSV 
or influenza virus 3 days after becoming 
confluent.

2. Before infecting cells, rinse cultures twice 
with infection medium. For viral infection, 
inoculate MDCK cells with 50 pfu/cell 
VSV or influenza WSN in 3.5 ml infection 
medium containing 0.1 mg/ml DEAE-
dextran.

3. Incubate cultures for 1 h at 37ºC.
4. Aspirate viral medium and rinse cultures 

twice with fresh infection medium.
5. Return VSV-infected cultures to 37ºC and 

incubate a further 3.5 h before metabolic 
radiolabeling (see later). Incubate 
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influenza WSN-infected cultures for 4.5 h 
at 37ºC before labeling. Cultures should 
be examined hourly to monitor cytopathic 
effects.

C.  Metabolic Radiolabeling and 
Accumulation of Marker Proteins in 
the Trans-Golgi Network

1.  Radiosulfate Labeling of Glycoproteins 
at 20ºC

Both p75NTR and LDLR are sulfated when 
expressed in MDCK cells. Sulfation occurs larg-
ely on asparagine-linked carbohydrate moieties 
on both proteins. Because this posttranslational 
modification occurs late in the secretory path-
way, likely in the trans-Golgi or TGN, it provides 
a convenient method to label markers in the 
sorting compartment. When labeling is per-
formed at the reduced temperature of 20ºC, the 
labeled markers accumulate in the TGN because 
post-Golgi vesicular transport is inhibited.

Solutions

1. Sulfate-free labeling medium: Essentially, 
labeling medium is DMEM in which the 
MgSO4 is replaced by MgCl2. Combine 
100 ml 10� DME salts (Ca2�, Mg2�-free), 
10 ml 100� Ca2�, Mg2� stock, 10 ml MEM 
Vitamins, 10 ml of 1003 stock MEM amino 
acid solutions (arginine, glutamine, histidine, 
isoleucine, leucine, lysine, phenylalanine, 
threonine, tryptophan, tyrosine, glycine, 
serine, and valine), 1 ml of 100� stock MEM 
solutions of methionine and cysteine, 10 ml 
MEM nonessential amino acid solution, 
20 ml 1 M HEPES, pH 7.4, 27 ml 7.5% BSA 
stock, and H2O to a final volume of 1000 ml. 
Filter, sterilize, and store at 4ºC.

2. 10� DME salts (Ca2�, Mg2�-free): Combine 
50 ml 100 � Fe(NO3)3, 50 ml 100� NaH2PO4, 
50 ml 100 � KCl, 22.5 g dextrose, 32 g NaCl, 

and 15 ml phenol red solution. Adjust 
volume to 500 ml with H2O. Filter, sterilize, 
and store at 4ºC.

3. Fe(NO3)3 stocks: Add 0.05 g Fe(NO3)3 to 50 ml 
H2O to prepare a 100,000� stock solution. 
Dilute 100 μl into 100 ml H2O to prepare 
100� stock solution. Filter, sterilize, and 
store at 4ºC.

4. 100� Na H2PO4: Add 1.25 g NaH2PO4 to 
100 ml H2O. Filter, sterilize, and store at 4ºC.

5. 100� KCl: Add 4.0 g KCl to 100 ml H2O. 
Filter, sterilize, and store at 4ºC.

6. 100� Ca2�, Mg2�: Add 2.96 g CaCl2�2H2O 
and 3.02 g MgCl2�6H2O to 100 ml H2O. Filter, 
sterilize, and store at 4ºC.

Steps

1. Twenty-four to 48 h following adenovirus 
infection, aspirate culture medium and rinse 
filters three times with sulfate-free labeling 
medium. Sulfate starve cells for 30 min at 
37ºC in this medium.

2. Label cells for 1 h at 20ºC in sulfate-free 
labeling medium containing H2

35SO4. To 
label cells on one 75 mm Transwell filter, 
we use 0.5 mCi H2

35SO4 in 500 μl 
sulfate-free labeling medium. Place 
medium, preequilibrated at 20ºC, on a sheet 
of Parafilm in a humid chamber and place 
the Transwell filter upon this so that label 
is exposed to the basolateral surface. Apply 
2.5 ml sulfate-free labeling medium, without 
label, to the apical chamber to prevent 
drying.

2.  Pulse–Chase Labeling with 
[35S]Methionine/Cysteine

Solutions

1. Methionine/cysteine-free labeling medium: 
Prepare 1000 ml of medium following 
the product specification insert (Gibco 
SelectAmine kit, Cat. No. 19050), excluding 
the methionine and cysteine in the kit. Add 
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10 ml 1M HEPES and 27 ml 7.5% BSA stock 
solution. Filter, sterilize, and store at 4ºC.

 For PC12 cells, replace the BSA will 20 ml 
dialyzed serum. To prepare the dialyzed 
serum, under sterile conditions, dialyze a 
mixture of two-thirds fetal bovine serum 
and one-third horse serum against PBS in 
12,000 molecular weight cutoff dialysis 
tubing for 12–20 h. Dialyze serum to remove 
small molecules, which may be used to 
scavenge sulfate.

2. Chase medium: Add 5 ml of 100� MEM 
methionine and cysteine (left over from the 
Selectamine kit) solutions to 40 ml complete 
DMEM (or PC12 growth medium for 
PC12 cells). Immediately before use, add 
cyclohexamide to a concentration of 20 μg/ml.

Steps

1. Rinse MDCK cultures three times in 
methionine/cysteine-free labeling medium 
before incubation at 37ºC for the final 30 min 
of incubation following viral infection. For 
PC12 cells, extensive rinsing may not be 
possible, so rinse once before the 30-min 
incubation.

2. Label VSV-infected MDCK cells with 
[35S]methionine/cysteine (Tran35S-label, 
ICN Cat. No. 51006). Label influenza WSN-
infected cells with [35S]cysteine (ICN Cat. 
No. 51002). Use 0.5 mCi, in a total volume of 
3.5 ml labeling medium, to label each 10-cm 
plate. Pulse–label cells for 10 min at 37ºC. 
Medium can be recycled twice if multiple 
dishes are to be labeled. Label LDLR- and 
p75-infected PC12 cells with [35S]cysteine, 
due to the fact that these proteins are not 
sulfated as they are in MDCK cells. Use 
0.5 mCi, in a total volume of 1 ml labeling 
medium, to label each 10-cm plate. Pulse–
label cells for 15 min at 37ºC, with gentle 
rocking every 5 min.

3. For MDCK cells, aspirate labeling medium 
and rinse plates three times with chase 

medium. For PC12 cultures, just aspirate 
medium.

4. Chase cultures at 20ºC for 2 h in chase 
medium. During the chase at 20ºC, roughly 
60% of the labeled VSV G/influenza HA 
proteins are accumulated in the TGN 
(Musch et al., 1996).

D.  Vesicle Budding from the TGN in 
Semi-intact Cells

Semi-intact MDCK cells are prepared after 
accumulating marker proteins in the TGN 
(Musch et al., 1996). Cells are first swollen in a 
low salt buffer and are subsequently scraped 
from the substratum, which produces large 
tears in the plasma membrane. Endogenous 
cytosol and peripheral membrane proteins are 
removed by washing with a high salt buffer. 
Addition of an exogenous source of cytosol, an 
energy-regenerating system, and incubation at 
37ºC typically result in the release of 25–65% of 
the total marker accumulated in the TGN into 
sealed vesicles. Budded vesicles are separated 
from the material that remains by a brief, low-
speed centrifugation step.

Solutions

1. Swelling buffer: Add 7.5 ml 1M HEPES/KOH, 
pH 7.2, and 7.5 ml 1M KCl to 485 ml H2O. 
Store at 4ºC.

2. 10� transport buffer: Add 20 ml 1M HEPES/
KOH, pH 7.2, 2 ml 1M Mg(OAc)2, and 18 ml 
5M KOAc to 60 ml H2O. Store at 4ºC.

3. 1� transport buffer: Add 1 ml 10� transport 
buffer to 9 ml H2O. Immediately before 
use, bring to 1 mM DTT and add protease 
inhibitors to 1� concentration.

4. High salt buffer: Add 10 ml 1M HEPES/
KOH, pH 7.2, 50 ml 5M KOAc, and 1 ml 
1M Mg(OAc)2 to 4391 ml H2O. Store at 4ºC. 
Immediately before use, bring to 1 mM 
DTT and add protease inhibitors to 1X 
concentration.
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5. 1M dithiothreitol stock
6. 500� protease inhibitor stock: Dissolve 5 mg of 

each of the following inhibitors individually 
in 330 μl dimethyl sulfoxide (DMSO) and 
combine the three solutions.
a. Pepstatin A: (Sigma Cat. No. P-4265)
b. Leupeptin: (Sigma Cat. No. L-8511)
c. Antipain: (Sigma Cat. No. A-6191)

7. 100 mM PMSF stock
8. Energy mix: Pipette in the following order: 

3 μl ATP, 2 μl GTP, 4 μl creatine phosphate, 
and 3 μl creatine kinase.
a. 0.1M ATP (Boehringer Mannheim Cat. 

No. 519 987)
b. 0.2M GTP (Boehringer Mannheim Cat. No. 

106 399)
c. 0.6M creatine phosphate (Boehringer Man-

nheim Cat. No. 621 722)
d. 8 mg/ml creatine kinase (Boehringer Man-

nheim Cat. No. 127 566)
9. Bovine brain cytosol: Prepare gel-filtered 

bovine brain cytosol in batches exactly 
as described previously (Malhotra et al., 
1989). The protein concentration should be 
10–20 mg/ml. Snap freeze 50-μl aliquots in 
liquid nitrogen and store at �80ºC.

Steps

All steps are performed on ice, unless other-
wise specified.

1. Following the 20ºC incubation, wash the 
monolayer twice briefly with ice-cold swelling 
buffer and incubate in the same for 15 min.

2. Scrape cells from the filter (or plastic 
dish) with a rubber policeman into 2.5 ml 
transport buffer. DiSPo scrapers (Baxter 
Scientific, McGaw Park, IL) work well for 
this purpose. The best way to scrape cells 
from the Transwell filter is to place the filter 
inside the lid of the dish so that the bottom 
lies flat against the plastic. This prevents the 
scraper from poking through the filter, but 

care must be exercised to prevent tearing the 
filter. Scraping does not have to be vigorous, 
but should be done with long, gentle 
strokes. Transfer cells to 1.5-ml microfuge 
tubes and rinse the filter (or dish) with 
2.5 ml fresh transport buffer. Combine with 
cells from first scraping. Discard the filter as 
radioactive waste.

3. Pellet cells by centrifugation at 800 g for 
5 min in a refrigerated microfuge.

4. Pool semi-intact cells into one tube and 
wash with 1.5 ml high salt buffer on ice for 
10 min. Pellet cells by centrifugation at 800 g 
for 5 min in a refrigerated microfuge.

5. Resuspend cells in transport buffer. A 
volume of 250 μl is used to resuspend cells 
from one filter (or dish).

6. Set up vesicle budding assay.
a. In standard assays, suspend semi-intact 

cells (ca. 10 μl � 20–25 μg protein) in an 
assay volume of 50 μl transport buffer sup-
plemented with 50 μg gel-filtered bovine 
brain cytosol and an energy-regenerating 
system (1 mM ATP, 1 mM GTP, 5 mM crea-
tine phosphate, and 0.2 IU creatine kinase). 
Combine components in the following 
order: mix 26 μl H2O, 1 μl 100 mM PMSF, 
4 μl 10� transport buffer, 4 μl energy mix, 
5 μl cytosol (final concentration � 1 mg/
ml), and 10 μl semi-intact cells.

b. Important controls include assays in 
which either the cytosol or the energy mix 
or both components are omitted. For the 
complete depletion of energy from the 
system, cytosol and semi-intact cells must 
be preincubated for 10 min on ice with 
0.6 U/ml apyrase before assembling the 
assay. In the absence of either cytosol or 
energy, vesicular release from semi-intact 
cells should be negligible. We suggest that 
serial dilutions of cytosol (i.e., 0.1–10 mg/
ml) be tested in order to determine the 
optimal range of cytosol-dependent vesi-
cle budding in the assay.
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7. Incubate assays at 37ºC for desired time. In 
standard assays, we incubate for 30–45 min. 
However, we suggest that a time course of 
vesicle budding be performed to optimize 
the assay for different marker proteins. As 
additional controls, two complete assays 
should be assembled and incubated at 
0 and 20ºC. At these reduced temperatures, 
vesicular release from semi-intact cells 
should be insignificant.

8. Pellet semi-intact cells by centrifugation at 
800 g for 5 min in a refrigerated microfuge. 
Transfer supernatant fractions to clean 
microfuge tubes. The pellets (containing 
nonbudded material remaining in the TGN) 
and supernatants (containing the vesicles 
released during the 37ºC incubation) can be 
analyzed further.
a. To quantify the efficiency of vesicular 

release of each marker under different con-
ditions, samples can be lysed in SDS–PAGE 
sample buffer and analyzed directly by 
PAGE. In cells infected with VSV or influ-
enza WSN, the viral proteins should be 
the only labeled proteins in the lysates. 
Alternatively, following adenovirus-medi-
ated transfer of cDNAs encoding p75NTR 
and LDLR into MDCK cells, these proteins 
are by far the most heavily labeled proteins 
when radiosulfate is used as a precursor.

b. To confirm that markers are present inside 
sealed vesicles, the supernatant fraction 
should be treated with either proteinase 
K or trypsin. In the absence of Triton X-
100, only the cytoplasmic domains of the 
proteins will be cleaved and this can be 
detected as a relatively small mobility 
increase during SDS–PAGE. In contrast, 
protease treatment in the presence of 1% 
Triton X-100 will result in complete diges-
tion of markers. Use three 50-μl assay 
samples for this analysis. To tube 1, add 
nothing. To tube 2, add 2.5 μl protease 
(10 mg/ml stock → 0.5 mg/ml final). To 

tube 3, add 2.5 μl protease and 2.5 μl 20% 
Triton X-100. Incubate on ice for 30 min. 
Inactivate protease with 1 mM PMSF or 
1 mg/ml soybean trypsin inhibitor before 
lysing samples in SDS–PAGE sample 
buffer. Analyze products by SDS–PAGE.

c. Immunoisolation of specific classes of 
transport vesicles is performed using anti-
bodies against the cytoplasmic portions 
of cargo proteins as well as appropriate 
negative controls. (i) Use 5 mg protein 
A-Sepharose (Pharmacia, Piscataway, 
NJ; Cat. No. 17-0780-01) for each immu-
noisolation. Swell in transport buffer for 
10 min. (ii) If using a murine monoclonal 
primary antibody, use a bridge. Incubate 
5 mg protein A–Sepharose with 50 μg 
rabbit antimouse IgG (Rockland Labs, 
supplied by VWR, New York, Cat. No. 
610-4102) in 1 ml transport buffer for 
60 min at room temperature. Wash twice 
with transport buffer. (iii) Block non-
specific binding sites in 1 ml transport 
buffer containing 0.2% BSA for 60 min at 
room temperature. (iv) Couple primary 
antibody for 2 h at room temperature 
in transport buffer. Wash twice with 
transport buffer. Titrate each antibody to 
determine amount needed for quantita-
tive recovery of vesicles. (v) Incubate 
immunoadsorbant with the supernatant 
fraction from the vesicle budding assay in 
a total volume of 1 ml transport buffer for 
2–18 h at 4ºC with end-over-end rotation. 
In some cases, vesicle coat proteins may 
mask epitopes on the cytoplasmic tails of 
cargo. Therefore, it may be necessary to 
wash the vesicles in high salt buffer prior 
to immunoisolation to strip coat proteins. 
Add 33 μl of 1M KOAc to 50-μl vesicles. 
Incubate on ice for 10 min. Add 333 μl 
salt-free transport buffer [20 mM HEPES/
KOH, 2 mM Mg(OAc)2]. (vi) Wash immu-
noprecipitates six times with transport 
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buffer. Elute bound markers 
by boiling 5 min in SDS–PAGE sample 
buffer. Analyze by SDS–PAGE.

E.  Vesicle Budding from TGN-Enriched 
Membranes

A TGN-enriched membrane fraction is pre-
pared from metabolically labeled PC12 cells 
after marker proteins have been accumulated 
in the TGN. Initially, a postnuclear supernatant 
is prepared following the method of Tooze and 
Huttner (1992). From the postnuclear super-
natant a TGN-enriched membrane fraction is 
prepared (Xu et al., 1995). As with semi-intact 
MDCK cells, addition of an exogenous source 
of cytosol and an energy-regenerating system 
leads to the release of accumulated marker pro-
tein from the TGN in sealed vesicles. All steps 
for the vesicle budding assay are identical to 
those for intact MDCK cells except that 50-μg 
aliquots of TGN-enriched membranes are used 
for each individual assay condition.

F.  Expression of cDNA Using 
Microinjection

Solutions

1. Preparation of cDNA stocks for microinjection: 
Prepare DNA using either a midi or maxi 
preparation, making sure to suspend the 
DNA pellet (final concentration of at least 
0.2 mg/ml) in sterile water rather than Tris–
EDTA. DNA stocks can be stored at either 
4 or �20ºC.

2. HEPEs:KCl microinjection buffer: 10 mM 
HEPES, 140 mM KCl, pH 7.4

3. cDNA for microinjection: Dilute cDNA 
stock in HKCl to a final concentration of 
5–20 μg/ml (see later for how to choose a 
concentration)

4. MDCK cell culture medium: DMEM prepared 
as per manufacturer’s instructions. Add 

50 ml FBS (10% FBS final concentration) and 
10 ml of 1M HEPES, pH 7.4 (20 mM final 
concentration), and 5 ml of nonessential 
amino acids to 435 ml DMEM.

Steps

For microinjection, cells must be cultured on 
sterilized glass coverslips.

1. Sterilize coverslips using either of the 
following methods.
a. Autoclaving: Place coverslips in a glass 

petri dish and autoclave on the dry cycle 
for 20 min. If cells adhere well to the 
glass, this method is most convenient, 
as many coverslips can be sterilized at 
once.

b. Acid washing: Place coverslips in 
 histology staining racks. Wash coverslips 
in a beaker of 2N hydrochloric acid 
(2� 5-min washes), rinse in distilled 
water (2 � 5-min rinses), and wash in 
100% ethanol (3 � 2 min). After the final 
ethanol wash, place the staining racks 
containing the cleaned coverslips into a 
dry beaker, cover with heavy-duty foil, 
and bake at 250ºC for 1 h. Acid treatment 
“etches” the glass, creating a somewhat 
rough surface that is useful if cells are not 
sufficiently adherent on the 
coverslips.

2. Place the sterilized coverslips into a 10-cm 
tissue culture dish. Seven 25-mm coverslips 
can be placed in one 10-cm dish.

3. Trypsinize cells and seed onto coverslips 
placed previously in the 10-cm culture 
dish(es).
a. For experiments in nonpolarized cells: 

Seed 5 � 105 cells onto coverslips. Use 
a cell stock that is actively dividing 
(i.e., sparse cells). Cells should be used 
between 36 and 48 h after they are seeded 
onto the coverslips.
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b. For experiments in polarized cells: Seed 
cells at confluency onto coverslips. 
Change the medium 24 h after plating and 
culture the cells another 2–4 days prior to 
use. Do not change the culture medium 
again as this can result in changes in cell 
morphology.

4. On the day of the experiment, transfer 
coverslips to 3.5-cm culture dishes. Add 
fresh medium and microinject the cDNA 
into cell nuclei. As one goal of these 
experiments is to achieve synchronized 
exogenous protein expression in a 
population of cells it is important that 
you only inject cells on the same coverslip 
for �5 min. If a sufficient number of cells 
was not injected in that time, take another 
coverslip from the incubator and 
repeat.

5. After injection, place cells into the incubator 
and wait for protein to be expressed.

6. Monitor and identify the minimum 
expression time.1 We routinely find that 
1 h is sufficient for the expression of many 
different cDNAs in both nonpolarized and 
polarized MDCK cells. However, we have 
also found that there is heterogeneity in 
expression time depending on the cDNA 
being injected, as well as on the cell types 
being used. Minimum expression time 
can be determined by merely looking at 
the injected cells at a series of time points 
(e.g., 1-h intervals) after microinjection. 
Fluorescently tagged reporter proteins can 
be visualized directly without fixation. If 
your reporter is not fluorescently tagged, 
then fix the cells at 1-h intervals after 
microinjection and immunostain with 
antibodies against the exogenous protein.

G.  Synchronizing Transport through the 
Biosynthetic Pathway

Solutions

1. Bicarbonate-free MDCK cell culture medium: 
DMEM without bicarbonate prepared as per 
manufacturer instructions. Add 25 ml FBS 
(5% FBS final concentration), 10 ml of 1M 
HEPES, pH 7.4 (20 mM final concentration), 
and cycloheximide (final concentration 
100 μg/ml) to 475 ml DMEM.

2. Recording medium: Hank’s balanced salt 
solution with calcium and magnesium 
(HBSS-CM). Add 5 ml FBS (1% FBS final 
concentration; serum does autofluoresce 
so it is important to keep the concentration 
low), 25 ml of 9% d-glucose (4.5 g/liter 
glucose final concentration), 5 ml HEPES, 
pH 7.4 (10 mM HEPES final concentration), 
and cycloheximide (final concentration 
100 μg/ml) to 465 ml HBSS-CM.

Steps

Synchronization of protein trafficking can be 
achieved through the use of a series of tempera-
ture shifts. Cycloheximide added during the 
temperature shifts will effectively create a pulse 
of newly synthesized protein that can be chased 
synchronously from ER to Golgi and from the 
Golgi to the plasma membrane. Newly synthe-
sized protein can be accumulated in the ER or 
the Golgi when cells are incubated at 15 or 20ºC, 
respectively. These proteins will leave the Golgi 
when cells are shifted to the permissive tem-
perature for secretion, (30–37ºC). Because most 
laboratories do not maintain a tissue  culture 
incubator set to 15 or 20ºC (our laboratory uses 
a small refrigerator set to the desired tempera-
ture), you will need to use a  bicarbonate-free 

1 The minimum expression time is the time at which exogenous, newly expressed membrane protein is present in the 
endoplasmic reticulum, but is not yet found at the plasma membrane. It is critical that no exogenous protein is at the 
cell surface for studies of Golgi to plasma membrane trafficking.
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medium during these  incubation periods. 
Check that this medium remains between pH 
7.2 and 7.4 during the course of the temperature 
blocks.

One hour after microinjection (or the mini-
mum expression time for your protein of inter-
est, see earlier discussion), place cells into 
bicarbonate-free medium with cycloheximide.

1. To study ER to Golgi events, place cells into 
recording medium and incubate at 15ºC in 
the thermally regulated recording chamber 
mounted on a microscope for time-lapse 
imaging.
a. Monitor the total cellular fluorescence by 

acquiring images of your cells at 10-min 
intervals. When total cellular fluorescence 
stabilizes for �10 min, acquire and save 
both transmitted light and fluorescent 
images of the cells you will be studying.

b. Increase the temperature of the recording 
chamber to 20ºC. Wait 5 min for the tem-
perature and focus to stabilize.

c. Acquire time-lapse images to evalu-
ate ER to Golgi transport events. ER to 
Golgi transport can be studied at either 
low or high spatial and temporal resolu-
tion depending on the questions being 
addressed.

2. To study Golgi to plasma membrane events, 
place cells into bicarbonate-free medium 
and incubate at 20ºC.
a. Determine the time required to accu-

mulate newly synthesized protein in 
the Golgi. We routinely find that 1–3 h is 
sufficient, but this time varies from pro-
tein to protein. The extent to which new 
protein has accumulated in the Golgi can 
be determined by assessing the degree 
of colocalization with Golgi markers at a 
series of time points (e.g., 30-min inter-
vals) after shifting to 20ºC.

b. After accumulating protein in the Golgi in 
a 20ºC incubator, place cells into recording 

medium and incubate at 20ºC in the 
recording chamber mounted on a micro-
scope for time-lapse imaging. Acquire and 
save both transmitted light and fluorescent 
images of the cells you will be studying.

c. Increase the temperature of the recording 
chamber to between 33ºC and 37ºC. Wait 
5 min for the temperature and focus to 
stabilize.

d. Acquire time-lapse images to evaluate 
post-Golgi transport events. Post-Golgi 
transport can be studied at either low 
or high spatial and temporal resolution 
depending on the questions being 
addressed.

e. At the end of every time-lapse recording, 
save a transmitted light image of the cells 
from which you recorded data.

H.  Kinetics of Protein Transport through 
the Secretory Pathway

Steps

To determine the rates at which a fluores-
cent protein moves from the ER to the Golgi 
and then to the plasma membrane using time-
lapse fluorescence microscopy, it is necessary to 
introduce a pulse of fluorescence into individ-
ual cells. We find that microinjection of cDNA 
is best for this purpose, as the expression of 
injected cDNA is generally rapid and can be 
controlled temporally. The kinetics of ER-to-
Golgi and Golgi-to-plasma membrane cargo 
transport can be determined by measuring the 
ratio of Golgi-associated fluorescence/total 
fluorescence over time. It is imperative to be 
able to distinguish Golgi-associated from non-
Golgi-associated fluorescent signals. This can 
be done in two ways. First, you can coexpress 
a fluorescently tagged Golgi resident protein 
to use as a reference during time-lapse record-
ings. Alternatively, you can make an educated 
deduction as to whether your reporter is in the 
Golgi based on its localization and the intensity 
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of its fluorescent signal (supplemental data in 
Kreitzer et al., 2000). Using this differential in 
position and intensity, you can define a thresh-
old above, which includes Golgi-associated flu-
orescence, and below, which includes all other 
cellular fluorescence. Given that you are trying 
to account for fluorescence present in the entire 
cell, these assays are best executed using low-
magnification objectives capable of imaging an 
entire cell in a single focal plane.

One hour after microinjection (or the mini-
mum expression time for your protein of 
 interest, see earlier discussion), place cells into 
bicarbonate-free medium with cycloheximide 
and incubate at 20ºC to accumulate newly syn-
thesized protein in the Golgi.

1. To evaluate ER to Golgi transport kinetics, 
mount the coverslip into the precooled 
(20ºC) recording chamber on the 
microscope in recording medium with 
cycloheximide.
a. Acquire time-lapse images at 5- to 30-min 

intervals until the fluorescently tagged 
reporter has accumulated in the Golgi.

b. Determine the minimum time required 
for maximal transport of protein from the 
ER to the Golgi by measuring the ratio of 
Golgi-associated fluorescence/total fluo-
rescence over time.

2. To evaluate kinetics of Golgi emptying, 
place cells into bicarbonate-free DMEM 
with cycloheximide and incubate at 20ºC. 
The duration of the 20ºC temperature block 
depends on the time it takes to accumulate 
maximally your protein of interest in the 
Golgi (see earlier discussion).
a. Acquire time-lapse images at 5- to 30-min 

intervals.
b. Determine the rate at which fluorescently 

tagged cargo empties from the Golgi by 
measuring the ratio of Golgi-associated 
fluorescence/total fluorescence over time 
in individual cells.

I.  Measuring Delivery of Post-Golgi 
Carriers to the Plasma Membrane

Solutions and Materials

1. Phosphate-buffered saline with calcium and 
magnesium (PBS-CM)

2. 2% paraformaldehyde prepared freshly in 
PBS-CM

3. Antibodies reactive with an extracellular 
epitope contained in the plasma membrane 
reporter protein. Surface immunolabeling 
is dependent on having an antibody that 
recognizes an extracellular epitope on the 
plasma membrane protein being studied. 
If this is not available, it may be desirable 
to create a cDNA probe that contains an 
epitope tag (e.g., HA, myc or FLAG tag) that 
can be immunostained.

Steps

Delivery of newly synthesized proteins to 
the plasma membrane can be evaluated using 
single cell assays or by biochemical methods. 
Evaluation of protein delivery to the plasma 
membrane in single cells can be analyzed from 
either fixed or living samples. Analysis in fixed 
samples involves cell surface selective immu-
nolabeling of the expressed reporter protein. 
Analysis in living samples requires a relatively 
robust expression of the GFP-tagged reporter 
protein and acquisition of time-lapse images 
at relatively high frame rates using either total 
internal reflection fluorescence microscopy or 
spinning disk confocal microscopy. In TIR-FM, 
membrane-bound transport intermediates con-
taining GFP-tagged fusion proteins are detected 
only when they move into an evanescent field, 
which in our experiments was within �120 nm 
of the plasma membrane domain in contact 
with the substratum, i.e., the basal membrane. 
Schmoranzer and colleagues (2000) have estab-
lished a quantitative method for detecting bona 
fide fusion of post-Golgi transport  intermediates 
with the plasma membrane. Briefly, exocytic 
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events are defined by a simultaneous rise in 
both the carrier’s total fluorescence intensity 
and the area occupied by carrier fluorescence 
as it flattens into the plasma membrane and the 
cargo diffuses laterally. (For a more extensive 
description of TIR-FM in studying exocytosis, 
see Mikhailov). Exocytic events occurring in the 
lateral membrane of polarized epithelial cells 
can be identified using similar criteria when 
time-lapse images are acquired by high-speed 
confocal microscopy (for a complete descrip-
tion of lateral membrane fusion analysis, see 
Kreitzer et al., 2003). Biochemical methods for 
studying delivery to the plasma membrane in 
a large population of cells, such as pulse–chase, 
cell surface biotinylation assays, have been 
described in detail previously (see article by 
Rodriguez–Boulan and Sabatini, 1978).

1. Measuring the rate of protein delivery to 
the cell surface in fixed cell, “time-lapse” 
experiments. If cells are grown on glass (as 
would be the case if exogenous proteins are 
expressed by cDNA microinjection), this 
method is useful in evaluating the delivery 
of proteins to the apical membrane only. 
For surface-labeling analysis of delivery 
to the basolateral membrane, cells must be 
grown on semipermeable filter supports and 
exogenous proteins must be introduced by 
transfection or viral infection methods.
a. Microinject GFP-tagged cDNA into the 

cell nuclei.
b. Accumulate newly synthesized protein in 

the Golgi at 20ºC.
c. Shift to the permissive temperature for 

transport out of the Golgi (37ºC).
d. At 15- to 30-min intervals after releasing 

the Golgi block, fix cells in paraformalde-
hyde for 5 min at room temperature. Do 
not permeabilize with detergent. Fixation 
in a nonpermeabilizing fixative, such 
as paraformaldehyde, enables selective 
immunolabeling of surface-associated 
proteins.

e. Label, by indirect immunofluorescence, 
the surface-associated reporter protein. 
Make sure to use a fluorescently conju-
gated secondary antibody other than fluo-
rescein (or any dye excitable at 488 nm).

f. Acquire images of both the surface-associ-
ated (immunostained) and the total (GFP) 
protein expressed at each time point after 
release of the Golgi block. It is imperative 
to use identical acquisition settings for 
the individual fluorophores in each time-
lapse sample as this is all that allows you 
to quantitatively (ratiometrically) evaluate 
the relative amount of reporter protein 
delivered to the cell surface.

g. Calculate the integrated fluorescence 
intensity of both surface-associated and 
total fluorescence in each cell express-
ing the reporter protein. The ratio of 
surface fluorescence (immunostained) to 
total fluorescence (GFP) of your reporter 
reflects the relative amount of protein 
that has been delivered to the plasma 
membrane at each time point. Over 
time, this ratio should increase and will 
directly reflect the rate of protein delivery 
from the Golgi to the plasma membrane.

2. Analysis of exocytosis using time-lapse total 
internal reflection fluorescence microscopy 
(TIR-FM).
a. Microinject GFP-tagged cDNA into the 

cell nuclei.
b. Accumulate newly synthesized protein in 

the Golgi at 20ºC.
c. Mount coverslip in the recording chamber 

on a microscope equipped for TIR-FM. 
Acquire and save both bright-field and 
epifluorescent images of the cells you will 
be studying.

d. Shift to the permissive temperature for 
transport out of the Golgi and wait 5 min 
for the temperature and focus to stabilize.

e. Acquire time-lapse images (aim for at least 
four to five frames per second) to  visualize 
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exocytic events occurring in the basal 
plasma membrane. The typical duration of 
our recordings is 1–2 min.

f. Analyze images for exocytic events as 
described in Schmoranzer et al. (2000).

3. Analysis of exocytosis using time-lapse, 
spinning-disk confocal microscopy.
a. Microinject GFP-tagged cDNA into the 

cell nuclei.
b. Accumulate newly synthesized protein in 

the Golgi at 20ºC.
c. Mount coverslip in the recording chamber 

on a microscope equipped with a spinning 
disk confocal head. Acquire and save both 
bright-field and epifluorescent images of 
the cells you will be studying.

d. Shift to the permissive temperature for 
transport out of the Golgi and wait 5 min 
for the temperature and focus to stabilize.

e. Acquire time-lapse images (aim for four 
to five frames per second) to visual-
ize exocytic events occurring along the 
lateral membrane. Photobleaching that 
occurs during confocal image acquisition 
typically limits the duration of time-lapse 
sequences to �1–2 min.

f. To evaluate the spatial positioning of 
cargo delivery events, acquire time-lapse 
sequences as described in step e at multi-
ple Z-axis positions throughout individual 
cells.

g. Analyze images for exocytic events as 
described in Kreitzer et al. (2003).
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I. INTRODUCTION

Cell permeabilization allows manipulation 
of experimental conditions that is typical for 
in vitro assays while maintaining the integrity 
of cellular architecture. Permeabilized mast 
cells, both primary and cultured cell lines, 
such as rat basophilic leukemia (RBL-2H3) or 
human mast cells (HMC-1), have been used 
to investigate the mechanism of exocytosis, 
endocytosis, phospholipid metabolism, and 
cytoskeletal responses. After  permeabilization 

with a  bacterial exotoxin, streptolysin-O (SL-
O), cells lose their cytosolic components but 
retain intact and functional secretory vesi-
cles. These cells provide a well-controlled sys-
tem, ideal for reconstitution type experiments. 
Permeabilization by SL-O is usually irrevers-
ible. Reversible permeabilization of rat perito-
neal mast cells can be achieved by exposure to 
the tetrabasic anion of ATP (ATP4�). This cre-
ates lesions (Cockcroft and Gomperts, 1979) 
due to interaction with a specific cell surface 
receptor (Tatham et al., 1988), the dimensions of 
which vary with increasing ATP4�  concentration 
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(Tatham and Lindau, 1990). The pores created 
by ATP4� are, however, always smaller than 
those due to SL-O. Combination of the two 
methods allows control of the extent of leakage 
of cytosolic factors (Koffer and Gomperts, 1989).

The SL-O monomer binds to membrane cho-
lesterol and then oligomerises to form large 
pores, up to 30 nm in diameter (Bhakdi et al., 
1993; Buckingham and Duncan, 1983; Palmer 
et al., 1998). The concentration of SL-O and 
the time of exposure needed for the permea-
bilization vary for different cells. Appropriate 
conditions can be found using nonpermeant 
fluorescent dyes, such as ethidium bromide or 
rhodamine phalloidin. Adherent cells usually 
require higher concentrations of SL-O and/or 
longer exposure times than suspended cells.

Holt and Koffer (2000) described the use 
of various recombinant mutants of small Rho 
GTPases in permeabilized mast cells. Other 
reviews of permeabilization techniques have 
been published previously (Gomperts and 
Tatham, 1992; Larbi and Gomperts, 1996; 
Tatham and Gomperts, 1990). This article 
describes a “SL-O prebind” method for permea-
bilizing glass-attached primary rat peritoneal 
mast cells. This method is based on the tempera-
ture-independent binding of SL-O to the plasma 
membrane and the temperature- dependent 
polymerization of bound SL-O molecules 
required to form pores (Sekiya et al., 1996).

Hexosaminidase, released from stimulated 
permeabilized cells into the supernatant, is 
assayed biochemically, while the remaining 
cells are processed for imaging. Thus, func-
tional and morphological studies can be done 
in parallel. Immunostaining of mast cells poses 
specific problems due to the presence of highly 
charged secretory granules. Cell permeabili-
zation allows introduction of antibodies into 
cells before fixation. This is advantageous, as 
antibodies come into contact with granules 
still intact rather than with those permeabi-
lized by fixatives. Staining before fixation is 
also  recommended for membranous structures 

(e.g., staining with anti-PIP2), as these are often 
disrupted by fixatives. Moreover, pretreatment 
of permeabilized cells with antibodies is useful 
for functional studies investigating the effects 
of the activity of the blocking antigen on cel-
lular responses. We describe pretreatment of 
permeabilized cells before triggering, the assay 
of released hexosaminidase, and subsequent 
immunostaining either before or after fixation, 
with steps taken to avoid unspecific staining. 
The former method is an adaptation of a previ-
ously described procedure (Guo et al., 1998).

II. MATERIALS AND 
INSTRUMENTATION

Percoll (1.13 � 0.005 g/ml stock) is from 
Amersham Biosciences (1 liter, Cat. No. 17-0891-
01). 10� calcium/magnesium-free phosphate-
buffered saline (PBS) with defined salt densities 
is from Gibco RBL (500 ml, Cat. No. 14200-067). 
Streptolysin-O (SL-O, Cat. No. 302) and sodium 
dithionite (Cat. No. 303, needed for reduc-
tion of SL-O) are from iTEST plus, Ltd. (Czech 
Republic). Other preparations of SL-O can be 
obtained from Sigma (e.g., Cat. No. S 5265), and 
SL-O can also be obtained from VWR Scientific, 
US (Cat. No. DF 0482-60, manufactured by 
Difco), but in our hands, the just-described rea-
gent has given the most reproducible results. 
Sigma provides EGTA (Cat. No. E-4378), HEPES 
(Cat. No. H-4034), PIPES (Cat. No. P-1851), Tris 
(Cat. No. T-1503), glutamic acid, monopotassium 
salt (Cat. No. G-1501), 4-methylumbelliferyl-
N-acetyl-β-d-glucosaminide (Cat. No. M2133), 
dimethyl sulphoxide (DMSO, Cat. No. D-8779), 
Triton X-100 (Cat. X-100), goat serum (Cat. No. 
G9023), unconjugated succinyl-concanavalin A 
(SCA, Cat. No. L 3885), lysophosphatidylcholine 
(LPC, Cat. No. L-4129), paraformaldehyde (Cat. 
No. P-6148), and polyethylene glycol (molecular 
weight 3550, Cat. No. P-4338). Na2ATP (trihy-
drate, Cat. No. 519979), 100 mM GTPγS solution 
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(Cat. No. 1110 349), and digitonin (1 g, Cat. No. 
1500 643) are from Boehringer. Citric acid (Cat. 
No. 100813M), glycine (Cat. No. 101196X), solu-
tions of 1M MgCl2 (Cat. No. 22093 3M) and 1M 
CaCl2 (Cat. No. 190464 K), and 18-mm2 cover-
slips, thickness 1 (Cat. No. 406/0187/23), are 
from BDH. Mowiol 4–88 is from Harco (Harlow 
Chemical Company Ltd.).

Pointed bottom tubes (10 ml, Cat. No. B99 
783) are from Philip Harris. “Multitest” 8-well 
slides (Cat. No. 6040805) are from ICN 
Biomedicals, Inc. Ninety-six V-well clear plates 
(Cat. No. 651 101) and 96-well flat- bottom 
black plates (Cat. No. 655 076) are from Greiner 
Bio-One Ltd. The eight channel pipettes are 
Transferepettes-8, 20–100 μl, from Brand, 
Germany. The refrigerated  centrifuge, Omnifuge 
2.ORS, is from Heraeus. The plate reader, 
Polarstar Galaxy, is from BMG Labtechnologies.

A moisture box is a small plastic box with a 
well-fitting lid lined with wet tissue paper. A 
plastic tray that can take up to five 8-well slides 
is placed inside the box. Nylon mesh is from 
net curtain material obtained from John Lewis 
Department Store (London).

III. PROCEDURES

A.  Preparation of Rat Peritoneal 
Mast Cells

This procedure has been described in detail 
previously (Gomperts and Tatham, 1992) and 
only a brief version is given here.

Solutions

1. Percoll at a final density of 1.114 g/ml: Prepare 
using the following formula:

ρ is density (g/ml) and V is volume (ml). Use 
10�PBS stock with defined density and highly 
purified sterile water so that the density may 
be taken as 1.000 g/ml. Prepare 50–100 ml of 
Percoll solution in a sterile environment and 
store in 2-ml aliquots at �20ºC (may be stored 
several years). Warm at room temperature, mix 
thoroughly, and transfer into a pointed bottom 
tube just before use.

2. Chloride buffer (CB): Final concentrations 
20 mM HEPES, 137 mM NaCl, 2.7 mM KCl, 
2 mM MgCl2, 1.8 mM CaCl2, 5.6 mM glucose, 
and 1 mg/ml bovine serum albumin (BSA), 
pH 7.2. Prepare 10� concentrated stock 
solution without BSA. To make 500 ml of 
10� CB, dissolve 40 g NaCl, 1 g KCl, 23.83 g 
HEPES, 5 g glucose, 10 ml of 1M MgCl2, 
and 9 ml of 1M CaCl2 in distilled water, 
adjust pH to 7.2 with NaOH, and complete 
to 500 ml. Store in 50-ml aliquots at �20ºC. 
Thaw, mix, dilute, add BSA, and readjust pH 
to 7.2 before use.

Steps

1. Use Sprague–Dawley rats. “Retired 
breeders” of either sex were used but other 
strains of various ages are also suitable; 
older rats provide more cells.

2. After peritoneal lavage of rats, pellet 
the cells present in the washings by 
centrifugation (5 min at 250 g).

3. Resuspend cells in �7 ml of CB and filter the 
suspension through a nylon mesh.

4. Overlay the filtered suspension onto a 2-ml 
cushion of Percoll solution placed in a 10-ml 
pointed bottom tube.

5. Centrifuge (10 min at 250 g, room 
temperature, slow acceleration). Dense 
mast cells pellet through the Percoll cushion 
while contaminating cells (neutrophils, 
macrophages, red blood cells) remain at the 
buffer–Percoll interface.

6. Remove the buffer, interface cells, and 
Percoll, resuspend the pellet in �1 ml 
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CB, and transfer into a clean tube (avoid 
touching the tube wall where some of the 
contaminating cells may still adhere).

7. Add further �10 ml CB, centrifuge (5 min 
at 250 g), and resuspend pellet in 1.5 ml 
CB. About 1 � 106 cells (�95% purity) are 
obtained from one rat. This is sufficient for 
at least five 8-well slides.

B. Permeabilization

SL-O binds to the cells on ice, excess SL-O 
(and any other additives) is removed by wash-
ing with a cold buffer, and cells are then per-
meabilized by the addition of warm buffer. 
Permeabilized cells are finally washed to 
remove freely soluble ions, nucleotides, and 
proteins before the addition of triggering solu-
tions. A small loss of responsiveness occurs 
due to the “run-down” during the washing 
(10–20%) but the advantage is that nucleotides, 
ions, and proteins leaking out from cells do 
not come into contact with those applied exog-
enously. If this is of no concern (e.g., when ATP 
levels have been depleted by metabolic inhi-
bition), triggers can be added at the time of 
permeabilization.

Solutions

1. Glutamate buffer (GB): Final concentrations 
137 mM Kglutamate, 20 mM PIPES, 2 mM 
MgCl2, and 1 mg/ml BSA, pH 6.8. Prepare 
10� concentrated stock solution without 
BSA. To make 250 ml of 10� GB, dissolve 
63.43 g glutamic acid, 15.12 g PIPES, and 5 ml 
1M MgCl2 in distilled water, adjust pH to 
6.8 with glacial acetic acid, and complete to 
250 ml. Store 50-ml aliquots at �20ºC. Thaw, 
mix, dilute, add BSA, and readjust pH to 6.8 
before use.

2. 100 mM EGTA stock solution: Store in 5- to 
10-ml aliquots at �20ºC. To make 100 ml 
of 100 mM EGTA, dissolve 3.804 g EGTA in 
100 ml distilled water.

3. Glutamate buffer–3 mM EGTA (GBE): Add 
300 μl of 100 mM EGTA to 10 ml GB.

4. Streptolysin-O (SL-O): Streptolysin-O from 
iTEST is supplied as a lyophilized powder 
in vials of 22 IU and must be reduced before 
use with sodium dithionite. To prepare a 
working stock at 20 IU/ml, dissolve one vial 
of SL-O in 550 μl PBS containing 0.1% BSA 
and one vial of 20 mg sodium dithionite in 
550 μl PBS containing 0.1% BSA. Mix these 
two solutions and incubate at 37ºC for 1 h. 
SL-O is now reduced and the solution is 
ready for use. For storing, divide the reduced 
SL-O solution into 100-μl aliquots, freeze 
under liquid nitrogen, and store at �80ºC. 
Just before use, warm and mix and use on 
the same day. For the “prebind” method, 
use SL-O at the final concentration of 1.6 IU/
ml: Add 1.15 ml of GBE to 100 μl of 20 IU 
SL-O/ml. Thus, one aliquot will provide 
1.25 ml of working solution, enough for one 
experiment.

Steps

1. Clean 8-well slides with distilled water 
and then ethanol. Leave to dry. Label the 
slides.

2. Pipette 30 μl cell suspension in CB per well 
(i.e., �20,000 cells per well). Allow 2–4 wells 
for each condition. Keep 150 μl of the cell 
suspension aside for secretion assay (see 
solution D3 and step D2).

3. Let cells attach for 1 h at room temperature 
on a plastic tray in a moisture box1.

4. Place the slides on a metal plate on ice.
5. Wash the cells once with 30 μl ice-cold GBE.

1 In some experiments, it is desirable to deplete endogenous ATP from intact cells with metabolic inhibitors. In this case, 
after step 2, incubate attached intact cells with CB where glucose has been omitted and 10 μM antimycin A with 6 mM 
2-deoxyglucose included. More than 90% depletion of ATP is achieved in 20 min at 30ºC (Koffer and Churcher, 1993).
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6. Add 30 μl ice-cold SL-O (1.6 IU/ml GBE) 
to each well and incubate on ice for 8 min 
to allow SL-O to bind to the plasma 
membranes.

7. Wash the cells once with 30 μl ice-cold GBE 
to remove unbound SL-O and additives.

8. Permeabilize the cells by adding 30 μl warm 
(37ºC) GBE and transferring to a prewarmed 
moisture box at 37ºC for 90s.

9. Chill the cells by placing the slide back on ice.
10. Wash once with 30 μl GB (without EGTA) to 

remove freely soluble components.

C. Pretreatment and Triggering

Solutions

1. GB–30 μM EGTA: Add 3 μl of 100 mM EGTA 
to 10 ml GB.

2. Agent to be tested, dissolved in GB–30 μM 
EGTA. These can include an antibody 
directed against a specific antigen whose 
activity is being tested. Dilution of the 
antibody is 10–20� less than that used for 
immunostaining.

3. 100 mM MgATP: To make 16.5 ml of 100 mM 
MgATP, add 6.61 ml of 0.5M Tris and 1.65 ml 
of 1M MgCl2 to 1 g Na2ATP and add H20 
to a final volume of 16.5 ml. Store in 100-μl 
aliquots at �20ºC.

4. 10 mM GTPγS: Dilute the 100 mM stock 
solution with GB just before use.

5. Ca2� /EGTA buffers system: These are 
obtained as described previously (Gomperts 
and Tatham, 1992; Tatham and Gomperts, 
1990) by mixing solutions of Ca:EGTA 
and EGTA, both at �100 mM and pH 6.8 
at specified ratios. Keep 10-ml aliquots of 
100 mM stock solutions at �20ºC. Free Ca2� 
concentration is controlled by adding the 
appropriate Ca2�/EGTA buffer to a final 
concentration of 3 mM.

6. Triggering solutions: Various combinations of 
calcium, MgATP, and GTPγS (or GTP) in GB 
are used for cell stimulation. The following 

four conditions (final concentrations) are 
used most frequently: EA (basal condition, 
3 mM EGTA–3 mM ATP); EGA (as EA with 
50 μM GTPγS); CA (3 mM Ca:EGTA /to 
maintain [Ca2�] at pCa5)–3 mM ATP; and 
CGA (as CA with 50 μM GTPγS). Table 
3.1 gives volumes for making triggering 
solutions using the aforementioned stock 
solutions.

Steps

1. Immediately after step B9 (permeabilized 
cells are still on the cold plate), add 15 μl of a 
solution containing the protein or reagent to 
be tested in GB–30 μM EGTA.

2. Incubate on ice (in a moisture box) for 
5–30 min. The time of incubation depends 
on the size of the protein/reagent to be 
introduced into the cells. For example, 
small proteins such as Rho GTPases require 
5–10 min but antibodies may require up 
to 30 min to penetrate the SL-O lesions. 
The time and temperature for action of the 
agents should be considered.

3. Add 15 μl of 2� concentrated triggering 
solutions containing combinations of 
calcium/EGTA, MgATP, and GTPγS. (If no 
pretreatment was required, omit steps 1 and 
2 and add 30 μl of 1� triggering solutions.)

4. Stimulate by transferring to a prewarmed 
moisture box and incubate for 30 min at 
37ºC. Note that a shorter time (10–15 min) 
may be sufficient when GTPγS is included in 
the triggering solution.

5. Stop reaction by transferring slides back 
onto the ice-cold metal plate.

D. Secretion Assay

Solutions

1. Fluorogenic hexosaminidase substrate: Final 
concentrations 1 mM 4-methylumbelliferyl-
N-acetyl-β-d-glucosaminide, 0.1% DMSO, 
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0.01% Triton X-100, and 200 mM citrate, 
pH 4.5. To make 500 ml, mix 189.7 mg of 
the reagent with 0.5 ml DMSO and then 
add 500 ml of 0.2 M citrate–0.01% Triton 
X-100. To make citrate solution, dissolve 
21 g of citric acid and 0.5 g of Triton X-100 
in H2O, adjust pH to 4.5 using NaOH, and 
make volume up to 500 ml. Using Whatman 
filter paper No. 1, filter and store in 20- to 
50-ml aliquots at �20ºC. Hexosaminidase, 
released from mast cells, hydrolyses 
the substrate, producing fluorescent 4-
methylumbelliferone. Triton reduces surface 
tension and thus artifacts.

2. 0.5M Tris: Dissolve 60.55 g of Tris in water, 
total volume 1 liter.

3. GB
4. Solution for assaying total hexosaminidase content: 

To 150 μl of the original cell suspension (saved 
at step B2), add 1 ml of 0.2% Triton X-100 in 
GB and mix to lyse the cells.

Steps

 1.  After step C5, remove 15 μl (i.e., one-half) 
of the triggering solutions and transfer into 
cold transparent 96 V-well plates (on ice).

 2.  Add 100 μl of cold GB to each V well using 
a multichannel pipette.

 3.  Pipette 115 μl of the solution for assaying 
the total hexosaminidase content into one 
column of V wells (i.e., 8 � 115 μl).

 4.  Pipette 115 μl of GB into one column of V 
wells (i.e., 8 � 115 μl, to be used for blanks).

 5.  Balance with another 96 V-well plate.
 6.  Centrifuge for 5 min at 250 g at 4ºC to 

remove any detached cells.
 7.  Using a multichannel pipette, remove 

50 μl of the supernatant from each V well 
and transfer into a black flat-bottom 96-well 
plate.

 8.  Add 50 μl of the fluorogenic 
hexosaminidase substrate to each well to 
assay for the release of hexosaminidase.

 9.  Cover with lid and wrap in aluminium foil.

10.  Incubate 1–2 h at 37ºC or overnight at room 
temperature.

11.  Quench with 100 μl of 0.5 M Tris.
12.  Read fluorescence using a fluorescence 

plate reader (excitation and emission filter 
at 360 and 405 nm, respectively).

13.  Calculate percentage secretion as follows: 
% secretion � 100 � (X�B)/(T�B), where 
X, B, and T are fluorescence values of the 
sample, average blank, and average total 
hexosaminidase, respectively.

E. Immunostaining Before Fixation

Cells remaining on eight-well slides after 
removal of the trigger solutions for secretion 
assays can be stained by fluorescent phalloidin 
to evaluate the morphology of F-actin (Holt and 
Koffer, 2000) or be immunostained. Processing 
of the cells should be done immediately after 
step D1 and the secretion assay delayed until 
the cells are in a blocking solution or fixed.

Solutions

1. Stock solution of succinyl-Con A, SCA, 5 mg/ml: 
Dissolve 25 mg in 5 ml GB without BSA. 
Store 100-μl aliquots at �20ºC.

2. Glutamate buffer–3 mM EGTA (GBE): Add 
300 μl of 100 mM EGTA to 10 ml GB.

3. Blocking solution: 32% goat serum–250 μg/ml 
succinyl-Con A (SCA)–GBE. To make 1 ml, 
add 320 μl goat serum and 50 μl SCA (5 mg/
ml stock) to 630 μl GBE.

4. Antibody solution: 16% goat serum in GBE. 
To make 1 ml, add 160 μl goat serum to 840 μl 
GBE. Higher concentrations of antibodies 
are usually required if these are introduced 
into permeabilized cells before fixation than 
those used for after-fixation staining. Note: 
After dilution, centrifuge all antibodies for 
1 min at �15,000 g to remove any aggregates.

5. Fixative: 3% paraformaldehyde in GBE 
(without BSA)–4% polyethylene glycol 
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(PEG, MW 3200). To make 100 ml of 
fixative, first prepare GB (without BSA)–
3 mM EGTA–4% (w/v) PEG. Add 3 g of 
paraformaldehyde to �80 ml of GBE-
PEG and gently heat and stir in a fume 
cupboard, adding 10M NaOH in small doses 
until paraformaldehyde is dissolved and 
colourless. Adjust pH to 6.8. Filter (in a fume 
cupboard) using Whatman filter paper No. 1 
and store 10-ml aliquots at �20ºC.

6. Mounting solution: Add 12 ml of water to 
12 g glycerol and 4.8 g Mowiol 4-88 in a 
conical flask and mix for 2 h or overnight 
at room temperature. Add 24 ml 0.2 M Tris, 
pH 8.5, and 400 μl of 100 mM EGTA and 
stir further at 50ºC (�10 min). Centrifuge 
for 30 min at �5000 g. Discard pellets, stir 
the supernatants again, and store in 1-ml 
aliquots at �20ºC.

Steps

 1.  After step C5 and D1 (i.e., after triggering 
and removal of aliquots for secretion assay), 
remove the remaining triggering solutions.

 2.  Wash once in 30 μl GBE to remove residual 
calcium/GTPγS.

 3.  Add 30 μl of blocking solution to block 
unspecific binding.

 4.  Incubate in a moisture box for 30 min at 
room temperature.

 5.  Remove blocking solution and add 30 μl of 
the primary antibody diluted in antibody 
solution.

 6.  Incubate in a moisture box for 30–60 min at 
room temperature.

 7.  Wash the cells 4� with 30 μl GBE.
 8.  Add 30 μl of secondary antibody, 

conjugated to a fluorescent probe and 
diluted in antibody solution.

 9.  Incubate in a moisture box for 30 min at 
room temperature.

10.  Wash the cells 4� with 30 μl GBE
11.  Fix the cells by adding 30 μl fixative for 20 min 

at room temperature in a moisture box.

12.  Wash the cells 4� with 30 μl GBE.
13.  Aspirate wells until dry and add 4 μl 

mounting solution and remove any 
bubbles.

14.  Cover eight wells with 18-mm2 
coverslips.

F. Immunostaining After Fixation

To improve access of antibodies into fixed 
cells, permeabilization with either lysophos-
phatidyl choline (LPC) or digitonin is required. 
Blocking can be done with a lower concentra-
tion of serum when cells are fixed, but succinyl–
concanavalin A should still be included because 
fixation exposes granule matrices that may bind 
antibody nonspecifically. Including a 5-min 
wash step with 0.4 M NaCl before blocking also 
reduces nonspecific binding of antibodies to the 
granule matrices without affecting cellular mor-
phology in fixed cells.

Solutions

1. Fixative and mounting solutions as described 
earlier.

2. GBE: Add 300 μl of 100 mM EGTA to 10 ml GB.
3. LPC-GBE, 80 μg/ml of LPC in GBE: Used 

for permeabilization of fixed cells. Stock 
solution is 40 mg of LPC/ml ethanol. Store 
at �20ºC. Warm to �40ºC and mix before 
use. Dilute 500�, i.e., 2 μl into 1 ml of GBE to 
obtain the final concentration.

4. 0.2 μM digitonin–GBE. Used as an alternative 
solution for permeabilization of fixed cells. 
Digitonin is stored as a 1 mM stock solution 
in DMSO at room temperature. Stock is 
prepared by dissolving 1.23 mg digitonin/
ml in DMSO. Dilute 10 μl of stock digitonin 
in 990 μl GBE and then add 50 μl of this 
10 μM solution to 950 μl GBE to prepare the 
0.2 μM solution.

5. 50 mM glycine–GBE: Make 10 ml of stock 1 M 
glycine solution by adding 0.75 g glycine 
to 10 ml GB (without BSA). Store in 1-ml 
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aliquots at �20ºC. Add 50 μl of 1 M glycine 
stock to 950 μl GBE.

6. Blocking solution: 5% goat serum–250 μg/ml 
succinyl-Con A (SCA)–GBE. To make 1 ml, 
add 50 μl goat serum and 50 μl stock SCA (5 mg 
SCA /ml GB without BSA) to 900 μl GBE.

7. 0.4M NaCl: For 1 ml, add 100 μl 4 M NaCl to 
900 μl GBE.

8. Antibody solution: 5% goat serum in GBE. 
To make 1 ml, add 50 μl goat serum to 950 μl 
GBE. After dilution, centrifuge all antibodies 
for 1 min at �15,000 g to remove any 
aggregates.

Steps

 1.  After step C5 and D1 (i.e., after triggering 
and removal of aliquots for secretion assay), 
remove the remaining triggers.

 2.  Fix the cells by adding 30 μl fixative for 20 min 
at room temperature in a moisture box.

 3.  Wash the cells 4� with 30 μl 50 mM 
glycine–GBE.

 4.  Add 30 μl of LPC-GBE (or digitonin-GBE).
 5.  Permeabilize fixed cells for 20 min with 

LPC-GBE or for 5 min with digitonin–GBE, 
both at room temperature.

 6.  Wash the cells 4� with 30 μl GBE.
 7.  Remove GBE and add 30 μl of 0.4 M NaCl in 

GBE to each well.
 8.  Incubate in a moisture box for 5 min at 

room temperature.
 9.  Wash the cells 4� with 30 μl GBE.
10.  Add 30 μl of blocking solution.
11.  Incubate in a moisture box for 30 min at 

room temperature.
12.  Remove blocking solution and add 30 μl of 

the primary antibody diluted in antibody 
solution.

13.  Incubate in a moisture box for 30–60 min at 
room temperature.

14.  Wash the cells 4� with 30 μl GBE.
15.  Add 30 μl of secondary antibody, 

conjugated to a fluorescent probe, diluted 
in antibody solution.

16.  Incubate in a moisture box for 30 min at 
room temperature.

17.  Wash the cells 4� with 30 μl GBE.
18.  Aspirate wells until dry and add 4 μl 

mounting solution; remove any bubbles.
19.  Cover eight wells with 18-mm2 coverslips.

IV. COMMENTS

We have described a method that allows 
assessment of mast cell secretory function in par-
allel with studies of cell morphology. An example 
is shown in Fig. 3.1. Permeabilized mast vafter 

EA
5%

CA
30%

EGA
24%

CGA
70%

FIGURE 3.1 Glass-attached mast cells were permea-
bilized and exposed to the triggers described in Table 3.1: 
EGTA/ATP (EA), calcium (pCa5)/ATP (CA), EGTA/
GTP-γ-S/ATP (EGA), or calcium (pCa 5)/ GTPγS/ATP 
(CGA). After 20 min at 37ºC, cells were fixed and stained 
with anti-β-actin monoclonal antibody (clone AC-15) from 
Sigma (used at 1/200 dilution). The secondary antibody (at 
1/50 dilution in GBE) was goat antimouse IgG biotin from 
Sigma. Cy2 streptavidin (1/50, from Amersham Biosciences, 
UK) was the tertiary layer. Confocal micrographs of equato-
rial slices are shown. Numbers indicate the percentages of 
released hexosaminidase.
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exposure to the combinations of calcium, ATP, 
and GTγS described in Table 3.1. Confocal 
images of equatorial slices are shown together 
with typical secretory responses shown in 
parentheses (percentage of released hexosamini-
dase). The method provides a large potential for 
investigating the significance of rearrangements 
of specific molecules to  exocytotic function.

V. PITFALLS

Keep cells in the moisture box as much as 
possible to avoid evaporation. Maintain per-
meabilized mast cells at low (25–50 μM) concen-
trations of EGTA before exposure to triggers to 
avoid spontaneous degranulation. When com-
paring activities of cells after various pretreat-
ments, keep the time between permeabilization 
and triggering standard; the length of the “run-
down” period affects secretion. Keep 96-well 
plates clean, washing them with detergent and 
plenty of water immediately after use.

Note that when staining is performed before 
fixation, the nature of the endogenous antigen 
should be taken into account. Because soluble 
proteins will leak out of the permeabilized 

cells, use this method for molecules known or 
expected to be tethered either to the membrane 
or to the actin cytoskeleton. Determination 
of the extent of leakage of the antigen under 
various conditions (by immunoblotting of the 
supernatants) is always helpful.
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I. INTRODUCTION

A fundamental property of epithelial cells 
is the polarized distribution of proteins and 
lipids in the apical and basolateral domains of 
the plasma membrane. These two domains are 
physically separated from each other by the tight 
junction. Many studies have been done over the 
past 20 years to understand the mechanisms 
that lead to the establishment and maintenance 
of the polarized distribution of proteins and lip-
ids in the plasma membrane of epithelial cells 
(Rodriguez-Boulan et al., 2005; Yeaman et al., 
1999; Keller and Simons, 1997).

A major advance in the study of epithelial 
cell polarity was achieved with the introduc-
tion of porous filter supports for the growth of 
epithelial cell cultures (reviewed in Rodriguez-
Boulan et al., 2005). This method differs from 
classical cell culture in that it allows direct 
access to the basolateral surface of cultured 
cells. Epithelial cells and cell lines grown on 
such filter supports (either nitrocellulose or 
polycarbonate) attain a more differentiated 
appearance and become polarized after rela-
tively short times in culture. While most studies 
on epithelial polarity and trafficking of plasma 
membrane proteins have been performed using 
a limited number of cell lines (MDCK, FRT, 
Caco-2), this culture technique has been gaining 
in popularity and has been used now for pri-
mary cultures as well. The confluency of cells 
grown on permeable supports can be deter-
mined by the measurement of transepithelial 
electrical resistance or transepithelial [3H]inulin 
flux (Hanzel et al., 1991).

One of the biggest advantages of this culture 
system is the accessibility of either the apical or 
the baso-lateral surface to any reagent added 
to the medium and the ability to add different 
reagents to contact either surface. This is the 
basis of the biotinylation techniques that have 
been developed to selectively label proteins 
present on the apical or basolateral domains of 

the plasma membrane of filter-grown epithelial 
cells.

The proteins present on the surface of filter-
grown monolayers can be selectively modified 
by the water-soluble cell-impermeable biotin 
analog sulfo-NHS-biotin. Taking advantage of 
the access afforded by the filter support, the 
addition of sulfo-NHS-biotin to only one sur-
face of the cell results in the selective labeling 
of only the apical or basolateral surface pro-
teins. The biotinylated proteins can then be 
detected by blotting with [125I]streptavidin or 
streptavidin conjugated to any number of enzy-
matic reporters. Furthermore, the cells can be 
metabolically pulse labeled and the proteins of 
interest can then be studied using biotinylation, 
immunoprecipitation and subsequent strepta-
vidin–agarose precipitation. This technique is 
very versatile and is applicable to the study of 
diverse aspects of epithelial cell polarity, such 
as the steady-state distribution of specific anti-
gens, or dynamic processes, such as targeting to 
the cell surface and transcytosis of membrane 
proteins. Several biotin analogs are available, 
including one that contains a disulfide bond. 
By differentially labeling the surfaces of epi-
thelia in situ with the cleavable NHS-S-S-biotin 
and a noncleavable biotin, we have been able to 
study the polarity of a native epithelium in situ 
(Marmorstein et al., 1996).

The first edition of this article described a 
basic protocol for selective cell surface bioti-
nylation, plus some modifications of the assay 
to study protein targeting and endocytosis. The 
second edition included a basic protocol for in 
situ domain-specific biotinylation. In this edi-
tion, we have added a protocol of surface immu-
nolabeling as an alternative to biotin labeling 
for determination of polarity. This technique is 
critical in cell lines that may exhibit leakiness to 
biotin. Additionally, we have also included two 
sections determining the polarity of a protein 
by means of intranuclear microinjection of its 
cDNA and quantitative microscopic analysis to 
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determine distribution of the protein relative to 
known polarized markers.

II. MATERIALS

Sulfo-NHS-biotin (sulfosuccinimidobiotin, 
Cat. No. 21217); NHS-LC-biotin (sulfosuccinimi-
dyl-6-(biotinamido)-hexanoate, Cat. No. 21335); 
NHS-SS-biotin (sulfosuccinimidyl-2-(biotina-
mido)-ethyl-1,3-dithioproprionate, Cat. No. 
21331); and immunopure-immobilized streptavi-
din (Cat. No. 20347) are from Pierce (Rockville, 
IL). Protein A–Sepharose Cl-4B (Cat. No. 17-
0780-01) is from Pharmacia/LKB (Piscataway, 
NJ). Glutathione (Cat. No. G-6529) and 
cycloheximide (Cat. No. C-7698) are from Sigma 
Chemical Co. (St. Louis, MO). Staphylococcus 
aureus cells (Pansorbin, Cat. No. 507858) are from 
Calbiochem (La Jolla, CA). Cells are grown on 
polycarbonate filters (Transwell, 12 mm diameter, 
Cat. No. 3401; 24 mm diameter, Cat. No. 3412) 
from Corning-Costar (Cambridge, MA); MEM-
Select-Amine kits (Cat. No. 19050-012) are from 
GIBCO BRL Life Technologies (Grand Island, 
NY); [35S]EXPRE35S 35S (methionine/cysteine) 
and [35S]cysteine are from Dupont NEN (Boston, 
MA) (Cat. No. NEG 072 for Express and Cat. No. 
NEG 022T for [35S]cysteine); [125I]streptavidin 
can be obtained from Amersham (Arlington 
Heights, IL) (Cat. No. IM236); streptavidin conju-
gated to horseradish peroxidase can be obtained 
from Sigma (Cat. No. S-5512).

III. PROCEDURES

A. Cell Surface Biotinylation

This procedure is used to determine the rela-
tive percentage of a plasma membrane protein(s) 
in the apical versus basolateral plasma membrane 
of epithelial cells grown on permeable filter sup-
ports (modified from Sargiacomo et al., 1989).

Solutions

1. PBS-CM: Phosphate-buffered saline 
containing 1.0 mM MgCl2, and 1.3 mM CaCl2

2. Sulfo-NHS-biotin or sulfo-NHS-LC-biotin: 
Stock solution is 200 mg/ml in dimethyl 
sulfoxide (DMSO), which can be stored for 
up to 2 months at �20ºC. Thaw just prior 
to use and dilute to a final concentration of 
0.5 mg/ml in PBS-CM. Use immediately.

3. 50 mM NH4Cl in PBS-CM or Dulbecco’s 
modified Eagle’s medium (DMEM): Use to 
quench the excess biotin at the end of the 
labeling reaction.

Steps

All steps are carried out on ice and with ice-
cold reagents.

1. For all experiments, use confluent 
monolayers of cells plated at confluency 
(for most cell lines, 2.5–3.5 � 105 cells/cm2 
of filter) 4–5 days prior to biotinylation. 
Measure transepithelial electrical resistance 
(TER) and discard monolayers that do not 
exhibit acceptable resistances (different 
cell lines exhibit different TER values 
ranging from tens to thousands of Ω cm2; 
monolayers should be used that exhibit TER 
values in the normal range for your cell line. 
We have successfully performed this assay 
on cells with TERs as low as 50Ω cm2).

2. Wash filters on both sides three times with 
ice-cold PBS-CM.

3. Add a fresh solution of sulfo-NHS-biotin 
(0.5 mg/ml in PBS-CM) to the apical or 
basolateral chamber. Add PBS-CM to the 
other chamber. We use 0.7 ml apical and 
1.4 ml basolateral for 24-mm-diameter filters 
and 0.4 and 0.8 ml for 12-mm-diameter 
filters. Incubate with gentle shaking for 
20 min at 4ºC and then repeat this step.

4. Quench the reaction by removing the 
solutions from both chambers and replacing 
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with 1 ml of 50 mM NH4Cl in PBS-CM. 
Incubate with gentle shaking for 10 min 
at 4ºC.

5. Rinse twice with PBS-CM.
6. Excise filters and either freeze at �80ºC (the 

freeze thaw involved with storage at �80ºC 
appears to inactivate some proteases) or 
immediately proceed with the extraction of 
biotinylated proteins as outlined in 
Section III,F.

Analysis of Results

The amount of protein present on the api-
cal or basolateral surface is determined by a 
densitometric analysis of the autoradiographs. 
Multiple exposures are necessary if using the 
film to ensure that the values obtained are in the 
linear range of the film. Polarity is expressed as 
the percentage of total surface protein present 
on one surface of the monolayer.

B. Biotin Targeting Assay

This procedure is used to determine if pro-
teins are delivered directly, indirectly (transcy-
totically), or nonpolarly to the apical and/or 
basolateral surface of an epithelial cell (modi-
fied from Le Bivic et al., 1990).

Solutions

1. Starvation medium: DMEM without 
methionine or cysteine. This solution is 
prepared using a MEM Select-Amine kit by 
not adding the methionine and cysteine.

2. [35S]EXPRESS (methionine/cysteine:) or 
[35S]cysteine: 1 mCi per multiwell plate (12 
� 1.2-cm or 6 � 2.4-cm-diameter filters). In 
some cases, proteins are effectively labeled 
with [35S]SO4, an advantage for studies of 
post-Golgi sorting, because the addition of 
sulfate occurs in the trans-Golgi network 
(see Chapter 2 by Kreitzer et al.).

3. Chase medium: DMEM containing a 10� 
concentration of methionine and cysteine 
(made by addition of methionine and 
cysteine to starving medium) or the 
normal medium in which the cells 
grow.

4. HCO3-free DMEM containing 20 mM HEPES 
and 0.2% bovine serum albumin (BSA)

5. Sulfo-NHS-biotin (NHS-LC-biotin or NHS-
SS-biotin): 0.5 mg/ml in PBS-CM � all 
of the reagents used in the cell surface 
biotinylation protocol.

6. Lysis buffer: 1% Triton X-100 in 20 mM Tris, 
150 mM NaCl, 5 mM EDTA, 0.2% BSA, pH 
8.0, and protease inhibitors

7. Immunopure-immobilized streptavidin on 
agarose beads

8. 10% SDS: sodium dodecyl sulfate

Steps

1. Wash cells on filters three times with 
starvation medium and incubate for 
20–40 min in starvation medium. The 
starving period will depend on your cell 
type. MDCK cells work well with a 20-min 
starvation; RPE-J require longer 
times.

2. Pulse for 20–30 min (again depends on 
cell line) in starving medium containing 
[35S]EXPRESS of [35S]cysteine at 37ºC. 
The pulse solution is starving medium 
plus the 35S label. Minimal volumes are 
recommended. For MDCK cells we pulse 
with 20–40 μl from the basolateral surface. 
A drop of pulse medium is placed on a strip 
of Parafilm in a humidified chamber (we 
use a plastic box lined with wet towels), and 
the insert containing the filter and MDCK 
monolayer is removed from the multiwell 
and dropped on top of the pulse medium. 
Some cell lines (i.e., RPE-J) are better labeled 
from the apical surface. For apical pulse, 
starvation medium is removed from both 
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chambers and pulse medium is applied only 
to the apical chamber. For 1.2-cm-diameter 
filters we use a 100-μl volume; for 2.4-cm-
diameter filters we use a 350-μl volume of 
pulse medium.

3. The pulse is terminated by washing with 
chase medium three times.

4. At different chase times, aspirate chase 
medium and replace with ice-cold NaHCO3-
free DMEM containing 20 mM HEPES and 
0.2% BSA and store on ice until all chase 
points have been collected.

5. Proceed to apical or basolateral biotinylation 
following the protocol described earlier for 
cell surface biotinylation.

6. Excise filters and either freeze at 
�80ºC or immediately lyse cells and 
immunoprecipitate specific proteins as 
described in the section extraction of 
biotinylated proteins.

7. Remove immunoprecipitated proteins 
from beads by adding 40 μl of 10% SDS 
and heating for 5 min at 95ºC. Immediately 
dilute with 460 μl of lysis buffer and pellet 
for 1 min in a microfuge. Remove 450 μl and 
place in a new tube. Dilute the remaining 
50 μl with 50 μl of 2� Laemmli sample 
buffer. This sample is used to normalize for 
differential incorporation of radiolabel from 
filter to filter. The remaining 450 μl is diluted 
with a further 1 ml of lysis buffer to which 
is added an additional 50 μl of streptavidin 
agarose that has been preblocked for 1–12 h 
with lysis buffer.

8. Streptavidin precipitation is allowed to 
proceed for 1 h to overnight at 4ºC. Then the 
beads are washed successively in TPII, TPIII, 
and TPIV as described in Section III,F. After 
the final wash the beads are resuspended in 
Laemmli sample buffer and heated to 95ºC 
for 5 min.

9. Both the sample representing total and 
surface protein are resolved on SDS–PAGE 
gels. The gels are dried and exposed for 
autoradiography.

C.  Targeting Assay by Surface 
Immunolabeling

Epithelial cells such as LLC-PK1 may not 
form a tight monolayer and hence could be 
leaky to biotin analogs (MW� 400–600). To 
overcome this problem, we have used antibody 
labeling against the protein of interest (Gan et al., 
2002). Antibodies are less likely to traverse 
through leaky monolayers. Leakiness of anti-
bodies should be directly determined before 
using this method.

Solutions

1. PBS-CM: See Section III,A
2. DMEM containing 0.2% BSA

Steps

1. The initial steps are similar to Section III,B 
(steps 1–4). Label the ice-cold filters from 
different chase time points with antibody 
added to either apical or basolateral 
domains for 1 h on ice in a cold room kept 
at 4ºC. Dilute the antibody in DMEM 
containing 0.2% BSA at an approximate 
concentration of 1 μg/ml. After 1 h, wash 
filters four times in ice-cold PBS-CM 
containing 0.2% BSA.

2. Excise filters and either freeze at �80ºC or 
immediately lyse cells in lysis buffer.

3. Pull down the antigen–antibody complex 
with protein A or G beads from nine-
tenths of the postnuclear supernatants. 
Subject one-tenth of the supernatant again 
to immunoprecipitation to measure total 
labeled protein.

4. Wash immunoprecipitates on the beads 
successively in TPII, TPIII, and TPIV as 
described in Section III,F.

5. After the final wash, resuspend the beads in 
Laemmli sample buffer and heat to 95ºC 
for 5 min.
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6. Resolve both the sample representing total 
and surface proteins on SDS–PAGE gels. Dry 
and expose the gels for autoradiography.

Analysis of Results

The polarity of the protein is determined at 
each time point by densitometric analysis of 
the autoradiographic data. The values obtained 
for the surface protein should be normalized 
against the values obtained form the totals 
(including precursor forms). This controls for 
differences in the incorporation of label (spe-
cific activity) between monolayers. If the pro-
tein is highly polarized from the first time point 
at which it is detected on the cell surface, then 
it is delivered directly to that surface. If it is 
polarized on one surface early in the chase and 
then switches polarity later in the chase, then it 
is delivered indirectly. If the protein is nonpo-
lar early in the chase and acquires polarity only 
after longer chase times, then it is not sorted in 
the TGN, but its final polarity is acquired by 
differential stability on the apical and basola-
teral surfaces.

D. Biotin Assay for Endocytosis

This assay examines the internalization of 
plasma membrane proteins (from Graeve et al., 
1989).

Solutions

1. PBS-CM.
2. Cleavable biotin reagent: NHS-SS-biotin.
3. DMEM containing 0.2% BSA.
4. Reducing solution: 310 mg glutathione (free 

acid) dissolved in 17 ml H2O (50 mM). 
Add 1 ml of 1.5M NaCl, 0.12 ml of 50% 
NaOH, and 2 ml of serum just before 
use.

5. Quenching solution: 5 mg/ml iodoacetamide 
in PBS-CM containing 1% BSA.

Steps

1. Wash cells on filters four times, 15 min each 
time with ice-cold PBS-CM.

2. Add 1 ml of NHS-SS-biotin (0.5 mg/ml in 
ice-cold PBS-CM) to the chamber being 
labeled and PBS-CM to the other chamber. 
Incubate for 20 min at 4ºC and repeat with 
fresh solutions.

3. Wash filters twice with DMEM/0.2% BSA. 
Keep two filters on ice (one of these will 
represent the total amount of proteins at 
the surface before internalization and the 
other will be treated with the reducing 
solution and represents your control of 
efficiency of reduction) and transfer the 
other filters to 37ºC for various times to 
allow the biotinylated proteins to be 
internalized.

4. Stop incubation by transferring filters back 
to 4ºC.

5. Wash twice in PBS-CM � 10% serum.
6. Incubate filters for 20 min in reducing 

solution. Repeat. (Mock treat one filter.)
7. After washing, quench free SH groups in 

5 mg/ml iodoacetamide in PBS-CM � 1% 
BSA for 15 min.

8. Lyse cells and immunoprecipitate as 
described in the section extraction of 
biotinylated proteins.

9. Run the samples on SDS–PAGE gels, 
transfer to nitrocellulose or PVDF, blot 
with [125I]streptavidin, and expose for 
autoradiography.

Analysis of Results

Endocytosis of the protein of interest is 
indicated by protection of the NHS-SS-biotin-
labeled surface protein from reduction by 
glutathione. By chasing the cells for various 
lengths of time, a rate of endocytosis can be cal-
culated by comparing the percentage of protein 
protected at each time point. Obviously if none 
of the protein is protected from reduction, it is 



I. MEMBRANE PROTEIN TRANSLOCATION ASSAYS

100% at the surface; conversely, if all of the pro-
tein is protected, 100% has been internalized.

E.  In Situ Domain Selective Biotinylation 
of Retinal Pigment Epithelial Cells

The retinal pigment epithelium is uniquely 
suited for biochemical studies of polarity 
in situ. The RPE exists as a natural monol-
ayer with a broad apical surface that is easily 
exposed after gentle enzymatic treatment to 
remove the adjacent neural retina. The apical 
surface of the tissue is labeled with a noncleav-
able biotin analog such as NHS-LC-biotin for 
the identification of apical proteins. For iden-
tification of basolateral proteins the biotinylat-
able sites on the apical surface are labeled with 
the cleavable NHS-SS-biotin. After isolation of 
RPE cells, the nonlabeled basolateral proteins 
are labeled in suspension with the noncleavable 
form. Removal of the cleavable NHS-SS-biotin 
by reduction with 2-mercaptoethanol results in 
the presence of biotin only in the population of 
proteins present on the basolateral surface of 
the RPE (Marmorstein et al., 1996).

Solutions

1. Sulfo-NHS-biotin, or NHS-LC-biotin, and 
NHS-SS-biotin stock solutions in DMSO

2. HBSS: 10 mM HEPES buffered Hank’s 
balanced salt solution

3. PBS-CM
4. DMEM containing 10 mM HEPES
5. Bovine testicular hyaluronidase
6. CMF-PBS: PBS calcium and magnesium free
7. PBS-EDTA: CMF-PBS � 1 mM EDTA

Steps

All steps are carried out on ice unless other-
wise indicated.

 1. Rats are euthanized by CO2 asphyxiation, 
and the eyes are enucleated and stored for 

3 h to overnight in the dark on ice 
in HBSS.

 2. A circumferential incision is made above 
the ora serrata, and the cornea, iris, lens, 
and vitreous are removed.

 3. The eyecups are incubated for 10–30 min 
at 37ºC in HBSS containing 290 units/ml 
bovine testicular hyaluronidase.

 4. The ora serrata is removed, and the neural 
retina is peeled carefully away from the 
RPE. The optic nerve head is severed and 
the neural retina is removed. The RPE is 
inspected under the dissecting microscope. 
Black spots on the outer surface of the 
retina or tracts of smooth reflective surface 
in the eyecup indicate damage. Damaged 
eyecups are discarded.

 5. Soluble components of the 
interphotoreceptor matrix are removed by 
incubation in 2-ml microcentrifuge tubes 
(one eye per tube) on a rotator in ice-cold 
HBSS for 20 min. This is repeated three 
times.

 6. The apical surface of the RPE in one 
eyecup is biotinylated with 1 ml of PBS-CM 
containing 2 mg of sulfo-NHS-biotin. The 
other eyecup is biotinylated with 1 ml of 
PBS-CM containing 2 mg of NHS-SS-biotin. 
This procedure is repeated three 
times.

 7. The reaction is quenched with 1 ml of 10 mM 
HEPES buffered DMEM for 10 min at 4ºC.

 8. The eyecups are rinsed once in ice-cold 
CMF-PBS and are then incubated in PBS-
EDTA on ice for 30 min.

 9. The RPE is gently teased from the inner 
surface of the eyecup using a 22-gauge 
needle. The RPE layer is collected in a 1.5-
ml microcentrifuge tube and pelleted for 
10s in a microfuge. Cells labeled apically 
with noncleavable sulfo-NHS-biotin or 
NHS-LC-biotin at this stage are held on ice 
until the basolateral samples are ready.

10. For cells labeled with cleavable NHS-SS-
biotin, the pellet is resuspended in 1 ml of 
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PBS-CM containing 2 mg/ml sulfo-NHS-
biotin or NHS-LC biotin and incubated on 
a rotator at 4ºC. After 20 min the cells are 
pelleted for 10s in a microfuge and this step 
is repeated.

11. The reaction is quenched with 50 mM 
NH4Cl in PBS-CM for 10 min. The cells are 
then pelleted in the microfuge for 10s.

12. At this point, both apical and basolaterally 
labeled pellets are frozen dry at �80ºC or 
immediately lysed and specific proteins 
immunoprecipitated as described in the 
section extraction of biotinylated 
proteins.

13. Immunoprecipitated proteins are 
resuspended in Laemmli sample buffer 
containing 5% 2mercaptoethanol or 50 mM 
dithiothreitol to release the NHS-SS-biotin 
from the apical proteins in basolateral 
samples. After heating to 95ºC for 5 min, 
samples are resolved by SDS–PAGE, 
transferred to nitrocellulose or PVDF 
membranes, and blotted with 
streptavidin.

Analysis of Results

Analysis of the results proceeds as in the sec-
tion on cell surface biotinylation.

F.  Extraction and Immunoprecipitation of 
Biotinylated Proteins

Solutions

1. TPI: 1% Triton X-100, 20 mM Tris, 150 mM 
NaCl, 5 mM EDTA, pH 8.0, containing 0.2% 
BSA, and protease inhibitors

2. TPII: 0.1% SDS, 20 mM Tris, 150 mM NaCl, 
5 mM EDTA, pH 8.0, containing 0.2% BSA

3. TPIII: 20 mM Tris, 500 mM NaCl, 5 mM 
EDTA, pH 8.0, containing 0.2% BSA

4. TPIV: 50 mM Tris, pH 8.0
5. Laemmli sample buffer

6. Protein A–Sepharose
7. Staphlycoccus A cells: Pansorbin

Steps

1. Excise filters from inserts using a #11 scalpel 
blade or razor blade. Lyse in 1 ml of TPI at 
4ºC. In some cases it may be necessary to use 
more stringent conditions for lysis (i.e., RIPA 
buffer, which contains 0.5% deoxycholate 
and 0.1% SDS in addition to 1% Triton 
X-100).

2. Wash 100 μl/sample of Pansorbin three 
times with TPI. Do not omit protease inhibitors.

3. Centrifuge lysate in a microfuge at 4ºC at 
13,000 g for 10 min. Collect the supernatant 
and discard the pellet.

4. Add 100 μl of washed Pansorbin to each 
supernatant. Preclear for 1 h at 4ºC.

5. Resuspend 5–10 mg of protein A-Sepharose/
lysate in 1 ml TPI /lysate. If you are 
immunoprecipitating with a mouse IgG, 
after 10 min, when the Sepharose beads are 
swollen, add 2 mg of rabbit antimouse IgG. 
After 1 h wash the beads three times with 
TPI. On the last wash, pellet the beads in 
microcentrifuge tubes.

6. Pellet the Pansorbin by centrifugation at 
13,000 g for 10 min. Collect the supernatant, 
add an appropriate volume of antibody, and 
incubate at 4ºC for 1 h to overnight.

7. Transfer the immunoprecipitates to the 
tubes containing the protein A–Sepharose 
and incubate for 1 h at 4ºC.

8. Centrifuge the immunoprecipitates in a 
microfuge at 13,000 g for 30s. Remove the 
supernatant and resuspend the beads in 
1 ml of TPI. Repeat this step three times with 
TPII, three times with TPIII, and once with 
TPIV.

9. Resuspend with an appropriate volume 
of Laemmli sample buffer, heat to 95ºC 
for 5 min, and resolve by SDS–PAGE. For 
streptavidin blotting, transfer the gel to 
nitrocellulose or PVDF.
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G. Streptavidin Blotting

Solutions

1. Blocking buffer: 5% Carnation instant milk, 
0.3% BSA, in PBS-CM

2. Rinse buffer: 1% BSA, 0.2% Triton X-100 in 
PBS-CM

3. [125I]Streptavidin or streptavidin conjugated to 
horseradish peroxidase or alkaline phosphatase 
(streptavidin-HRP)

4. A phosphorimager, Kodak X-OMAT AR film 
and a cassette with an intensifying screen, or 
an enhanced chemiluminescence reagent kit 
(such as those supplied by Amersham) and 
appropriate film.

Steps

1. After transfer to nitrocellulose or PVDF 
(PVDF is superior for chemiluminescent 
detection systems and is used in our 
laboratory for most streptavidin blots), block 
the blot for 1 h in blocking buffer.

2. Rinse once with rinse buffer.
3. Incubate for 1 h in 40 ml rinse buffer containing 

1–2 � 106 cpm/ml of [125I] streptavidin or 
0.5–1.0 mg/ml streptavidin-HRP.

4. Wash three to five times for 5–10 min each 
with rinse buffer.

5. Dry the blot and expose to a 
phosphorimager screen, autoradiograph it 
with Kodak X-OMAT AR film, or use any of 
the many enhanced chemiluminescent kits 
that are available.

H.  Quantitation of Polarized Distribution 
by Confocal Microscopy Imaging 
Technique

Modern quantitative optical microscopy 
offers an alternative method to quantify the 
relative polarity of fluorescently labeled cell 
surface proteins in cells developing polarity 

in settings such as the calcium switch assay 
(Rajasekaran et al., 1996). This quantitation is 
based on the relative fluorescent pixel intensi-
ties in serial horizontal confocal sections of the 
target protein to a known polarized marker.

Requirements

1. Confocal microscope
2. Software to measure fluorescence intensity, 

e.g., Metamorph, Image Space Software.

Steps

1. Samples subjected to immunofluorescence 
technique (not discussed here) are 
imaged on a laser confocal microscopic 
system. Samples are subjected to optical 
sectioning (xy) of the entire thickness (z) 
of the monolayer. We select an interval 
between sections for optimized collection 
of fluorescence from a given plane without 
contribution from the neighboring z planes. 
Choice of interval depends on pinhole 
dimension, which in turn depends on 
characteristics of the excitation wavelength. 
[Refer to a handbook on confocal 
microscopy, e.g., Pawley (1995), or a 
confocal microscope manufacturer’s manual 
for optimizing microscopic parameters.]

2. For each optical section, quantify the 
average per-pixel fluorescence intensity 
of the labeled proteins using the imaging 
software. Determine the ratio of intensity 
obtained for the protein of interest to that of 
a known marker.

Analysis of Results

The ratio of fluorescent intensity obtained 
represents the relative distribution of the target 
protein and is interpreted as follows.

a. A constant pixel intensity ratio for all optical 
sections of a given monolayer suggests 
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overlapping distribution of the target 
protein with the known marker.

b. Decreasing pixel intensity ratio in from 
basolateral to apical domain of the target 
protein and the apical or tight junction 
marker would mean that the protein is 
localized in the basolateral domain.

c. Increasing intensity ratio with a basolateral 
marker would mean that the target protein is 
apically targeted (see Rajasekaran et al., 1996).

I.  Determination of Plasma Membrane 
Protein Polarity after Intranuclear 
Microinjection of Its cDNA

This procedure is used for rapid qualitative 
determination of the polarity of a newly syn-
thesized protein in polarized cells. Analysis is 
performed using either a fluorescence wide-
field or a confocal microscope. We have utilized 
this technique to study the regulation of polar-
ity of basolateral and apical membrane mark-
ers by GTPases and their downstream effectors. 
Normal polarization of the monolayer needs 
to be confirmed by studying the localization of 
known apical or basolateral markers.

Solutions

1. Microinjection buffer: H-KCl buffer containing 
10 mM HEPES, pH 7.4, 140 mM KCl. 
Dissolve 1.04 g of KCl in 99 ml deionized 
H2O and then add 1.0 ml HEPES from a 1M 
stock (pH 7.4). Sterilize the buffer by passing 
through a 0.22-μm filter and store at 4ºC 
(Müsch et al., 2001).

2. PBS/CM: See Section III,A
3. H-DMEM: DMEM containing HEPES. 

Dissolve bicarbonate-free powdered DMEM 
in 900 ml deionized H2O. Add 20 ml HEPES 
from a 1M stock and adjust the pH to 7.4. 
Sterilize the medium through a 0.22-μm 
filter and store at 4ºC.

4. B–DMEM: DMEM containing sodium 
bicarbonate

Steps

1. Plate MDCK II cells on sterile glass 
coverslips at a concentration of 1.6 � 106 
cells/ml or at an approximate plating 
density of 2 � 105 cells per cm2 in B-DMEM 
and 10% fetal bovine serum (FBS). Allow 
the cells to polarize for 4–5 days and change 
the medium only once on day 2 postplating. 
Growth conditions required to attain 
polarity for different cell lines vary and 
require optimization.

2. Dilute the stock of cDNA (stock prepared 
in deionized H2O at a concentration of 
0.5 mg/ml) in microinjection buffer to a 
concentration of around 10 μg/ml. It is 
highly recommended that cDNA constructs 
also contain a tag sequence, such as Myc, 
HA, GFP, and its variants, in-frame with 
the gene of interest so as to distinguish 
the newly synthesized proteins from 
endogenous proteins. For experiments 
involving more than one cDNA construct, 
cDNAs can be coinjected. However, the 
efficiency of expression of a construct may 
vary in the presence of another. Therefore, 
proper conditions should be established 
for good expression of each coinjected 
construct. A range of concentrations 
between 1 and 20 μg/ml of DNA should be 
tested to optimize their expression levels.

3. Prepare microinjection needles by pulling 
1-mm-diameter and 6-in.-long borosilicate 
glass capillaries (1B100F-6, World Precision 
Instruments, Inc, Sarasota, FL) using a 
micropipette puller (e.g., Flaming/Brown 
Micropipette Puller Model P-97, Sutter 
Instrument Co., Novato, CA).

4. Load the cDNA diluted in microinjection 
buffer through the blunt end of the 
needle into the needle holder of the 
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micromanipulator (Narishige Company, 
Ltd., SE-TAGAYA-KU, Tokyo, Japan) 
attached to the inverted microscope (Zeiss-
Axiovert 25, Germany).

5. Transfer coverslip into 35-mm-diameter 
tissue culture dishes. Add 4 ml of H-
DMEM containing 5% FBS to each dish 
and place the dish on the dish holder of the 
micromanipulator-microscope described 
earlier. Microinject the nucleus of cells. 
Avoid microinjecting cells that are right next 
to each other. This simplifies the analysis 
of distribution of apical and basolateral 
markers. In order to avoid unsynchronized 
protein synthesis, preferably microinject 
within 10–15 min of transferring the dish to 
the microscope stage.

6. Incubate the microinjected cells with 
B-DMEM–10% FBS medium at 37ºC. Most 
of the proteins accumulate in the ER within 
60 � 90 min at 37ºC postmicroinjection. 
Different levels of expression should be 
tested to ensure that the sorting pathways 
are not saturated. For coinjections, it is 
necessary to standardize the conditions 
for sufficient expression of each protein. 
Adjustment of DNA concentrations (as 
described in step 2) and time of incubation 
at 37ºC postmicroinjection are two steps that 
need to be tuned for expression of multiple 
constructs.

7. After appropriate incubation at 37ºC, replace 
medium with B-DMEM–10% FBS containing 
100 μg/ml cycloheximide (concentration 
may be lowered down to 20 μg/ml if cells 
detach from coverslip) to inhibit new 
protein synthesis. The chase time for plasma 
membrane delivery of protein is initiated at 
37ºC for 3–4 h.

8. After an appropriate chase period, fix 
cells with either �20ºC chilled methanol 
for 10 min or 2% paraformaldehyde at 
room temperature for 15 min. Methanol 
fixation should be followed by a blocking 
step at room temperature with 1% 

BSA prepared in PBS-CM for 30 min. 
Paraformaldehyde fixation of cells is 
followed by permeabilization at room 
temperature for 30 min with either 0.2% 
Triton-X 100 or 0.075% saponin prepared in 
PBS-CM containing 1% BSA. Cells can now 
be processed for immunofluorescence with 
the appropriate primary and secondary 
antibodies.

Analysis of Results

Cells processed for immunofluorescence 
are imaged on either a confocal or a wide-
field microscope. The correct orientation of 
the cells is determined by analyzing the stain-
ing of known polarized markers. In case of a 
wide-field microscope, the entire monolayer is 
subjected to z sectioning at least at 0.5-μm inter-
vals with a 60� 1.4 NA objective, and stand-
ard deconvolution software is used to enhance 
the resolution. Alternatively, we use a confo-
cal microscope in frame-scan mode and col-
lect xyz stacks of the monolayer and display 
the xyz stack in the orthogonal plane. The cells 
can be displayed directly as a xz cross section 
by doing a line scan, i.e., scanning in the xzy 
mode. Localization of the protein is determined 
depending on the staining pattern, e.g., relative 
to a tight junctional marker such as ZO-1.

IV. COMMENTS

The methods described here represent exam-
ples of applications of the biotinylation tech-
nique; other examples of possible applications 
are (1) a transcytotic assay using a combination 
of the targeting and endocytosis protocols (Le 
Bivic et al., 1989; Zurzolo et al., 1992) and (2) 
detection of GPI-anchored proteins at the cell 
surface using Triton X-114 phase separation and 
PI-PLC digestion in place of the standard lysis 
procedure (Lisanti and Rodriguez-Boulan, 1990). 
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Another analog of biotin, biotin hydrazide, can 
be used to label oligosaccharides of surface glyc-
oproteins following periodate oxidation (Lisanti 
et al., 1989).

V. PITFALLS/RECOMMENDATIONS

1. It has been suggested that the use of pH 9.0 
buffer to dilute sulfo-NHS-biotin would 
enhance the efficiency of labeling of surface 
proteins (Gottardi and Caplan, 1993). In 
our experience this is not always true and 
depends on different proteins and 
cell lines.

2. Always cut the filters out of the plastic 
holder before lysis. We have found that the 
cells can grow along the inside of the plastic 
ring supporting the filter. Lysis of these cells 
can result in erroneous results (Zurzolo and 
Rodriguez-Boulan, 1993).

3. Occasionally, in targeting experiments, 
intracellular nonbiotinylated forms are 
recovered on streptavidin beads. Using 
NHS-LC-biotin and keeping the SDS 
concentration at 0.4% helps reduce this. 
Another approach is to use NHS-SS-biotin 
and remove it from the streptavidin beads 
by incubation in 50 mM dithiothreitol of 5–
10% 2-mercaptoethanol in 62.5 mM Tris, pH 
8.0. Then spin the beads out and dilute the 
supernatant 1:1 with 2� Laemmli sample 
buffer.

4. The in situ biotinylation assay works best 
for proteins that are restricted to the RPE 
cell (i.e., RET-PE2 antigen). Quantification 
of proteins present in adjacent tissues 
(particularly the choroid) can contaminate 
the basolaterally labeled material and yield 
an incorrectly high level of basolateral 
labeling.

5. Determination of polarity by confocal 
microscopy can provide visual validation 
of the biochemical assay. It is useful for 

measuring the polarity of steady-state 
protein and dynamic changes involved 
in tight junction assembly in the Ca2� 
switch assay. A thorough analysis with 
known markers of different domains is 
recommended before determining polarity 
of the target protein.

6. For determination of polarity by means 
of intranuclear microinjection of cDNA, 
thorough optimization regarding the protein 
expression level and the incubation time is 
necessary. Moreover, it is critical to avoid 
saturating the sorting pathway. Hence, 
coinjecting and monitoring a known apical 
or basolateral marker are critical for final 
evaluation. Because the basolateral domain 
of the polarized monolayer on the coverslip 
is not accessible to the antibody without 
permeabilization, it is difficult to distinguish 
the pool of basolateral protein that is 
associated with submembrane structures 
closely juxtaposed to the cytoplasmic side of 
plasma membrane and the pool present in 
the external leaflet of the plasma membrane.
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I. INTRODUCTION

Significant progress has been made in 
understanding mechanisms regulating endo-
cytic membrane traffic using cell-free assays 
(Braell, 1987; Davey et al., 1985; Diaz et al., 1988; 

Gruenberg and Howell, 1986; Woodman and 
Warren, 1988) (see Fig. 5.1). Both early and late 
endosomes exhibit homotypic fusion properties 
in vitro, as in vivo, yet they do not fuse with each 
other (Aniento et al., 1993). Transport from early 
to late endosomes is achieved by multivesicular 
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intermediates termed endosomal carrier vesi-
cles (ECV/MVB), which are presumably trans-
located on microtubules between the two 
compartments (Aniento et al., 1996; Bomsel 
et al., 1990; Gruenberg et al., 1989). The vectorial 
or heterotypic interactions of ECV/MVBs with 
late endosomes have also been reconstituted in 
vitro, as has the involvement of microtubules 
and motor proteins in this process (Aniento 
et al., 1993; Bomsel et al., 1990). By reducing the 
components in these in vitro assays to a cytosol 

source, an ATP-regenerating system, salts, and 
the purified endosomal membranes, the spe-
cificity of endosomal fusion events has been 
addressed, and the molecules and mechanisms 
involved have been studied. In fact, a number 
of conserved molecules, as well as molecules 
specific for different steps of the endocytic path-
way, have been identified and/or characterized 
using cell-free assays such as those described 
in this protocol (for review, see Gruenberg and 
Maxfield, 1995).

This assay for endocytic vesicle fusion is 
based on the formation of a complex result-
ing from a reaction between two products 
present in separate populations of endosomes: 
avidin and biotinylated horseradish peroxi-
dase (bHRP). These reaction products can be 
internalized into endosomes by fluid phase 
or receptor-mediated endocytosis in vivo. 
Avidin and a biotinylated compound are used 
to provide a fusion-specific reaction because 
of the high binding affinity and low dissocia-
tion constant of avidin for biotin. Following 
internalization, cells are homogenized and 
purified endosomal fractions are prepared, 
which are combined in the assay together with 
cytosol and ATP. If fusion occurs, a complex is 
formed between avidin and bHRP. At the end 
of the assay, the reaction mixture is extracted 
in detergents in the presence of excess bioti-
nylated insulin as a quenching agent. The 
avidin–bHRP complex is then detected by 
immunoprecipitation with antiavidin antibod-
ies, and the enzymatic activity of the bHRP 
associated with the immunoprecipitate is 
quantified. This article describes techniques 
for the preparation and partial purification 
of three different loaded endosomal frac-
tions from BHK cells: early endosomes, 
endosomal carrier vesicles, and late endo-
somes. In addition, this article describes the 
preparation of the cytosol source used, as 
well as the techniques for the fusion assays 
themselves.

FIGURE 5.1 Membrane trafficking in the endocytic 
pathway. The reconstituted steps of the endocytic pathway 
described in this protocol are the fusion of early endosomes 
with each other, fusion of ECV/MVBs with late endosomes, 
and fusion of late endosomes with each other. An in vitro 
budding assay for the formation of ECV/MVBs from early 
endosomes, which are competent to fuse with late endo-
somes, is described in Aniento et al. (1996). As shown, 
ECV/MVBs are transported along microtubules from early 
to late endosomes. If microtubules are depolymerized in 
vivo, prior to the loading of cells with an endocytic tracer, 
this tracer will accumulate in ECW/MVBs. These vesicles 
will then fuse with late endosomes, loaded with a different 
marker, in vitro.
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II. MATERIAL AND 
INSTRUMENTATION

Standard laboratory rockers for washing 
cells and a large 37ºC water bath, which can fit 
a metal plate of dimensions of 20 � 33 cm, are 
used. Large rectangular ice buckets (Cat. No. 
1-6030), from NeoLab GmbH, can also accom-
modate metal plates of the same dimensions. 
Cell scrapers (flexible rubber policemen) with 
a silicone rubber piece of about 2 cm, cut at a 
sharp angle, and attached to a metal bar, are 
made. A standard low-speed cell centrifuge 
and Beckman ultracentrifuges and rotors are 
used. The refractometer (Cat. No. 79729) is from 
Carl Zeiss Inc., and the pump for collecting 
sucrose gradients (peristaltic pump P-l) is from 
Pharmacia Fine Chemicals. A rotating wheel 
(such as Snijders Model 34528) with a speed of 
about 10 rotations per minute should be used. 
All tissue culture reagents, including modi-
fied Eagle’s medium (MEM), are from either 
Sigma Chemical Company or GIBCO-BRL/
Life Technologies. Peroxidase from horseradish 
(HRP) (Cat. No. P-8250), ATP (disodium salt, 
Cat. No. A-5394), and deuterium oxide (D2O, 
Cat. No. D-4501) are from Sigma Chemical 
Company, Ltd. Biotinyl-ε-aminocaproic acid 
N-hydroxysuccinimide ester (biotin-X-NHS, 
Cat. No. 203188) is from Calbiochem. Avidin 
(egg white, Cat. No. A-887) is from Molecular 
Probes. Creatine phosphate (Cat. No. 621714), 
creatine phosphokinase (Cat. No. 127566), and 
hexokinase [(NH4)2SO4 precipitate of yeast 
hexokinase, 1400 U/ml, Cat. No. 1426362] are 
from Boehringer-Mannheim GmbH. Protein 
A–Sepharose beads (Cat. No. CL-4B) are from 
Pharmacia. Antiavidin antibodies are generated 
by injecting purified avidin into rabbits and are 
affinity purified prior to use. Antiavidin anti-
bodies are also available commercially from 
several companies. BCA protein assay reagents 
(Cat. No. 23223) are from Pierce, and Bio-Rad 

protein assay reagents (Cat. No. 500-0006) are 
from Bio-Rad Laboratories GmbH.

III. PROCEDURES

A.  Internalization of Endocytic Markers 
into Early Endosomes (EE) from 
BHK Cells

Solutions

1. Internalization media (IM): MEM containing 
10 mM HEPES and 5 mM d-glucose, pH 7.4. 
Filter sterilize and store at 4ºC.

2. Phosphate-buffered saline (PBS): 137 mM NaCI, 
2.7 mM KCL, 1.5 mM KH2PO4, and 6.5 mM 
Na2HPO4; should be pH 7.4. Filter sterilize 
and store at 4ºC.

3. Biotinylated horseradish peroxidase: Dissolve 
20 mg of HRP in 9.5 ml of 0.1M NaHCO3/
Na2CO3, pH 9.0, buffer (make fresh and 
check pH carefully) in a small glass 
Erlenmeyer flask. Dissolve 20 mg of biotin-
X-NHS in 0.5 ml dirnethylformamide. Mix 
by adding the biotin dropwise to the HRP 
mixture while gently stirring or shaking 
the Erlenmeyer and incubate at room 
temperature with gentle stirring for at 
least 45 min (a 50:1 molar excess of biotin is 
important). Quench unreacted active groups 
with 1 ml of 0.2M glycine, pH 8.0 (use KOH 
to pH), by adding dropwise while mixing, 
and mix for an additional 15 min at room 
temperature. Transfer to 4ºC. Dialyze the 
mixture extensively against PBS—or IM 
at 4ºC (at least four changes of 200 ml each 
time). The final dialysis should be in IM. 
Measure protein concentration (should be 
about 2 ml/ml) and HRP enzymatic activity 
(should be unchanged). Aliquot in sterile 
tubes, freeze in liquid N2, and store at �20ºC 
until use. Immediately before use, thaw 
quickly and warm to 37ºC.
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4. Avidin: Avidin powder dissolved in IM at 
3 mg/ml. Make fresh immediately before 
use and warm to 37ºC.

5. PBS/BSA: 5 mg/ml BSA in PBS. Make fresh 
before use and cool to 4ºC.

Steps

1. Cell culture: Maintain monolayers of baby 
hamster kidney (BHK-21) cells as described 
in Gruenberg et al. (1989). For a fusion 
assay of 5–10, eight petri dishes (10 cm 
diameter) should be prepared 16 h before 
the experiment: four for preparing bHRP-
labeled EEs and four for preparing avidin-
labeled EEs.

2. Fluid-phase internalization: Wash each 10-
cm dish of cells twice with 5 ml ice-cold 
PBS—on ice. This and other washes on ice to 
follow are performed most easily by placing 
four dishes onto a metal plate in a large 
ice bucket on a rocker. After the last wash, 
remove PBS and place the dish on a metal 
plate in a 37ºC water bath. Add at least 3 ml/
dish bHRP or avidin solution prewarmed to 
37ºC. Incubate for 5 min.

3. Washes: From now on, all work should be 
done at 4ºC or on ice. Return the dishes to 
the metal plate in the ice bucket. Remove the 
avidin or bHRP solution and wash dishes 
three times for 5 min with 5 ml ice-cold PBS/
BSA followed by 2 � 5 min with 5 ml ice-
cold PBS.

4. Homogenization and fractionation: Go directly 
to Section IIIC.

B.  Internalization of Endocytic Markers 
into Endosomal Carrier Vesicles 
(ECV) and Late Endosomes (LE)

Solutions

1. Nocodazole stock: 10 mM in dimethyl 
sulfoxide (DMSO), aliquoted, and stored 
at �20ºC.

2. IM/BSA: IM containing 2 mg/ml BSA. Make 
fresh before use and warm to 37ºC.

3. All solutions listed in Section III,A.

Steps

1. Cell culture: For a fusion assay of 5–10 
points, 10 dishes (10 cm) of BHK cells should 
be prepared as described in Section III,A, 
step 1. For ECV–LE fusion assays, use 5 
dishes for bHRP-labeled ECVs and 5 dishes 
for avidin-labeled LEs, For LE–LE fusion 
assays, use 5 dishes for bHRP-labeled LEs 
and 5 dishes for avidin-labeled LEs.

2. Nocodazole pretreatment for ECV preparation: 
Intact microtubules are required for the 
delivery of endocytosed markers to the LE. 
Therefore, markers accumulate in transport 
intermediates (ECVs) in the absence of 
microtubules. Whereas stable microtubules 
are cold sensitive, dynamic microtubules 
are depolymerized easily in the presence 
of nocodazole (Aniento et al., 1993; Bomsel 
et al., 1990). In BHK cells, microtubules 
can be depolymerized efficiently in the 
presence of nocodazole, whereas cold 
treatment is without effect. For ECV 
preparation, depolymerize the microtubules 
immediately before the experiment with 
10 μM nocodazole at 37ºC for 1–2 h in media 
used to grow cells in a 5% CO2 incubator. 
Following this step, nocodazole (10 μM) 
should remain present in all solutions 
up to the homogenization step. For LE 
preparation, do not treat with nocodazole or 
include nocodazole in any solutions.

3. Fluid-phase internalization: Wash each 10-cm 
dish of cells twice with 5 ml ice-cold PBS�/� 
10 μM nocodazole on ice, as in Section III,A, 
step 2. After the last wash, remove the PBS 
and place the dish on a metal plate in a 37ºC 
water bath. Add at least 3 ml bHRP or avidin 
solution for making LEs or bHRP � 10 μM 
nocodazole for making ECVs. Incubate for 
10 min.
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4. Chase: Remove bHRP or avidin and wash 
twice quickly at 37ºC with 10 ml PBS/
BSA�/� 10 μM nocodazole, prewarmed to 
37ºC. Remove last wash, and add 8 ml IM/
BSA�/� 10 μM nocodazole, prewarmed to 
37ºC. Incubate at 37ºC (in water bath or in a 
37ºC incubator without CO2) for 45 min.

5. Washes: Remove IM/BSA, move dishes to 
ice bucket, and wash 2 � 5 min with 5 ml 
cold PBS/BSA followed by 5 min with 5 ml 
cold PBS on ice.

C.  Homogenization and Fractionation 
of Cells

Solutions

1. PBS: See Section IIIA.
2. 300 mM imidazole stock: Dissolve imidazole in 

H2O and adjust pH to 7.4 with NaOH, filter 
sterilize, and store at 4ºC

3. Homogenization buffer (HB): Add imidazole 
from 300 mM stock to H2O and dissolve 
sucrose such that the final concentrations are 
250 mM sucrose and 3 mM imidazole. Filter 
sterilize and store at 4ºC.

4. 62% sucrose solution: For 100 ml, add 1 ml 
of imidazole from 300 mM stock to 15 ml 
H2O. Add 80.4 g sucrose and dissolve by 
stirring at 37ºC. Add H2O and mix until the 
refractive index is 1.4464.

5. 10 and 16% sucrose solutions in D2O: For 
100 ml, add 1 ml imidazole from 300 mM stock 
to 50 ml D2O. For 10% solution, add 10.4 g 
sucrose, and for 16% solution, add 17.0 g 
sucrose. Dissolve sucrose, add D2O, and mix 
until the refractive index is 1.3479 for the 10% 
solution and 1.3573 for the 16% solution.

Steps

1. Cell scraping: All of the following steps 
should be performed on ice or at 4ºC. 
After the last wash, remove all PBS. Add 
2 ml/dish PBS and rock the dish so that 

cells do not dry. Using a flexible rubber 
policeman, scrape round 10-cm dishes by 
first scraping in a circular motion around 
the outside of the dish, followed by a 
downward motion in the middle of the dish. 
Scrape gently in order to obtain “sheets” of 
cells. Using a plastic Pasteur pipette, gently 
transfer the scraped “sheets” of cells from 
four or five dishes into a 15-ml tube on ice.

2. Centrifuge at 1200 rpm for 5 min at 4ºC. 
Gently remove supernatant.

3. Add 1 ml HB to pellet, using a plastic 
Pasteur pipette, gently pipette up and down 
one time and add an excess of HB (4–5 ml) to 
change buffer. Centrifuge again at 2500 rpm 
for 10 min at 4ºC. Remove supernatant.

4. Homogenization: It is important that cells 
are homogenized under conditions where 
endosomes are released from cells, yet 
where latency is high so that the endosomes 
are not broken and retain their internalized 
marker. First add 0.5 ml HB to the cell pellet. 
Using a 1-ml pipetman, gently pipette up 
and down until the pellet is resuspended 
and particles can no longer be seen by eye. 
Do not introduce air bubbles. Using a 22-
gauge needle connected to a narrow 1-ml 
Tubercutine syringe, prewet the needle and 
syringe with HB so that no air is introduced. 
Insert the needle into the cell homogenate, 
slowly pull up on the syringe until most 
of the cell homogenate is in the syringe, 
and gently expel without bubbles. Repeat 
this procedure until plasma membranes 
are broken, yet nuclear membranes are 
not. Monitor homogenization as follows. 
Take 3 μl of homogenate and place in a 
50-μl drop of HB on a glass slide. Mix and 
cover with a glass coverslip. Observe by 
phase-contrast microscopy, using a 20� 
objective. Homogenize until unbroken cells 
are no longer observed, yet nuclei, which 
appear as dark round or oblong structures, 
are not broken. Usually between 3 and 10 
up-and-down strokes through the needle 
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are necessary. Centrifuge homogenate at 
2000 rpm for 10 min at 4ºC, and carefully 
collect the postnuclear supernatant (PNS) 
and nuclear pellet.

5. Save a 50-μl aliquot of each PNS fraction for 
measuring latency and for calculating the 
balance sheet as described in Section III,D. 
Adjust the sucrose concentration of the 
remaining PNS to 40.6% by adding about 1.1 
volume of 62% sucrose solution per volume 
of PNS. Mix gently but thoroughly, without 
bubbles. Check sucrose concentration using 
a refractometer.

6. Place adjusted PNS in the bottom of a 
SW60 centrifuge tube. On top of the PNS, 
layer 1.5 ml of 16% sucrose solution in D2O, 
followed by 1 ml of 10% sucrose solution 
in D2O, and fill tube with HB. Steps should 
be layered so that interfaces are clearly 
seen and not disturbed. See Gruenberg and 
Gorvel (1992) for diagram of gradients.

7. Centrifuge gradients in SW60 rotor at 
35,000 rpm for 1 h at 4ºC.

8. Carefully remove the interfaces from the 
gradients after centrifugation by first placing 
gradients in a test tube rack with a black 
backdrop. The interfaces should appear 
white. The layer of white lipids on top of the 
gradient should be removed carefully. Collect 
fractions at 4ºC using a peristaltic pump 
at speed 2, with capillary tubes connected 
to each end. Place the outgoing end into a 
collection tube and collect the top interface 
carefully (10%/HB interface � LE � ECV 
fraction) first. Collect by holding the capillary 
tube directly in the middle of the wide 
interface and slowly move in a circular motion 
until most of the white interface is collected 
into the smallest possible volume. Wash the 
pump tubing with water and then collect 
the EE (16/10%) interface into another tube. 
Fractions can be frozen and stored in liquid N2 
until use in fusion assays if they are carefully 
frozen quickly in liquid N2 and thawed 
quickly at 37ºC immediately before use.

D.  Measurement of Latency and 
Balance Sheet for Gradients

Solutions

1. HRP stocks: 1–10 ng HRP in 0.1 ml HB, for 
standards.

2. HB: See Section IIIC.
3. HRP reagent: 0.342 mM o-dianisidine and 

0.003% H2O2 in 0.05M Na-phosphate buffer, 
pH 5.0, containing 0.3% Triton X-100. 
To prepare, use very clean glassware or 
plasticware (as in for tissue culture) and mix 
12 ml of 0.5 M Na-phosphate buffer, pH 5.0 
(filter sterilized), and 6 ml of 2% Triton X-
100 (filter sterilized) with 111 ml sterile H2O. 
Add 13 mg o-dianisidine, dissolve gently, 
and add 1.2 ml 0.3% H2O2 (filter sterilized). 
Avoid magnetic stirring. Solution should be 
clear. Store at 4ºC in the dark.

4. 1 mM KCN in H2O
5. Protein assay system (such as the BCA 

protein assay reagent or the Bio-Rad protein 
assay system)

Steps

1. Load a 20-μl aliquot of bHRP PNS into 
an airfuge tube or a small tabletop 
ultracentrifuge tube of the Beckman TL-
100 type and fill the tube with a known 
volme of HB. Mix thoroughly by pipetting 
without air bubbles. Centrifuge at 4ºC for 
20 min at 20 psi in an airfuge or at 200,000 g 
for 20 min in a tabletop ultracentrifuge rotor 
(such as Beckman TLA-100.1). Transfer the 
supernatant to another tube. Resuspend the 
pellet in 50 μl HB.

2. To measure the latency, adjust samples, 
blanks, and standards with HB so that the 
final volume of each is 0.1 ml. Assay both 
the pellet and the supernatant of the latency 
measurement. If the supernatant volume 
is over 0.1 ml, assay only 0.1 ml. Add 0.9 ml 
of HRP reagent to each tube, mix quickly, 
and record the time with a stop clock. Allow 
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color to develop in the dark, as this reagent 
is light sensitive. When a brown color has 
begun to develop, read the absorbance 
at 455 nm and record the time (results 
expressed as OD units/min or ng HRP/
min). Stop the reaction with 10 μl of 1.0 mM 
KCN if necessary.

3. Calculate latency by first adding the value 
(OD/min) for HRP in the pellet to that of 
HRP in the supernatant (OD/min after 
correcting for total supernatant volume). 
The value for the pellet divided by the total 
value is the percentage latency. Latency 
should be over 70% in order to measure 
endosome fusion.

4. The amount of HRP in each gradient 
fraction collected from the bHRP gradient 
can be measured by assaying an aliquot 
(about 50 μl) of each fraction as described in 
step 2.

5. Measure the amount of protein in each 
gradient fraction using a standard protein 
assay system, as described in the manual.

6. Calculate percentage yield (percentage of 
HRP in each fraction compared to total 
amount of HRP in PNS), specific activity 
(SA) (HRP activity per unit protein), and 
relative specific activity (RSA) (divide 
specific activity of each fraction by the 
specific activity of the PNS). See Gruenberg 
and Gorvel (1992) for an example of a 
typical balance sheet.

E. Preparation of BHK Cell Cytosol

Solutions

1. PBS-: See Section IIIA.
2. HB: See Section IIIC.
3. HB � protease inhibitors: HB with the 

following protease inhibitors added 
immediately before use: 10 μM leupeptin, 
1 μM pepstatin A, 10 ng/ml aprotinin, and, 
if needed, 1 μm phenylmethylsulfonyl 
fluoride.

Steps

Two possible cytosol sources for all of the 
assays described are BHK and rat liver cytosol. 
For rat liver cytosol preparation, refer to 
Aniento et al. (1993).

1. BHK cells, maintained as described in 
Section IIIA, should be plated approximately 
16 h before the experiment. Large (245 � 
245 � 25 mm) square dishes are convenient 
for large cytosol preparations.

2. All steps should be performed on ice or at 
4ºC. Wash dishes four times with excess PBS 
(50 ml per dish for large square dishes).

3. Remove PBS from the last wash, add 12 ml 
PBS per dish, and rock the dish so that cells do 
not dry. Scrape cells with a rubber policeman 
using firm, downward motions, going from 
top to bottom while holding the plate at an 
angle, as described in Section IIIC, step 1.

4. Collect scraped cells into 15-ml tubes (one 
tube per dish). Centrifuge at 1200 rpm for 
5 min at 4ºC.

5. Remove supernatant and gently add 5 ml 
HB with a plastic Pasteur pipette and pipette 
up and down one time.

6. Centrifuge at 2500 rpm for 10 min at 4ºC. 
Remove supernatant and resuspend 
pellet in 1.2 ml HB � protease inhibitors. 
Separate into two tubes (about 0.7 ml/tube) 
for homogenization and homogenize as 
described in step 4 of Section IIIC.

7. Centrifuge at 2500 rpm for 15 min at 4ºC. 
Add supernatant (PNS) to a centrifuge tube 
for the TLS-55 rotor (for the Beckman TL-
100 tabletop ultracentrifuge) and centrifuge 
in TLS-55 for 45 min at 55,000 rpm at 4ºC. 
Remove fat from the top using an aspirator. 
Transfer supernatant (cytosol fraction) to 
a new tube without disturbing the pellet. 
Determine the protein concentration of 
supernatant. Cytosol should be at least 
15 mg/ml to give a good signal for fusion 
assays. Aliquot on ice, freeze quickly, and 
store in liquid N2 until use.
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F.  Preparation of Antiavidin Beads for 
the in vitro Fusion Assay Described in 
Section IIIG

Solutions

1. PBS/BSA: Dissolve 5 mg/ml BSA in PBS. 
Filter sterilize and store at 4ºC.

2. Sterile PBS: PBS as described in Section III, A, 
filter sterilize or autoclave, and store at 4ºC.

3. Antiavidin antibody: Affinity purify and store 
aliquoted in 50% glycerol/PBS at �20ºC.

Steps

To determine how many antiavidin beads to 
prepare, first determine the number of fusion assay 
points. From a typical gradient (see Gruenberg 
and Gorvel, 1992) about 150 μg of EE and 70 μg 
of ECV or LE are obtained. Optimal amounts of 
endosomes to use for fusion assays are 20 μg of 
each EE fraction and 10 μg of each ECV or LE frac-
tion. Therefore, a typical experiment (one gradient 
each of avidin and bHRP-labeled fractions) will 
provide enough endosomes for about seven fusion 
assay points.

1. Swell 1.5 g of protein A–Sepharose beads 
in 10 ml sterile H2O at room temperature 
overnight.

2. Wash beads three times in 10 ml sterile PBS by 
centrifuging beads in 15-ml tubes at 3000 rpm 
for 2 min, resuspending in PBS each time.

3. After the final wash, resuspend beads in an 
equal volume of sterile PBS per volume of 
packed beads. Store beads this way up to 
several months at 4ºC.

4. One hundred microliters of this 1:1 slurry is 
required per fusion assay point. Therefore, 
for 10 assay points, block 1 ml of beads by 
washing 3� in 10 ml PBS/BSA, as described 
in step 2.

5. After final wash, resuspend beads in 10 ml 
PBS/BSA. For 10 assay points, add 50 μg of 
antiavidin antibody (5 μg per 100-μl beads). 
Rotate tube for at least 5 h at 4ºC.

6. Wash beads four times in PBS/BSA. After 
the last wash, for 10 assay points, resuspend 
beads in 10 ml PBS/BSA.

7. Aliquot 1 ml to each of 10 labeled Eppendorf 
tubes. Centrifuge in Eppendorf centrifuge 
at maximum speed for 2 min. Remove 
supernatant. Beads are now ready for the 
immunoprecipitation step of the fusion 
assay (Section III,G, step 10).

G.  In vitro Assay of Endocytic Vesicle 
Fusion

Solutions

1. 50 � salts: 0.625M HEPES, 75 mM Mg-acetate, 
50 mM dithiothreitol, pH 7, with KOH. Filter 
sterilize, aliquot, and store at �20ºC.

2. K-acetate (KOAc stock): 1 M in H2O. Filter 
sterilize, aliquot, and store at �20ºC. Note: 
Depending on the counterion requirement 
of the experiment, KOAc must be replaced 
by KCl (see Aniento et al., 1993).

3. Biotinylated insulin: 1 mg/ml in H2O. Store 
at 4ºC.

4. ATP-regenerating system (ATP-RS): Mix 
1:1:1 volumes of the following immediately 
before use.
a. 100 mM ATP: Dissolve in ice-cold H2O, 

titrate to pH 7.0 with 1M NaOH,  filter 
sterilize, aliquot on ice, and store at 
�20ºC.

b. 800 mM creatine phosphate: Dissolve in ice-
cold H2O, filter sterilize, aliquot on ice, 
and store at �20ºC.

c. 4 mg/ml creatine phosphokinase: To make 
4 ml, add 80 p\ of 0.5M NaHPO4 buffer, 
pH 7.0, to 1.6 ml H2O on ice. When cool, 
add 16 mg creatine phosphokinase. 
Vortex until dissolved. Add 2.3 ml ice-
cold 87% glycerol. Vortex until well 
mixed. Aliquot on ice and store at �20ºC.

5. Hexokinase: Vortex the suspension, pipette 
the desired amount (e.g., 10 μg–0.1 mg 
for one assay point), centrifuge for 2 min 
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in Eppendorf at maximum speed, and 
aspirate supernatant. Dissolve pellet in the 
same volume of 0.25 M d-glucose. Prepare 
immediately before use.

6. TX100 stock: 10% stock of Triton X-100 
in H2O

7. PBS/BSA and sterile PBS: See Section IIIF.
8. HEP reagent: See Section IIID.
9. PBS/BSA/ TX100: PBS/BSA containing 

0.2% Triton X-100, make immediately 
before use

Steps

1. For each fusion assay, at least three points 
should be included:�ATP, �ATP, and 
the total. To determine fusion efficiency, 
determine the total (maximal possible fusion 
value) by mixing 50 //I of each endosomal 
fraction in an Eppendorf tube on ice. Add 
25 μl TX100 stock and vortex well. Leave on 
ice at least 30 min and add PBS/BSA and 
continue as described in step 9.

2. For all other fusion assay points, 3 μl of 50� 
salts, 8 μl of biotinylated insulin, and 11 μl 
of KOAc stock are needed for each point. 
Make a mixture of these three components 
by multiplying the number of assay points 
by 3, 8, and 11 and mix the respective 
amounts of each component together in 
one tube. Number Eppendorf tubes for the 
appropriate number of assay points and put 
them on ice. Add 22 μl of the aforementioned 
mixture to each tube.

3. Add 50 μl (750 μg–1 mg) of cytosol to each 
tube and mix.

4. Add either 5 μl of ATP-RS or 10 μl of 
hexokinase to each tube, as appropriate.

5.  Add 50 μl (7–25 μg) of bHRP-labeled 
endosomes and 50 μl (7–25 μg) of avidin-
labeled endosomes to each tube. Endosomal 
fractions from the gradients can be diluted 
in HB prior to this step, if desired. Mix 
gently; avoid introducing air bubbles. Leave 
tubes on ice for 3 min.

 6.  Transfer tubes to 37ºC for 45 min. Avoid 
agitation during this time.

 7.  Return tubes to ice. Add 5 μl of biotinylated 
insulin to each tube and mix.

 8.  Add 25 μl of Tx100 stock and vortex well. 
Leave tubes on ice for 30 min.

 9.  Add 1 ml of sterile PBS/BSA to each tube 
and mix well.

10.  Centrifuge for 2 min at maximum speed 
in an Eppendorf centrifuge. Transfer 
supernatants to numbered tubes containing 
antiavidin beads, prepared as in Section IIIF.

11.  Rotate beads for at least 5 h at 4ºC.
12.  Centrifuge in Eppendorf centrifuge at 

maximum speed for 2 min. Remove 
supernatant and wash four times with PBS/
BSA/Tx100. Wash once with sterile PBS.

13.  Remove final supernatant and add 900 //I 
of HRP reagent to each tube. Allow color to 
develop in the dark at room temperature. 
Vortex periodically for 2–3 h or put tubes 
on rotating wheel in the dark at room 
temperature while color develops.

14.  Centrifuge tubes for 2 min in Eppendorf 
centrifuge. Measure the absorbance of the 
supernatants at 455 nm.

IV. COMMENTS

Refer to Gruenberg and Gorvel (1992) for 
an example of a typical balance sheet for the 
sucrose gradient fractionation step. Typical 
results for fusion assays are shown in Fig. 5.2.

Highly purified loaded endosomes can be 
prepared by immunoisolation as described in 
Howell et al. (1989). Immunoisolated endosomes 
can then be used in the fusion assays described 
in Section IIIG. See Gruenberg and Gorvel 
(1992) and Howell et al. (1989) for details.

ECV–LE fusion is stimulated by the addition 
of polymerized microtubules to the fusion assay. 
Endogenous microtubules can be polymerized 
by adding 20 μM taxol to the fusion assay. The 
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preparation of microtubules is described in the 
article by Ashford and Hyman. See Fig. 5.2 and 
Aniento et al. (1993) for more details on the effects 
of microtubules and MAPs on ECV–LE fusion.

V. PITFALLS

For ECV and LE preparations, cells should be 
homogenized until vesicles are no longer seen 
around the periphery of nuclei. If nuclei begin 
to aggregate during homogenization, however, 
this is a sign that some are broken as free DNA 
causes aggregation. Freezing and thawing of 

endosomes may cause a partial loss in latency. 
Use very clean plasticware or glassware for all 
fusion assay manipulations as HRP contamina-
tion can occur easily. Nocodazole, o-dianisidine, 
and KCN are very toxic.
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FIGURE 5.2 Typical fusion assay results. Fusion effi-
ciency is expressed as a percentage of total fusion between 
each set of endosomal membranes. Total, or maximal, 
endosome fusion is measured by mixing bHRP and avidin-
containing endosomal fractions together in the presence 
of detergent, followed by immunoprecipitation with ant-
iavidin antibodies and HRP determination. Typical “total” 
values (measured as absorbance at 455 nm) are in the range 
of 0.6–1.0 ∧455 units for EE fusion assays and 0.3–0.7 ∧455 
units for ECV and LE fusion assays. As a control for non-
specific reactions, the assay is typically carried out without 
ATP (—ATP). As shown, the polymerization of endogenous 
tubulin present in the cytosol in the presence of taxol is suf-
ficient to facilitate interactions between ECVs and LEs (see 
Aniento et al., 1993).
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O U T L I N E

I. INTRODUCTION

The trafficking of proteins along the first stage 
of the secretory pathway is mediated by small 
vesicles that bud from the endoplasmic reticulum 
(ER) and subsequently fuse with the cis-Golgi 
compartment. This article describes a biochemi-
cal assay using mammalian microsomes that can 

be used to measure these events independently. 
The microsomes are prepared from cells infected 
at the restrictive temperature (39.5ºC) with the 
ts045 strain of vesicular stomatitis virus (VSV) 
(Lafay, 1974). As a reporter molecule the assay 
utilizes ts045 VSV-glycoprotein (VSV-G), which is 
retained in the ER during infection at 39.5ºC due 
to a thermoreversible folding defect; incubation 
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in vitro at the permissive temperature (32ºC) 
results in the synchronous folding and transport of 
VSV-G to the Golgi complex. To follow vesicle for-
mation, a differential centrifugation procedure is 
employed to separate the more rapidly sediment-
ing ER and Golgi membranes from the slowly 
sedimenting vesicles. Consumption is analyzed 
using a two-stage assay in which vesicles isolated 
by differential centrifugation during stage 1 are 
subsequently added to stage 2 (fusion) reactions 
containing acceptor Golgi membranes. Transport 
to the Golgi is measured by following the oli-
gosaccharide processing of VSV-G from the high 
mannose ER form, which is sensitive to endogly-
cosidase H (endo H), to the cis/medial-Golgi form, 
which is endo H resistant (Schwaninger et al., 
1992). The biochemical characteristics of the over-
all ER to Golgi transport reaction and the vesicle 
formation and consumption assays are described 
elsewhere (Aridor et al., 1995, 1996b, 1998, 1999a,b, 
2000, 2001; Rowe et al., 1996a).

II. MATERIALS AND 
INSTRUMENTATION

Culture medium (α-MEM; Cat. No. 11900-
099) is from Life Technologies. The medium 
is supplemented with penicillin/streptomy-
cin from a 100� stock solution (Cat. No P0781; 
Sigma). Fetal bovine serum (FBS; Cat. No FB-01) 
is from Omega Scientific. d-Sorbitol (Cat. No. S-
1876), leupeptin (Cat. No L-2884), chymostatin 
(Cat. No C-7268), pepstatin (Cat. No P-4265), 
phenylmethylsulfonyl fluoride (PMSF; Cat. No 
P-7626), actinomycin D (Cat. No A-1410), urid-
ine 5	-diphospho-N-acetylglucosamine (UDP-
GlcNAc; Cat. No. U-4375), and dimethyl sulfox-
ide (DMSO; Cat. No. D-2650), are from Sigma. 
The nitrocellulose membrane (Cat. No. 68260) 
is from Schleicher & Schuell. Horseradish 
 peroxidase-conjugated goat anti-rabbit IgG (Cat. 
No. 31460) is from Pierce. Chemiluminescence 
reagent (Cat. No. NEL-101) and autoradiography 

film (“Reflection”) are from NEN. Polyallomer 
microfuge tubes (Cat. No. 357448) are sup-
plied by Beckman Instruments Inc. A polyclo-
nal antibody to VSV-G is generated in rabbits 
immunized with the C-terminal 16 amino acids 
of VSV-G (Indiana serotype) coupled to KLH 
(Plutner et al., 1991). Centrifugation at 20,000 
or 100,000 g is performed using an Optima TL 
ultracentrifuge (Beckman) equipped with a 
TLA 100.3 rotor. A laser-scanning densitometer 
(personal densitometer; Molecular Dynamics) is 
used to quantitate data.

III. PROCEDURES

The following procedures are performed on 
ice unless otherwise stated.

A. Preparation of Cytosol

The following procedure for the preparation 
of rat liver cytosol is based on that described by 
Davidson et al. (1992).

Solutions

1. Phosphate-buffered saline (PBS) (10 � stock): 
90 mM phosphate and 1.5 M NaCl (pH 7.4). 
To make 1 liter, add 80 g NaCl, 2 g KCl, 
2 g KH2PO4, and 21.6 g Na2HPO4 7H2O to 
distilled water. Store at room temperature.

2. 25/125: 0.125 M KOAc, 25 mM HEPES (pH 
7.4). To make 100 ml, add 3.125 ml of 4 M 
KOAc stock and 2.5 ml of 1 M HEPES–KOH 
(pH 7.4) stock to distilled water. Store at 4ºC.

3. Protease inhibitor cocktail (PIC): 10 μg/ml 
leupeptin, 10 μg/ml chymostatin, 0.5 μg/
ml pepstatin A, and 1.0 mM PMSF. To 
supplement 50 ml of buffer (e.g., 25/125) 
with PIC, add 50 μl of 10 mg/ml leupeptin 
stock (in H2O), 50 μl of 10 mg/ml chymostatin 
stock (in DMSO), 5 μl of 5 mg/ml pepstatin 
A stock (in DMSO), and 500 μl of 0.1 M 
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PMSF stock (in ethanol). Use PIC buffer 
immediately or store at �20ºC.

Steps

1. Euthanize two anesthetized adult Sprague–
Dawley rats (�250 g), remove the livers, and 
place the tissue in a 250-ml glass beaker. 
Determine the weight of the tissue 
(typically �20 g) and then wash two times 
with �50 ml of Ix PBS and once with �50 ml 
of Ix PBS and once with �50 ml of 25/125.

2. Finely mince the tissue using a pair of 
scissors and then homogenize in 2–3 
volumes (ml/g of tissue) of 25/125 (PIC) 
with 20 strokes using a 40-ml Dounce 
(Wheaton). Use a “loose-fitting” Dounce 
for the first 10 strokes followed by a “tight-
fitting” one for the second 10 strokes.

3. Pour the homogenate into a 38-ml 
polycarbonate tube (Nalgene; Cat. No. 
3117-0380) and centrifuge for 10 min at 
12,000 g (10,000 rpm) in a Beckman JA20 
rotor (Beckman Instruments Inc.). Using a 
pipette, transfer �13 ml of the supernatant 
into each of two 14 � 89-mm ultraclear 
centrifuge tubes (Beckman Cat. No. 344059) 
and centrifuge at 150,000 g (35,000 rpm) for 
90 min in a Beckman SW41 rotor.

4. After centrifugation, remove the overlying 
lipid layer by aspiration and then withdraw 
the remaining supernatants (cytosol) from 
each tube using a pipette.

5. Divide the cytosol into 250-μl aliquots in 0.5-
ml microfuge tubes, freeze in liquid N2, and 
store at �80ºC. The protein concentration of 
the cytosol is �25 mg/ml.

B. Preparation of Microsomes

Solutions

1. Actinomycin D (200� stock): Add 10 mg 
actinomycin D to 10 ml of ethanol. Store 
at �20ºC.

2. Homogenization buffer: 0.375 M sorbitol and 
20 mM HEPES (pH 7.4). To make 500 ml, add 
34.2 g sorbitol and 10 ml of 1 M HEPES–KOH 
(pH 7.4) stock to distilled water. Store at 4ºC.

3. 0.21 M KOAc buffer: 0.21 M KOAc, 3 mM 
Mg(OAc)2, and 20 mM HEPES (pH 7.4). To 
make 100 ml, add 5.25 ml of 4 M KOAc stock, 
0.3 ml of 1 M Mg(OAc)2 stock, and 2 ml of 
1 M HEPES–KOH (pH 7.4) stock to distilled 
water. Store at 4ºC.

4. Transport buffer: 0.25 M sorbitol, 70 mM 
KOAc, 1 mM Mg(OAc)2, and 20 mM HEPES 
(pH 7.4). To make 100 ml, add 10 ml of 2.5 M 
sorbitol stock, 1.75 ml of 4 M KOAc stock, 
0.1 ml of 1 M Mg(OAc)2 stock, and 2 ml of 
1 M HEPES–KOH (pH 7.4) stock to distilled 
water. Store at �20ºC.

Steps

1. Prepare vesicular stomatitis virus (VSV; 
Indiana serotype) strain ts045 according to 
Schwaninger et al. (1992). Store the virus in 
1-ml aliquots in screw-capped tubes 
at �80ºC.

2. Grow normal rat kidney (NRK) cells on 
150-mm tissue culture dishes (Cat. No. 3025; 
Falcon) in α-MEM medium supplemented 
with 5% FBS at 37ºC and 5% CO2. At 
confluency, infect the cells with a 5-ml 
cocktail (per dish) containing 0.1–0.25 ml 
(2–10 pfu/cell) of ts045 VSV (thawed at 32ºC) 
and 25 μg of actinomycin D in serum-free 
α-MEM as described by Schwaninger et al. 
(1992). Rock the dishes for 45 min to ensure 
an even spread of the infection cocktail. 
After infection, add 20 ml of α-MEM 
medium supplemented with 5% FBS to each 
dish and incubate in the presence of 5% CO2 
for 3 h and 40 min to 4 h at the restrictive 
temperature (39.5ºC) (see Comment 1). The 
method detailed later is based on a typical 
12-dish microsome preparation.

3. Following incubation at 39.5ºC, transfer 
each dish to ice, aspirate the medium 
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immediately, and add 12 ml of ice-cold 1X 
PBS to cool the cells as quickly as possible.

4. Remove the PBS by aspiration, add 5 ml of 
homogenization buffer, and scrape the cells 
from the dishes using a rubber policeman. 
Use a pipette to transfer the cells to 50-ml 
plastic tubes (Cat. No. 25325-50: Corning 
Inc.) and then repeat the scraping procedure 
to ensure that all the cells are collected. 
Centrifuge at 720 g for 3 min and remove the 
supernatant by aspiration.

5. Resuspend each cell pellet (from four 
dishes) in 0.9 ml of homogenization buffer 
supplemented with PIC and homogenize 
by three complete passes (three downward 
strokes with both plungers) through a 
1-ml ball-bearing homogenizer (Balch and 
Rothman, 1985).

6. Combine the cell homogenates and 
dilute with an equal volume (�3 ml) of 
homogenization buffer � PIC. Divide the 
diluted homogenate into six 1.0-ml aliquots 
in 1.5-ml microfuge tubes and centrifuge 
at 720 g for 5 min.

7. Carefully remove the postnuclear 
supernatant (PNS) fractions and combine 
in a plastic 15-ml tube (Cat. No. 25319-15: 
Corning Inc.). Add 0.5 volume (�2.5 ml) of 
0.21 M KOAc buffer to the PNS and mix. 
Divide the mixture into 0.8- to 1.0-ml 
aliquots in 1.5-ml microfuge tubes and 
centrifuge at 12,000 g (12,200 rpm) for 
2 min in an Eppendorf Model 5402 
refrigerated microfuge using the soft 
spin function.

8. Remove the supernatants by aspiration 
and resuspend the pellets (including any 
membranes on the sides of the tubes) using 
a P1000 Gilson tip in a total volume of 1.0 ml 
of transport buffer � PIC. Dispense 0.5-ml 
aliquots into two 1.5-ml microfuge tubes 
and recentrifuge the microsomes at 12,000 g 
for 2 min as described earlier.

9. Resuspend the membrane pellets by 
repeated trituration using a P1000 Gilson tip 

in 6–8 volumes (�1 ml per 75-μl membrane 
pellet) of transport buffer containing PIC. 
In a typical 12-dish preparation, 1.0–1.5 ml 
of resuspended microsomes (at a protein 
concentration of 3–4 mg/ml) is obtained 
depending on the starting cell density. 
Pool the membranes, divide into 50- or 
100-μl aliquots in 0.5-ml microfuge tubes, 
freeze in liquid N2, and store at �80ºC. 
The microsomes can be stored for several 
months with no loss of transport activity.

C.  Preparation of Acceptor Golgi 
Membranes

The following procedure for the preparation 
of Golgi membranes by flotation on a sucrose 
density gradient is a modification of that origi-
nally described by Balch et al. (1984).

Solution

57.5 mM KOAc buffer: 87.5 mM KOAc, 1.25 mM 
Mg(OAc)2, and 20 mM HEPES (pH 7.4). To 
make 100 ml, add 2.18 ml of 4 M KOAc stock, 
0.125 ml of 1 M Mg(OAc)2 stock, and 2 ml of 
1 M HEPES–KOH (pH 7.4) stock to distilled 
water. Store at 4ºC.

Steps

1. Prepare an enriched Golgi membrane 
fraction from noninfected wild-type 
Chinese hamster ovary cells by flotation in 
sucrose density gradients as described by 
Beckers and Rothman (1992). Recover the 
membranes at the 29–35% sucrose interface, 
mix thoroughly with 4 volumes of 87.5 mM 
KOAc buffer, and divide into 0.5- to 1.0-ml 
aliquots in microfuge tubes. Centrifuge at 
16,000 g (soft spin) for 10 min.

2. Remove the supernatants by aspiration, 
wash the pellets with 2 ml (final volume) 
of transport buffer, and combine the 
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membranes into two 1.5-ml microfuge 
tubes. Centrifuge at 16,000 g (soft spin) 
for 10 min.

3. Resuspend the membranes using a P1000 
Gilson tip in transport buffer (total volume 
of 1.0 ml per 1 � 106 cells). Divide the Golgi 
membrane fraction into 50- to 100-μl aliquots 
in 0.5-ml microfuge tubes, freeze in liquid 
N2, and store at �80ºC.

D.  Reconstitution of ER to Golgi 
Transport

Steps

1. Set up 40-μl transport reactions containing 
the components indicated in Table 6.1 in 
1.5-ml microfuge tubes (see Comment 2). A 
reaction cocktail consisting of the salts, 
ATP-regenerating system, and water is 
added first, followed by the cytosol and 
finally the microsomes. Mix by pipetting up 
and down four times using a P20 Gilson tip.

2. Transfer the reactions to a 32ºC water bath 
and incubate for 75–90 min.

3. Terminate the reactions on ice, harvest the 
membranes by centrifugation at 20,000 g 
(27,000 rpm) in a Beckman TLA 100.3 rotor, 
and remove the supernatant by aspiration 
(see Comment 3).

4. Solubilize the membranes in one-third 
volume of 0.3% SDS in 1 M Na acetate, 
pH5.6, and freshly added 30 mM 
β-mercaptoethanol (BME). Boil 5 min, cool, 
add two-thirds volume 1 M Na acetate 
containing 3 mU of endo H. Incubate 
overnight, then terminate the reactions by 
adding Laemmli sample buffer as described 
by Schwaninger et al. (1992).

5. Separate the endo H-sensitive and 
-resistant forms of VSV-G on 6.75% (w/v) 
SDS–polyacrylamide gels as described by 
Schwaninger et al. (1992).

6. Transfer the proteins to a nitrocellulose 
membrane and perform Western blotting 
using anti-VSV-G polyclonal primary 
antibody (1:10,000) and peroxidase-
conjugated anti-rabbit IgG secondary 
antibody (1:10,000) according to Rowe 
et al. (1996).

TABLE 6.1 Reaction Cocktail for Standard ER to Golgi Transport Assay

Solution Volume (μl) Final concentration

Microsomes 5 �0.5 mg/ml protein [31.25 mM sorbitol, 8.75 mM KOAc, 0.125 mM 
Mg(OAc)2, 2.5 mM

HEPES (pH 7.4)]

Cytosol 8 5 mg/ml protein [25 mM KOAc, 5 mM HEPES (pH 7.4)]

20� ATP-regenerating 
system

2 1 mM ATP, 5 mM creatine phosphate, and 0.2IU creatine phosphate 
kinase

40 mM UDP-GlcNAc 1 1 mM

10� Ca2�/EGTA buffer 4 5 mM EGTA, 1.8 mM Ca(Cl)2 (100 nM free Ca2�), 2 mM HEPES (pH 7.4)

0.1 M Mg(OAc)2 1 2.5 mM

1 M KOAc 1 40 mM

2.5 M sorbitol 3.5 218.75 mM

1 M HEPES (pH 7.4) 1.1 27.5 mM

H2O To 40 μl (final)
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7. Develop the blots using enhanced 
chemiluminescence and expose to 
autoradiography film. Quantitate the 
relative band intensities of the endo 
H-sensitive and -resistant forms of VSV-G in 
each lane by densitometry (see Comments 
4 and 5).

E. Vesicle Formation Assay

Solution

Resuspension buffer: 0.25 M sucrose and 20 mM 
HEPES (pH 7.4). To make 100 ml, add 8.55 g 
of sucrose and 2 ml of 1 M HEPES–KOH 
(pH 7.4) stock to distilled water. Store 
at 4ºC.

Steps

1. Set up 40-μl reactions as described in 
Section III,D, step 1, containing 5–10 μl of 
microsomes, 5–12 μl of cytosol, salts, and an 
ATP-regenerating system (see Comment 6).

2. Incubate at 32ºC for 0–60 min and harvest 
the membranes as described in Section 
III,D, step 3. The membrane pellets can be 
stored for several hours at this stage prior 
to the differential centrifugation procedure 
described later.

3. Add 40 μl of resuspension buffer and 
disperse the membrane pellets by pipetting 
up and down 10 times using a P200 Gilson 
tip (see Comments 3 and 7). Incubate the 
membranes for 10 min on ice and repeat 
the trituration procedure to resuspend the 
membranes completely. Add 8.5 μl of a salt 
mix [7.3 μl of 1 M KOAc � 1.2 μl of 0.1 M 
Mg(OAc)2] to the resupended membranes 
and mix by pipetting up and down 5 
times with a P20 Gilson tip. Perform the 
differential centrifugation step at 16,000 g 
(14,000 rpm) for 3 min in an Eppendorf 
Model 5402 refrigerated microfuge using the 
soft spin function.

4. Using a P200 Gilson tip, carefully take the 
top 34-μ1 supernatant fraction from the side 
of the tube opposite the pellet. Transfer to 
a 1.5-ml polyallomer microfuge tube and 
centrifuge at 100,000 g (60,000 rpm) for 
20 min. Carefully aspirate the remaining 
supernatant fraction from the 16,000-g 
(medium speed) pellet and the entire 
supernatant from the 100,000-g (high speed) 
pellet (see Comment 8).

5. Add 50 and 35 μl of IX Laemmli sample buffer 
(Laemmli, 1970) to the medium-speed pellet 
(MSP) and high-speed pellet (HSP) fractions, 
respectively, and boil at 95ºC for 5 min. 
Determine the relative amounts of VSV-G 
in the MSP and HSP from each reaction by 
SDS–PAGE and quantitative immunoblotting 
as described by Rowe et al. (1996).

6. A quicker alternative method to step 2 is as 
follows: After incubation put the tubes on ice 
and spin at 16,000 g (14,000 rpm) for 3 min. 
Carefully remove the top 32 μl as described 
in step 4 and transfer to 1.5-ml polyallomer 
tubes. Spin at 100,000 g (60,000 rpm) for 
20 min. Aspirate supernatant as in step 4 
and add 40 and 32 μl 1� Laemmli sample 
buffer to the medium-speed pellet (MSP) 
and high-speed pellet (HSP) fractions, 
respectively. Vortex carefully and boil at 
95ºC for 5 min.

F. Two-Stage Fusion Assay

Solution

0.25 M sorbitol buffer: 0.25 M sorbitol and 20 mM 
HEPES (pH 7.4). To make 100 ml, add 10 ml 
of 2.5 M sorbitol stock and 2 ml of 1 M 
HEPES–KOH (pH 7.4) stock to distilled 
water. Store at 4ºC.

Steps

1. For stage 1 incubations, prepare scaled-
up (100 μl) vesicle formation reactions 
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containing 25 μl of microsomes and 30 μl of 
cytosol as described in Section IIIE, step 1. 
Incubate for 10 min at 32ºC.

2. Terminate the reactions by transfer to ice 
and sediment the membranes as described 
in Section IIID, step 3.

3. Resuspend the membranes in 90 μl of 
resuspension buffer, add 9.8 μl of salt 
mix [7.3 μl of 2 M KOAc � 2.5 μl of 0.1 M 
Mg(OAc)2], and perform the differential 
centrifugation step as described in Section 
IIIE, step 3.

4. Withdraw the top 75-ml medium-speed 
supernatant fraction and recover the vesicles 
by centrifugation at high speed as described 
in Section IIIE, step 4.

5. Resuspend the HSPs in 25 μl of 0.25 M 
sorbitol buffer by pipetting up and down 
10 times with a P200 Gilson tip and then 
add 1.9 μl of 1 M KOAc (70 mM KOAc final 
concentration) (see Comment 9).

6. Set up 40-μl stage 2 reactions containing 10 μl 
of resuspended HSP fraction, 4 μl of Golgi 
membranes, 8 μl of cytosol, and an 
ATP-regenerating system and salts at the 
final concentrations indicated in Table 6.1 
(see Comment 6).

7. Incubate for 60 min at 32ºC and terminate 
the reactions on ice. Harvest the membranes 
and quantitate the conversion of VSV-G to 
the endo H-resistant form as described in 
Section IIID, steps 3–7.

IV. COMMENTS

1. To reproduce the temperature-sensitive 
phenotype of ts045 VSV-G transport 
in vitro, it is necessary to supplement the 
postinfection medium and homogenization 
buffer with dithiothreitol as described by 
Aridor et al. (1996).

2. Preparations of the ATP-regenerating 
system and Ca2�/EGTA buffer are described 

by Schwaninger et al. (1992). Transport 
inhibitors such as antibodies are dialyzed 
against 25/125 prior to addition to the assay, 
and the volumes of the salts in the reaction 
cocktail are adjusted to achieve the final 
concentrations described in Table 6.1. The 
reactions can be preincubated on ice for up 
to 45 min with no loss of transport 
activity.

3. All of the membrane-bound VSV-G is 
sedimented at 20,000 g following the 32ºC 
incubation. In the vesicle formation assay, 
membranes are resuspended in sucrose 
buffer prior to differential centrifugation.

4. The detection system is linear over the range 
of VSV-G concentrations tested.

5. As an alternative to densitometry, VSV-G 
bands can be detected by direct fluorescence 
imaging (e.g., using a Bio-Rad GS-363 
molecular imaging system).

6. In the vesicle formation and two-stage 
assays, the volumes of salts (see Table 6.1) 
added to the reaction cocktail are adjusted 
to account for the salts present in the cytosol 
and membrane preparations in the assay. 
UDP-GlcNAc is omitted from the vesicle 
formation assay and from stage 1 of the two-
stage assay.

7. Although in the original description of 
the assay (Rowe et al., 1996) a 0.25 M 
sorbitol buffer was used to resuspend 
the membranes prior to differential 
centrifugation, we have subsequently 
found that resuspension in 0.25 M sucrose 
buffer gives higher yields of vesicles at 
this step.

8. Because the HSP is small and translucent, 
care should be taken to avoid losing 
it during aspiration of the high-speed 
supernatant.

9. In a typical experiment, multiple stage 1 
reactions are performed and the HSPs are 
resuspended successively in the desired 
final volume of sorbitol buffer and are then 
adjusted to 70 mM KOAc.
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O U T L I N E

I. INTRODUCTION

In mammalian cells, secretory proteins and 
membrane proteins of the organelles of the 
secretory pathway are initially transported 
across and integrated into the membrane of the 
rough endoplasmic reticulum (ER), respectively 
(for reviews, see Rapoport et al., 1996; Johnson 

and van Weas, 1999). This process can be stud-
ied in a cell-free translation/translocation sys-
tem in which a protein of interest is synthesized 
and imported into microsomal membranes 
derived from the rough ER. Components 
used in such a system are rough microsomes 
(RM) usually prepared from dog pancreas, a 
cytosolic extract supporting protein synthesis, 



72 7. COTRANSLATIONAL TRANSLOCATION OF PROTEINS INTO MICROSOMES

I. MEMBRANE PROTEIN TRANSLOCATION ASSAYS

mRNA coding for a secretory or a membrane 
protein, and a radio-labeled amino acid, e.g., 
[35S]methionine, for detection of the newly syn-
thesized protein.

Upon translocation across the ER membrane, 
proteins become processed and modified, fold 
with the help of lumenal chaperones, and can 
assemble into oligomeric complexes (Lemberg 
and Martoglio, 2002; Daniels et al., 2003). These 
functions are maintained in rough microsomes 
and can be studied. This article describes the 
basic cell-free in vitro translocation system and 
provides methods to analyze the translocation 
of proteins across the microsomal membrane 
and integration into the lipid bilayer.

II. MATERIALS AND 
INSTRUMENTATION

Ambion: RNase inhibitor (Cat. No. 2684). 
Amersham Pharmacia: DEAE–Sepharose (Cat. 
No. 17-0709-01), [35S]methionine (Cat. No. AG 
1594), and Sephacryl S-200 (Cat. No. 17-0584-10). 
Roche Applied Science: ATP (Cat. No. 1140965), 
CTP (Cat. No. 1140922), GTP (Cat. No. 1140957), 
UTP (Cat. No. 1140949), creatin kinase (Cat. No. 
736988), creatin phosphate (Cat. No. 621714), 
and SP6 RNA polymerase (Cat. No. 810274). 
Fluka: EDTA (Cat. No. 03610), octaethylene gly-
col monododecyl ether (Cat. No. 74680), and 
SDS (Cat. No. 71725). Merck: Acetic acid (Cat. 
No. 100063), acetone (Cat. No. 100014), cal-
cium chloride (Cat. No. 102389), HCl (Cat. No. 
100317), isopropanol (Cat. No. 109634), mag-
nesium acetate (Cat. No. 105819), magnesium 
chloride (Cat. No. 105833), 2-mercaptoethanol 
(Cat. No. 805740), potassium acetate (Cat. No. 
104820), proteinase K (Cat. No. 124568), sodium 
acetate (Cat. No. 106268), sodium carbon-
ate (Cat. No. 106392), sodium citrate (Cat. No. 
106448), sucrose (Cat. No. 107654), and trichlo-
roacetic acid (Cat. No. 100810). New England 
Biolabs: 7mG(59)ppp(59)G (Cat. No. 1404) and 

endoglycosidase H (Cat. No. 0702). Promega: 
Amino acid mixture minus methionine (Cat. 
No. L9961). Sigma: Dithiothreitol (DTT, Cat. No. 
D 0632), HEPES (Cat. No. H 3375), phenylmeth-
ylsulfonyl fluoride (PMSF, Cat. No. P 7626), 
Sephadex G-25 (Cat. No. G-25-150), Tris base 
(Cat. No. T 1503), and Triton X-100 (Cat. No. 
T 9284). Amersham Pharmacia: ÄKTAprime 
chromatography system (Cat. No. 18-2237-
18). Braun Biotech Int.: Potter S homogenizer. 
Qiagen: Plasmid Maxi Kit (Cat. No. 12162). 
Millipore: Amicon ultrafiltration unit 8050 (Cat. 
No. 5122) and YM100 ultrafiltration discs (Cat. 
No. 14422AM).

III. PROCEDURES

A.  Preparation of Components Required 
for Cell-Free In Vitro Protein 
Translocation across ER-Derived 
Rough Microsomes

1.  Preparation of Rough Microsomes from 
Dog Pancreas

RMs can be prepared from most tissues 
or cells in culture. Dog pancreas, however, 
is the most convenient source for functional 
RMs because this tissue is specialized in secre-
tion and contains an extended rough ER. Most 
importantly, pancreas from dog, in contrast to 
other animals, contains very little ribonuclease 
that would degrade the mRNA required for 
the translation reaction. Dogs may be obtained 
from an experimental surgery department or a 
pharmaceutical company. Ideally, the dogs are 
healthy and not operated or treated with drugs, 
and the pancreas is excised immediately after 
death.

Solutions

Glass and plasticware are autoclaved, and 
stock solutions and distilled water are either 
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autoclaved or filtered through 0.45-μm-pore-sized 
filters.

1. Stock solutions:
2 M sucrose: To make 500 ml of the solution, 

dissolve 342.25 g sucrose in water and 
complete to 500 ml. Sucrose stock solution 
may be stored in aliquots at 220ºC.

1 M HEPES–KOH pH 7.6: To make 200 ml of 
the buffer, dissolve 47.7 g HEPES in water, 
adjust pH to 7.6 with KOH solution, and 
complete to 200 ml.

4 M KOAc: To make 200 ml of the solution, 
dissolve 78.5 g KOAc in water, neutralize 
to pH 7 with diluted acetic acid, and com-
plete to 100 ml.

1 M Mg(OAc)2: To make 100 ml of the solu-
tion, dissolve 21.5 g Mg(OAc)2 � 4 H2O in 
water, neutralize to pH 7 with diluted ace-
tic acid, and complete to 100 ml.

500 mM EDTA: To make 100 ml of the solu-
tion, dissolve 14.7 g EDTA in water, adjust 
to pH 8.0 with NaOH solution and com-
plete to 100 ml.

1 M DTT: To make 10 ml of the solution, dis-
solve 1.54 g DTT in water and complete to 
10 ml. Store in aliquots at 220ºC.

20 mg/ml PMSF: To make 2 ml of the solution, 
dissolve 40 mg PMSF in 2 ml isopropanol. 
Prepare just before use.

2. Homogenization buffer: 250 mM sucrose, 
50 mM HEPES–KOH, pH 7.6, 50 mM KOAc, 
6 mM Mg(OAc)2, 1 mM EDTA, 1 mM DTT, 
and 30 μg/ml PMSF. To make 1 liter of the 
buffer, add 125 ml 2 M sucrose, 50 ml 1 M 
HEPES–KOH, pH 7.6, 12.5 ml 4 M KOAc, 
6 ml 1 M Mg(OAc)2, 2 ml 500 mM EDTA, and 
complete to 1 liter with water. Add 1 ml 1 M 
DTT and 1.5 ml 20 mg/ml PMSF to the cold 
buffer just before use.

3. Sucrose cushion: 1.3 M sucrose, 50 mM 
HEPES–KOH, pH 7.6, 50 mM KOAc, 6 mM 
Mg(OAc)2, 1 mM EDTA, 1 mM DTT, and 
10 μg/ml PMSF. To make 200 ml of the 
solution, add 130 ml 2 M sucrose, 10 ml 1 M 

HEPES–KOH, pH 7.6, 2.5 ml 4 M KOAc, 
1.2 ml 1 M Mg(OAc)2, 0.4 ml 500 mM EDTA, 
and complete to 200 ml with water. Add 
0.2 ml 1 M DTT and 0.1 ml 20 mg/ml PMSF 
to the cold solution just before use.

4. RM buffer: 250 mM sucrose, 50 mM 
HEPES–KOH, pH 7.6, 50 mM KOAc, 2 mM 
Mg(OAc)2, 1 mM DTT, and 10 μg/ml PMSF. 
To make 100 ml of the buffer, add 12.5 ml 
2 M sucrose, 5 ml 1 M HEPES–KOH, pH 7.6, 
1.25 ml 4 M KOAc, 0.2 ml 1 M Mg(OAc)2, and 
complete to 100 ml with water. Add 0.1 ml 
1 M DTT and 50 μl 20 mg/ml PMSF to the 
cold solution just before use.

Steps

This procedure is performed in the cold room. 
Samples and buffers should be kept on ice.

1. Excise the pancreas (10–15 g) from a dog 
(e.g., beagle) and rinse in �500 ml ice-cold 
homogenization buffer.

2. Remove connective tissue and fat, and cut 
the pancreas into small pieces. (Optional: 
Shock-freeze the pieces in liquid nitrogen 
and store the tissue at �80ºC.)

3. Place the pieces into �120 ml homogenization 
buffer and pass the tissue through a tissue 
press with a 1-mm mesh steel sieve.

4. Homogenize the pancreas in a 30-ml glass/
Teflon potter with eight strokes at full speed 
(1500 rpm).

5. Transfer homogenate into 30-ml 
polypropylene tubes. Centrifuge at 3000 rpm 
(1000 g) for 10 min at 4ºC in a Sorvall SS34 
rotor.

6. Collect the supernatant, avoiding the 
floating lipid. Extract the pellet once more in 
50 ml homogenization buffer as described in 
step 4 and centrifuge again (see step 5).

7. Transfer the two 1000-g supernatants to 
30-ml polypropylene tubes. Centrifuge at 
9500 rpm (10,000 g) for 10 min at 4ºC in a 
Sorvall SS34 rotor.
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 8. Collect the supernatant, avoiding 
the floating lipid and repeat step 7 
(centrifugation at 10,000 g) twice.

 9. In the meantime, prepare four 70-ml 
polycarbonate tubes for a Ti45 rotor and 
add 25 ml sucrose cushion per tube.

10. After the third 10,000 g centrifugation 
(step 8), collect the supernatant and apply 
carefully, without mixing, onto the 25-ml 
sucrose cushions (see step 9).

11. Centrifuge at 35,000 rpm (142,000 g) for 1 h 
at 4ºC in a Beckman Ti45 rotor.

12. Discard the supernatant and resuspend the 
membrane pellet, the rough microsomes 
(RM), in 20 ml RM buffer using a Dounce 
homogenizer.

13. Measure the absorption at 260 and 280 nm 
of a 1:1000 dilution of the RM suspension 
in 0.5% (w/v) SDS. Usually an absorption 
of 0.05–0.1 A280/ml and a ratio A260/A280 
of �1.7 are obtained. When the pancreas is 
frozen (see step 2), the A260/A280 is 1.5–1.6.

14. Freeze 500-μl aliquots in liquid nitrogen 
and store at �80ºC until use.

Note: RMs prepared by this procedure 
largely retain SRP on the membrane.

2.  Preparation of Signal Recognition 
Particle (SRP)

Purification of components involved in pro-
tein translocation revealed that a cytosolic 
component, the signal recognition particle, 
is required for targeting nascent polypep-
tide chains to the ER membrane (Walter and 
Johnson, 1994). SRP is present in cytosolic 
extracts, but is also associated with RMs to a 
variable degree. In order to improve the effi-
ciency of the translocation system, purified SRP 
may be added to the translation/translocation 
system. This is particularly useful when wheat 
germ extract is used for cell-free in vitro transla-
tion because this extract contains low amounts 
of functional SRP. SRP is isolated most conven-
iently from RMs by treatment with high salt. 

Released SRP is then purified by gel filtration 
and anion-exchange chromatography.

Solutions

Glass and plasticware are autoclaved, and 
stock solutions and distilled water are either 
autoclaved or filtered through 0.45-μm-pore-sized 
filters.

1. Stock solutions (see also preparation of RMs, 
Section III,A,1)
1 M Tris-OAc, pH 7.5: To make 1 liter of the 

buffer, dissolve 121.1 g Tris base in water, 
adjust to pH 7.5 with acetic acid, and 
complete to 1 liter.

10% (w/v) octaethylene glycol monododecyl ether: 
To make 10 ml of the solution, dissolve 1 g 
of octaethylene glycol monododecyl ether 
in water and complete to 10 ml.

2. RM buffer: As in solution 4 of Section III,A,1 
(preparation of RMs).

3. High salt solution: 1.5 M KOAc and 15 mM 
Mg(OAc)2. To make 50 ml of the solution, 
add 18.75 ml 4 M KOAc, 0.75 ml 1 M 
Mg(OAc)2, and complete to 50 ml with 
water.

4. Sucrose cushion: 500 mM sucrose, 50 mM 
Tris–OAc, pH 7.5, 500 mM KOAc, 5 mM 
Mg(OAc)2, and 1 mM DTT. To make 100 ml 
of the solution, add 25 ml 2 M sucrose, 5 ml 
1 M Tris–OAc, pH 7.5, 12.5 ml 4 M KOAc, 
0.5 ml 1 M Mg(OAc)2, and complete to 100 ml 
with water. Add 0.1 ml 1 M DTT to the cold 
solution just before use.

5. Gel filtration buffer: 50 mM Tris–OAc, pH 
7.5, 250 mM KOAc, 2.5 mM Mg(OAc)2, 
1 mM DTT, and 0.01% octaethylene glycol 
monododecyl ether. To make 1 liter of the 
buffer, add 50 ml 1 M Tris–OAc, pH 7.5, 
62.5 ml 4 M KOAc, 2.5 ml 1 M Mg(OAc)2, 
1 ml 10% octaethylene glycol monododecyl 
ether, and complete to 1 liter with water. 
Add 1 ml 1 M DTT to the cold solution just 
before use.
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6. Washing buffer: 50 mM Tris–OAc, pH 7.5, 
350 mM KOAc, 3.5 mM Mg(OAc)2, 1 mM 
DTT, and 0.01% octaethylene glycol 
monododecyl ether. To make 100 ml of 
the buffer, add 5 ml 1 M Tris–OAc, pH 7.5, 
8.75 ml 4 M KOAc, 0.35 ml 1 M Mg(OAc)2, 
0.1 ml 10% octaethylene glycol monododecyl 
ether, and complete to 100 ml with water. 
Add 0.1 ml 1 M DTT to the cold solution just 
before use.

7. SRP buffer: 50 mM Tris–OAc, pH 7.5, 650 mM 
KOAc, 6 mM Mg(OAc)2, 1 mM DTT, and 
0.01% octaethylene glycol monododecyl 
ether. To make 100 ml of the buffer, add 
5 ml 1 M Tris–OAc, pH 7.5, 16.25 ml 4 M 
KOAc, 0.6 ml 1 M Mg(OAc)2, 0.1 ml 10% 
octaethylene glycol monododecyl ether, and 
complete to 100 ml with water. Add 0.1 ml 
1 M DTT to the cold solution just 
before use.

Steps

This procedure is performed in the cold room 
and samples and buffers should be kept on ice.

1. Prepare ER-derived rough microsomes from 
two dog pancreas as described previously 
and resuspend the final RM pellet (see step 8 
in Section III,A,1) in 50 ml RM buffer using a 
Dounce homogenizer.

2. Add 25 ml high salt solution and incubate 
for 15 min at 4ºC on a turning wheel.

3. Distribute the membrane suspension 
equally to two 70-ml polycarbonate tubes 
for a Ti45 rotor onto 25 ml sucrose cushion 
per tube, avoid mixing.

4. Centrifuge at 32,000 rpm (120,000 g) for 1 h at 
4ºC in a Beckman Ti45 rotor.

5. In the meantime, prepare ten 10.4-ml 
polycarbonate tubes for a Ti70.1 rotor and 
add 1 ml sucrose cushion per tube.

6. After centrifugation (step 4), collect the 
supernatant and apply carefully, without 
mixing, onto the 1-ml sucrose cushions 
(see step 5).

 7. Centrifuge at 65,000 rpm (388,000 g) for 1 h 
at 4ºC in a Beckman Ti70.1 rotor.

 8. Collect again the supernatant.
 9. Concentrate the supernatant to 

approximately 10 ml in a 50-ml Amicon 
ultrafiltration unit equiped with a YM100 
membrane.

10. Load concentrated sample onto a Sephacryl 
S-200 (2.6 � 20 cm) equilibrated with 
gel filtration buffer and elute with gel 
filtration buffer. The flow rate is 1 ml/min. 
Follow elution with a UV monitor (l � 
280 nm) by using, e.g., the ÄKTAprime 
chromatography system from Amersham 
Pharmacia.

11. Collect flow through (20–25 ml) and load 
immediately onto a DEAE–Sepharose 
column (1 � 3 cm) equilibrated with gel 
filtration buffer. The flow rate is again 
1 ml/min.

12. Wash column with 20 ml gel filtration 
buffer and 20 ml washing buffer.

13. Elute SRP with SRP buffer and collect peak 
fraction (2–3 ml). The SRP eluate has an 
absorption of 1–4 A260/ml and a ratio A260/ 
A280 of approximately 1.4. Freeze 100-μl 
aliquots in liquid nitrogen and store 
at �80ºC until use.

B.  In Vitro Translation and Translocation 
Assay

Solutions

1. Wheat germ extract: Wheat germ extract for 
cell-free in vitro translation is prepared as 
described by Erickson and Blobel (1983) 
except that we use a gel filtration buffer 
with lower potassium and magnesium 
concentrations [40 mM HEPES–KOH, pH 
7.6, 50 mM KOAc, 1 mM Mg(OAc)2, 0.1% 
2-mercaptoethanol]. Fresh wheat germ 
may be purchased from a local mill or from 
General Mills California. Store wheat germ 
in a desiccator over silica gel beads at 4ºC. 

 III. PROCEDURES 75



76 7. COTRANSLATIONAL TRANSLOCATION OF PROTEINS INTO MICROSOMES

I. MEMBRANE PROTEIN TRANSLOCATION ASSAYS

Considerable differences in translation 
efficiency may yield from different batches. 
Store wheat germ extract in 110-μl aliquots 
at �80ºC and thaw only once.

2. Capped mRNA: To obtain mRNA coding for 
a secretory or a membrane protein, clone a 
cDNA encoding the protein of interest into 
a suitable expression vector downstream 
of a T7 or a SP6 promotor (e.g., pGEM 
from Promega Biotech). We generally 
prefer the SP6 promotor as the respective 
transcripts yield more efficient translation. 
Prepare plasmid DNA from Escherichia 
coli cultures using the Plasmid Maxi kit 
from Qiagen. For transcription, linearize 
the purified plasmid DNA with a suitable 
restriction enzyme that cuts downstream 
of the coding sequence. Alternatively, a 
template for transcription may be generated 
by polymerase chain reaction. Amplify the 
coding region of interest using Pfu DNA 
polymerase (Stratagene), an appropriate 
plasmid DNA as template, a forward primer 
containing the SP6 promotor, a Kozak 
sequence (Kozak, 1983) and a ATG for the 
initiation methionine, and a reverse primer 
starting with 5	-NNNNNNNNNCTA- 
to introduce a TAG stop codon at the 
desired position. Perform runoff in vitro 
transcription according to a standard 
protocol (e.g., in Sambrook et al., 1989) or by 
using a commercially available transcription 
kit (e.g., mMESSAGAmMACHINE kits from 
Ambion Cat. No. 1340 and 1344). Dissolve 
the resulting capped messenger RNA 
in water after extraction with phenol and 
chloroform and precipitation with sodium 
acetate and ethanol. Store mRNA 
at �80ºC.

3. Energy mix: 50 mM HEPES–KOH, pH 7.6, 
12.5 mM ATP, 0.25 mM GTP, 110 mM creatine 
phosphate, 10 mg/ml creatine kinase, 
and 0.25 mM of each amino acid except 
methionine. To make 1 ml of the solution, 
dissolve 41 mg creatin phosphate (disodium 

salt � 4H2O) and 10 mg creatin kinase in 
590 μl water and add 50 μl 1 M HEPES–KOH, 
pH 7.6, 125 μl 100 mM ATP solution (Roche 
Applied Science), 2.5 μl 100 mM GTP 
solution (Roche Applied Science), and 250 μl 
19 amino acids mix without methionine 
(Promega, 1 mM of each amino acid). Store 
the energy mix in 22 μl aliquots at �80ºC. Do 
not refreeze!

4. Salt mix: 500 mM HEPES–KOH, pH 7.6, 
1 M KOAc, and 50 mM Mg(OAc)2. To make 
1 ml of the solution, mix 500 μl 1 M HEPES–
KOH, pH 7.6, 250 μl 4 M KOAc, 70 μl 1 M 
Mg(OAc)2, and 180 μl water.

5. SRP buffer: As in solution 7 of Section III,A,2. 
(preparation of SRP).

6. 20% (w/v) trichloroacetic acid: To make 100 ml 
of the solution, dissolve 20 g trichloroacetic 
acid in water and complete to 100 ml.

Steps

1. Per assay (25 μl), mix on ice 6 μl water, 1 μl 
salt mix, 2 μl energy mix, 10 μl wheat germ 
extract, 2 μl SRP buffer or SRP solution 
(see Section III,A,2, step 12), 2 μl RM 
suspension (see Section III,A,1, step 8), 1 μl 
[35S]methionine (�1000 Ci/mmol), and 1 μl 
capped mRNA.

2. Incubate for 60 min at 25ºC.
3. Add 25 μl (1 volume) 20% trichloroacetic 

acid to precipitate proteins and centrifuge at 
14,000 rpm for 3 min at room temperature in 
an Eppendorf centrifuge.

4. Discard supernatant. Wash pellet with 150 μl 
cold acetone, and centrifuge as in step 3.

5. Discard supernatant and repeat step 4.
6. Discard supernatant, centrifuge tube shortly, 

and remove residual acetone completely 
with a pipette.

7. Add 20–30 μl sample buffer for SDS–
polyacrylamide gel electrophoresis and heat 
for 10 min at 65ºC.

8. Load 5–10 μl onto a SDS–polyacrylamide gel 
and analyze the sample by electrophoresis. 
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Radiolabeled proteins can be visualized 
by autoradiography, fluorography, or on a 
phosphorimager.

Controls: Translation without mRNA (add 
water instead); translation without mem-
branes (add RM buffer instead, see solution 4 in 
Section III,A,1).

Note: Translation and translocation assays 
have to be optimized for each mRNA with 
respect to magnesium and potassium concen-
trations as well as to the amount of mRNA, 
SRP, and membranes. Optimal salt concentra-
tions vary from 1 to 3.5 mM magnesium and 
from 70 to 150 mM potassium and are adjusted 
by using adapted salt mixes. The amount of 
SRP and membranes may be varied by dilut-
ing SRP and RM solutions with the respective 
buffers.

C.  Assays to Characterize the 
Translocation Products

1. Protease Protection Assay

Proteinase K is used to test the translocation 
of proteins or parts of proteins across micro-
somal membranes (Blobel and Dobberstein, 
1975). Membranes are impermeable to the pro-
tease and therefore only proteins or protein 
domains exposed on the cytoplasmic side of the 
microsomes are digested. To demonstrate that 
only intact microsomal vesicles protect lumenal 
proteins or protein domains, nonionic deter-
gent (e.g., Triton X-100) is added to open the 
membrane.

Protease treatment is also used to character-
ize the topology of membrane proteins. In this 
case, protease treatment is often followed by 
immunoprecipitations with antibodies directed 
against defined regions of the protein investi-
gated. Successful immunoprecipitations indi-
cate that the respective domains are exposed 
on the lumenal side of the microsomes and are 
protected from the protease.

Solutions

 1. Sucrose cushion: 500 mM sucrose, 50 mM 
HEPES–KOH, pH 7.6, 50 mM KOAc, 2 mM 
Mg(OAc)2, and 1 mM DTT. To make 10 ml 
of the buffer, add 1.25 ml 2 M sucrose, 
0.5 ml 1 M HEPES–KOH, pH 7.6, 125 μl 4 M 
KOAc, 20 μl 1 M Mg(OAc)2, 10 μl 1 M DTT, 
and complete to 10 ml with water.

 2. 3 mg/ml proteinase K: To make 1 ml of the 
solution, dissolve 3 mg proteinase K in 1 ml 
water.

 3. 20 mg/ml PMSF solution: As is solution 1 of 
Section III,A,1 (preparation of RMs).

 4. 10% (w/v) Triton X-100: To make 10 ml of the 
solution, dissolve 10 g Triton X-100 in water 
and complete to 10 ml.

 5. 20% (w/v) trichloroacetic acid: As in solution 6 
of Section III,B.

Steps

 1. Perform a translation/translocation assay 
(25 μl) as described in Section III,B (steps 1 
and 2).

 2. In the meantime, prepare a 200-μl thick-
wall polycarbonate tube for a TLA100 rotor 
and add 100-μl sucrose cushion.

 3. After translation/translocation, apply the 
reaction mixture carefully onto the 100-μl 
sucrose cushion.

 4. Wash microsomes by centrifugation 
through the sucrose cushion at 48,000 rpm 
(�100,000 g) for 3 min at 4ºC in a Beckman 
TLA100 rotor.

 5. Remove the supernatant with a pipette.
 6. Resuspend the microsome pellet in 25 μl 

RM buffer (see solution 4 in Section III,A,1) 
and split the sample in three 8-μl aliquots.

 7a. To the first aliquot (mock treatment) add 
2 μl water.

7b. To the second aliquot add 1 μl proteinase K 
solution (3 mg/ml) and 1 μl water.

  7c. To the third aliquot add 1 μl proteinase K 
solution (3 mg/ml) and 1 μl 10% Triton X-100.

 8. Incubate the samples for 10 min at 25ºC.
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 9. Stop proteolysis by adding 1 μl 10 mg/ml 
PMSF per sample.

10. Add 40 μl water and 50 μl 20% 
trichloroacetic acid to each sample to 
precipitate protein.

11. Centrifuge samples, wash protein pellets 
with acetone, and analyze samples by 
SDS–polyacrylamide gel electrophoresis as 
described in Section III,B, steps 3–8.

2. Sodium Carbonate Extraction

By alkaline treatment with sodium carbonate 
at pH 11, microsomal membranes are opened 
and release their content and peripherally asso-
ciated proteins. The method is used to separate 
these proteins from proteins integrated into the 
lipid bilayer (Fujiki et al., 1982).

Solutions

 1. 0.1 M Na2CO3: To make 10 ml of the 
solution, dissolve 106 mg Na2CO3 in water 
and complete to 10 ml. Prepare just prior 
to use.

 2. Alkaline sucrose cushion: 0.1 M Na2CO3 
and 250 mM sucrose. To make 10 ml of the 
solution, dissolve 106 mg Na2CO3 in water, 
add 1.25 ml 2 M sucrose (see solutions 1 of 
Section III,A,1), and complete to 10 ml with 
water.

 3. 20% (w/v) trichloroacetic acid: As in solution 6 
of Section III,B.

Steps

 1. Perform a translation/translocation assay 
(25 μl) as described in Section III,B (steps 1 
and 2).

 2. Wash microsomes by centrifugation 
through a sucrose cushion as described in 
Section III,C,1, steps 2–5.

 3. Resuspend microsome pellet in 25 μl 
carbonate solution and incubate for 15 min 
on ice.

 4. In the meantime, prepare a 200-μl thick-
wall polycarbonate tube for a TLA 100 
rotor and add 100-μl alkaline sucrose 
cushion.

 5. For centrifugation, apply the sample 
(step 3) carefully onto a sucrose cushion in 
the polycarbonate tube.

 6. Centrifuge at 55,000 rpm (130,000 g) for 
10 min at 4ºC in a Beckman TLA 100 rotor.

 7. Recover the supernatant and pellet.
8a. To the supernatant add 150 μl 20% 

trichloroacetic acid to precipitate proteins. 
Centrifuge the sample, wash the protein 
pellet with acetone, and prepare the 
sample for SDS–polyacrylamide gel 
electrophoresis as described in Section 
III,B, steps 3–8.

8b. To the pellet add directly 20–30 μl sample 
buffer for SDS–polyacrylamide gel 
electrophoresis (see Section III,B, steps 7 
and 8).

 9. Analyze samples by SDS–polyacrylamide 
gel electrophoresis and autoradiography or 
phosphorimaging.

3.  Inhibition of N-Glycosylation with 
Glycosylation Acceptor Tripeptide

The recognition sites for N-glycosylation in 
the ER are Asn-X-Ser and Asn-X-Thr. In the cell-
free in vitro translation/translocation system 
described herein, the tripeptide N-benzoyl-Asn-
Leu-Thr-methylamide efficiently competes with 
newly synthesized proteins for N-glycosylation 
(Lau et al., 1983). The translocated protein is 
therefore not glycosylated in the presence of 
acceptor tripeptide, and the effects of oligosac-
charides, e.g., on protein folding and assembly, 
may be investigated.

Solution

Acceptor tripeptide solution: Synthesize N-
Benzoyl-Asn-Leu-Thr-methylamide on a peptide 
synthesizer. Dissolve the tripeptide in methanol 
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at a concentration of 0.5 mM (0.23 mg/ml) and 
store the stock solution at �80ºC.

Steps

1. Evaporate per translation/translocation 
assay (25 μl) 1.5 μl acceptor tripeptide 
solution in a test tube using a Speed-Vac 
centrifuge.

2. Add the components for the translation/
translocation assay to the tripeptide, vortex 
gently, and perform the assay as described 
in Section III,B (steps 1 and 2).

3. Precipitate the sample with trichloroacetic 
acid and analyze by SDS–polyacrylamide 
gel electrophoresis and autoradiography 
(see Section III,B, steps 3–8).

4. Endoglycosidase H Treatment

Treatment with endoglycosidase H is used 
to test N-glycosylation of proteins translo-
cated into microsomal membranes. The gly-
cosidase cleaves oligosaccharides of the high 
mannose type from glycoproteins, leaving an 
N-acetylglucosamine residue attached to the 
polypeptide (Tarentino et al., 1974).

Solutions

1. Denaturing solution: 0.5% (w/v) SDS and 1% 
(v/v) 2-mercaptoethanol. To make 10 ml of 
the solution, dissolve 50 mg SDS in water, 
add 100 μl 2mercaptoethanol, and complete 
to 10 ml with water.

2. 0.5 M Na-citrate, pH 5.5: To make 10 ml of the 
buffer, dissolve 1.47 g Na3-citrate � 2 H2O in 
water, adjust to pH 5.5 with HCl solution, 
and complete to 10 ml.

Steps

1. Perform a translation/translocation assay 
(25 μl) as described in Section III,B (steps 
1 and 2).

2. Wash microsomes by centrifugation through 
a sucrose cushion as described in Section 
III,C,1, steps 2–5.

3. Resuspend microsome pellet in 25 μl 
denaturing solution and incubate for 10 min 
at 95ºC.

4. Add 2.8 μl reaction buffer and 1 μl 
endoglycosidase H (1000 U/μl). Incubate for 
1 h at 37ºC.

5. Precipitate the sample with trichloroacetic 
acid and analyze by SDS–polyacrylamide 
gel electrophoresis and autoradiography or 
phorphorimaging (see Section III,B, steps 3–8).

IV. COMMENTS

As an alternative to wheat germ extract, com-
mercially available rabbit reticulocyte lysate 
(e.g., from Promega) may be used for cell-free 
in vitro translation. Reticulocyte lysate contains 
sufficient SRP and therefore no additional SRP 
is usually required for optimization of translo-
cation. When reticulocyte lysate is used, how-
ever, RMs should be treated with microccocal 
nuclease to digest endogenous mRNA (Garoff 
et al., 1978). The reticulocyte translation machin-
ery will otherwise promote completion of nas-
cent pancreatic secretory proteins.
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I. INTRODUCTION

In the past, we have described a method 
for loading large macromolecules into the 
cytoplasm of cultured cells via the produc-
tion of transient plasma membrane wounds 
inflicted by defined amounts of fluid shear 
stress (Clarke and McNeil, 1992, 1994). This 

technique is referred to as “syringe loading” 
and has been utilized to load a variety of mac-
romolecules (i.e., fluorescent dextrans, proteins, 
immunoglobulins, calcium indicator dyes, plas-
mid DNA, and antisense oligonucleotides) into 
various different cell types (i.e., endothelial 
cells, fibroblasts, epithelial cells, lymphocytes, 
and amoeba). This technique is very simple 
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and straightforward, relying on the capacity of 
the plasma membrane to reseal after the inflic-
tion of a transient plasma membrane disrup-
tion. During the syringe loading procedure, 
the mechanical force applied to the cells to 
produce plasma membrane wounding is fluid 
shear stress generated as a consequence of the 
cell suspension being forced through a narrow 
orifice in the form of a 30-gauge hypodermic 
needle. The macromolecule to be loaded is dis-
solved in the suspension medium and enters 
the cell cytoplasm across a diffusion gradient 
during the time the plasma membrane wound 
is open. As such, this technique for macromo-
lecular loading of cells in suspension is simple, 
reproducible, and inexpensive.

The series of highly coordinated, multicom-
ponent responses that occur both within the 
cell cytoplasm and at the plasma membrane in 
response to mechanical perturbation/rupture 
of the external plasma membrane is known 
collectively as the membrane wound response 
(McNeil and Steinhardt, 1997). Apart from its 
use as a simple cell loading technique, syringe 
loading has also been used to investigate the 
underlying cellular mechanisms involved in 
this phenomenon (Miyake and McNeil, 1995; 
Clarke et al., 1995b). It is increasingly evident 
that the wound response is a fundamental, 
highly conserved, and normal response to 
mechanical loading in a wide variety of cell 
types (McNeil and Terasaki, 2001). In addition, 
inappropriate levels of membrane wounding 
may be important in the etiology of a number of 
pathological conditions, such as atherosclerosis 
(Reidy and Lindner, 1991; Yu and McNeil, 1992; 
Clarke et al., 1995b), unloading induced muscle 
atrophy (Clarke et al., 1998), and left ventricular 
hypertrophy (Clarke et al., 1995a). The suscepti-
bility of the plasma membrane to mechanically 
induced membrane disruption and the ability 
of the membrane to reseal itself after disrup-
tion has occurred (disruption followed by reseal-
ing being the definition of membrane wounding) are 
both dependent on the biophysical properties 

of the membrane, including fluidity, elasticity, 
compressibility, and overall membrane order. 
These factors have been used to enhance macro-
molecular loading efficiency by the inclusion of 
membrane active agents, such as pluronic F68, 
during the syringe loading procedure in order 
to enhance the cell membrane resealing process 
(Clarke and McNeil, 1992).

To date, the mechanical properties of bio-
logical membranes have been tested by vari-
ous means, including the direct measurement 
of membrane mechanical properties (i.e., elas-
tic area compressibility, tensile strength, mem-
brane toughness), using micropipette aspiration 
techniques (Needham and Nunn, 1990; Song 
and Waugh, 1993; Zhelev and Needham, 1993). 
In addition, indirect measurement of mem-
brane fluidity using steady-state fluorescent 
anisotropic measurements, nuclear magnetic 
resonance, and fluorescent probe diffusion 
techniques have proven useful in determin-
ing changes in the physical properties of bio-
logical membranes (Tanii et al., 1994; Kuroda 
et al., 1996; Gimpl et al., 1997) associated with 
such physiologically relevant alterations as 
membrane cholesterol content (Pritchard et al., 
1991; Clarke et al., 1995b; Whiting et al., 2000). 
However, all of these techniques have the dis-
advantage of describing the physical proper-
ties of the cell membrane in purely mechanical 
terms without taking into consideration the 
complex “biological” nature of the cell mem-
brane system being examined.

Although complex in nature, the membrane 
wound response in toto can be quantified using 
direct end point measures that describe the final 
outcome of the process. Such measures include 
cell survival at a given level of mechanical per-
turbation, the number of wounded cells present 
in the surviving cell population, the amount 
of membrane wound marker that enters the 
wounded cell, and the relative size of the mem-
brane wound created based on membrane wound 
marker size. If membrane wounds are produced 
in a defined and reproducible manner, the effects 



II. LOADING PROTEIN INTO CELLS TO ASSESS PM FUNCTION

of various  environmental conditions on plasma 
membrane function, as reflected by alterations in 
the membrane wound response, can be quanti-
fied by the end point measures described earlier. 
We have used this approach to probe the effects 
of different gravitational conditions on the bio-
physical properties of the plasma membrane in 
cultured adherent cells using a technique known 
as impact mediated loading (Clarke et al., 2001). 
This article describes the use of syringe loading 
as a means of investigating the effects of envi-
ronmental conditions on the plasma membrane 
wound response in suspension cells.

Syringe loading in its simplest configuration 
can be carried out utilizing a manual protocol, a 
single 1-ml hypodermic syringe and a 30-gauge 
hypodermic needle (Clarke and McNeil, 1992). 
The second-generation approach utilized a 
mechanized syringe pump apparatus that pro-
duced a defined expulsion pressure for a pre-
determined period of time (Clarke and McNeil, 
1994). This article describes the development 
of a third-generation syringe loader device 
that is capable of processing a total of 10 sepa-
rate samples in an identical fashion at the same 
time (Fig. 8.1). The multisample syringe load-
ing technology essentially performs syringe 
loading under the same conditions as described 
previously except that many replicate samples 
can be loaded simultaneously. This device was 
designed to take into consideration the effects of 
temperature on membrane resealing dynamics, 
an experimental parameter that has not been 
fully controlled in previous syringe loading 
protocols. In the new configuration, individual 
sample vials containing identical cell suspen-
sions are housed in a heating block maintained 
at 37ºC throughout the syringe loading protocol 
(Fig. 8.1). As such, the technology produces a 
greater total yield of loaded cells with less vari-
ability between individual samples than using 
either the manual or the second- generation 
mechanized protocol. However, it does not 
exhibit a significant increase in cell loading 
efficiency relative to earlier syringe loading 

 protocols. Rather, the goal for this technology 
was to develop a simple and rapid means of 
testing the biophysical properties of the plasma 
membrane of cells (as reflected by alterations in 
the membrane wounding response) exposed to 
different environmental conditions.

With this concept in mind and utilizing the 
multisample syringe loader detailed in Fig. 8.1, 
this article describes a series of experiments 
that illustrate the utility of the syringe loading 
technology as an experimental tool to probe the 
effects of environmental conditions on membrane 
function. In the following example, the effects of 
radiation exposure on cell membrane function as 
it impacts the membrane wounding response are 
investigated. The experiment described here was 
designed to determine whether gamma irradia-
tion resulted in acute (i.e., within 2 h of radiation 
exposure) membrane modification that resulted 
in an increase in susceptibility to mechani-
cal shear force-induced membrane wounding. 
Membrane wounding is defined as a surviv-
able disruption of the plasma membrane and is 
detected experimentally using a normally plasma 
membrane-impermeant fluorescent tracer such as 
FDx(fluorescent dextran) (Mr 10 kDa). Wounded 
cells trap the wound marker in their cytoplasm 
by virtue of resealing the plasma membrane dis-
ruption. However, immediately after syringe 
loading there are cells in the loaded sample 
that are positive for the wound marker but will 
die within a matter of hours due to irreparable 
membrane damage. In the case of adherent cells, 
these cells detach from the culture substratum 
and hence can be washed away after a minimum 
period of culture (i.e., 4 h) and are not included in 
any further analysis. Unfortunately, this approach 
cannot be employed when using suspension cells. 
However, if the fluorescent cell viability marker, 
propidium iodide (PI), is introduced to the sam-
ple immediately after syringe loading, those cells 
that are dead or dying are positive for PI regard-
less if they are also positive for the membrane 
wound marker. As such, this approach allows 
rapid discrimination between those cells that are 
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truly membrane wounded (i.e., FDx positive, 
PI negative) from those cells that are dead and 
dying (i.e., PI positive, FDx negative or positive) 
(Fig. 8.2). By utilizing our multisample syringe 
loading device and  protocol, coupled with sub-
sequent analysis by two-channel fluorescent 
flow cytometry, the experiment described here 

provides an example of how the syringe load-
ing technique can be used to quantify the effects 
of radiation exposure on membrane function in 
suspension cells. We chose the lymphoblastic cell 
line Jurkat, as it is a widely used in vitro model 
for studying immune function, an area of specific 
concern with regard to radiation exposure.

1 ml syringe Lock
plate

Compressed
air line

Pneumatic ram

Lift arm
Lock plate

30 gauge
1 inch
needle

Locator pin 1 ml sample vial

Lock plate

Syringe block

Syringe block

Restraining strap

Heating block

Heating unit

Heating block

(A)

(C)

(B)

FIGURE 8.1 Multisample syringe loader. Ten, sterile, 1-ml disposable syringes are secured in the syringe block using 
a lock plate. A sterile, 30-gauge, 1-in. hypodermic needle is affixed to the tip of each syringe, making sure that the needle 
is seated firmly (Pl A). The syringe block is then attached to the pneumatic ram assembly of the main body of the device 
with the syringe plungers being secured directly to the lift arm using a lock plate (Pl C). Ten 1-ml sample vials, loaded with 
0.5 ml of cells suspended in FDx loading solution, are loaded into a heating block (preequilibrated to 37ºC) and secured in 
place using a lock plate (Pl B). The heating block containing the sample vials is then returned to its heating unit (set at 37ºC) 
in the main body of the device and is secured in place with its restraining strap (Pl C). The pneumatic ram is placed in the 
“down” position so that the syringes are closed, and the whole syringe block is lowered and locked in place via the locator 
pins present on the top of the heating block. This arrangement ensures accurate registering of the each hypodermic needle 
into the center of its corresponding sample vial. The cell suspension in loading solution is pulled up into the syringe barrel 
by activating the pneumatic ram in the “up” direction and is expelled from the syringe by activating the pneumatic ram in 
the “down” direction. Expulsion pressure is controlled by a pressure valve attached to the compressed air line that feeds the 
ram assembly (Pl C).
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II. MATERIALS AND 
INSTRUMENTATION

Dulbecco’s modified Eagle’s medium 
(DMEM, Cat. No. 320-1885AG), bovine calf 
serum (CS) (Cat. No. 200-6170AG), and peni-
cillin–streptomycin solution (Cat. No. 600-
5140AG) are obtained ready to use from Gibco 
BRL (Grand Island, NY). Fluorescein isothocy-
anate-labeled dextran (Mr 10 kDa) (FDx) (Cat. 
No. D-1821) and propidium iodide (Cat. No. 
P21493) are obtained from Molecular Probes 
(Eugene, OR). Tissue culture flasks (T75 and 
T25) (Cat. Nos. 10-126-41 and 10-126-26) and 
sterile polypropylene conical centrifuge tubes 
(50-ml capacity) (Cat. No. 05-538-55A) are 
obtained from Fisher Scientific (Pittsburgh, 
PA). Sterile polypropylene conical sample 
vials (1-ml capacity) (Cat. No. 05-538-55A) are 
obtained from National Scientific Company 
(Quakertown, PA). Disposable 1-ml syringes 
(Cat. No. 9602) and 30-gauge hypodermic 
needles (Cat. No. 305128) are from Becton-
Dickinson (Rutherford, NJ). The multisample 
syringe loader described in Fig. 8.1 was built 
by a local machine shop to specifications pro-
vided by the authors. As such, sample vial 
dimensions can be varied depending on experi-
ment requirements, including the use of sterile, 
 septum-sealed sample vials.

III. PROCEDURES

A.  Preparation of Tissue-Cultured Cells 
for Syringe Loading

Stock Solutions and Media Preparation

1. Stock FDx solution: Add 200 mg of dry 
FDx powder to 1 ml of serum-free DMEM 
and vortex periodically over a period of 
30 min to achieve complete solubilization. 
Centrifuge this solution at 10,000 g for 

10 min at room temperature to remove any 
undissolved FDx and sterilize, if desired, by 
ultrafiltration. Stock FDx (200 mg/ml) can be 
stored at 4ºC in the dark for up to a month 
or aliquoted and frozen in the dark at �80ºC 
for storage up to a year.

2. Stock propidium iodide solution: Add 100 mg of 
dry PI powder to 1 ml of serum-free DMEM 
and vortex periodically over a period of 
30 min to achieve complete solubilization. 
Centrifuge this solution at 10,000 g for 
10 min at room temperature to remove any 
undissolved PI and collect the supernatant 
as a stock solution. Stock PI (100 mg/ml) 
can be stored at 4ºC in the dark for up to a 
month or aliquoted and frozen in the dark at 
�80ºC for storage up to a year.

3. FDx loading solution: Add 250 μl of stock 
FDx solution to 4.75 ml of serum-free 
DMEM to obtain final concentrations 
of 10 mg/ml FDx.  Use the solution 
immediately.

4. 5% CS.DMEM: Add 5 ml of sterile 
penicillin/streptomycin solution and 50 ml 
of sterile CS to 445 ml of sterile (1X) DMEM 
solution to obtain DMEM culture medium 
containing 5% CS, 100 IU/ml penicillin, and 
100 μg/ml streptomycin (5% CS.DMEM). 
Store at 4ºC for up to 21 days.

Steps

1. Grow Jurkat cells to confluence in T75 
(75 cm2) culture flasks using 15 ml of 5% 
CS.DMEM maintained at 37ºC in a 5% CO2 
humidified atmosphere with subculture 
every third day. Carry out subculture by 
removing the cell suspension from the 
T75 flask and placing it in a sterile 50-ml 
centrifuge tube followed by centrifugation 
at 100 g (�550 rpm) for 5 min at room 
temperature. Decant the spent medium, 
resuspend the cell pellet gently in 30 ml of 
fresh 5% CS.DMEM, and dispense equal 
volumes into two fresh T75 flasks.

 III. PROCEDURES 87
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 2.  On the day of the experiment, collect 
cells by centrifugation as in step 1. Gently 
resuspend cells in 10 ml of 5% CS.DMEM 
and determine cell number using a 
hemacytometer or electronic cell counting 
device (i.e., a Coulter particle counter) and 
adjust the cell density to 2 � 106 cells/ml. 
Aliquot 5 ml of this cell suspension into 
T25 flasks in preparation for radiation 
exposure.

 3.  Expose cells to different doses of gamma 
irradiation using a Gammacell 1000 (Cs137 
source). Our experiments were performed 
at Baylor College of Medicine (Houston, 
Texas).

 4.  Incubate cells at 37ºC in a 5% CO2 
humidified atmosphere for a period of 2 h.

 5.  Remove cells from T25 flasks and collect 
each sample by centrifugation in sterile 
50-ml centrifuge tubes at 100 g (�550 rpm) 
for 5 min at room temperature.

 6.  Carefully remove medium from the cells 
and filter through a 0.2-μm cellulose acetate 
filter to remove any remaining cell debris 
from the supernatant. Aliquot the medium 
in 1-ml aliquots and store at �80ºC in the 
dark for subsequent biochemical testing, 
such as determination of lipid peroxidation 
marker production.

 7.  Resuspend each cell pellet in 2 ml of warm 
serum-free DMEM and determine the cell 
number by counting in a hemacytometer/
Coulter counter.

 8.  Adjust the cell density of the cell 
suspension to 1 � 106 cells/ml by the 
addition of an appropriate amount of warm 
serum–free DMEM.

 9.  Dispense 0.5-ml samples of this cell 
suspension into a minimum of 13 sterile 
conical polypropylene 1-ml sample vials.

10.  Add 25 μl of prewarmed stock FDx solution 
to all sample vials, mix by gentle vortexing, 
and load 10 of the 13 sample vials into the 
heating block (prewarmed to 37ºC) of the 
multisample syringe loader (Fig. 8.1B).

11.  Immediately perform syringe loading 
on the samples from step 10 while the 
remaining three vials are incubated at 37ºC 
in ambient air as control samples for FDx 
uptake by pinocytosis and cell loss due to 
processing.

B. Syringe Loading Protocol

1. Place heating block containing 10 sample 
vials containing identical aliquots of the cell 
suspension into the multisample syringe 
loader heating unit and attach the restraint 
strap as shown (Fig. 8.1C).

2. Insert the 10 separate 1-ml syringes with 
attached 1-in.-long, 30-gauge needles (which 
have been loaded previously into the syringe 
block, Fig. 8.1A) into the vials and lock in 
place using the guide posts (Fig. 8.1C).

3. Draw the cell suspension up into the barrel 
of the sterile syringes through the 30-
gauge hypodermic needles by activating 
the pneumatic ram attached to the syringe 
plungers using the “up” switch (Fig. 8.1C). 
Set the pneumatic ram so that the syringe 
plungers do not move any further up than 
the 0.5-ml mark on the syringe barrels.

4. Once the barrels of the syringes are filled 
(which takes approximately 2s), expel the 
cell suspensions through the 30-gauge 
needles back into their respective sample 
vials at a constant pressure of 35 psi by 
reversing the direction of the pneumatic ram 
using the “down” switch. This procedure is 
defined as two strokes.

5. Repeat this procedure three more times so 
that each cell suspension has been subjected 
to eight strokes under identical expulsion 
pressure conditions.

6. Remove the test sample vials from the 
multisample syringe loader.

7. Take all the samples (including the control 
samples, which have been incubated in FDx 
loading solution at 37ºC but not syringe 
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loaded), add 0.5 ml of 5% CS.DMEM to 
each vial, collect the cells by centrifugation 
at 100 g for 5 min at room temperature, and 
remove the supernatant (i.e., FDx loading 
solution).

8. Add 0.5 ml of warm 5% CS.DMEM to each 
cell pellet and resuspend the cells by gently 
vortexing the sample and store at 37ºC 
in a 5% CO2 humidified atmosphere in 
preparation for analysis. Analysis should be 
started as soon as possible.

C.  Dual-Label Fluorescent Flow 
Cytometry Analysis

1. Immediately prior to fluorescent flow 
cytometry analysis, add a 10-μl aliquot of 
stock PI solution (final PI concentration of 
1 mg/ml) to each sample and mix by gentle 
vortexing. Add PI to each individual sample 
immediately before analysis.

2. Analyze control samples first by dual-
channel fluorescent flow cytometry using a 
Becton-Dickinson FACSCalibur system (or 
similar fluorescent flow cytometer) and plot 
a two-axis scatter plot of cell fluorescent 
intensity at 585 nm (FDx signal) and 670 nm 
(PI signal) using the associated software. 
These control samples are used to define 
“quadrant” gating thresholds for the control 
cell population with regard to FDx and PI 
background signals (Fig. 8.2). Collect a total 
of 10,000 events for analysis of each sample.

3. Analyze syringe loaded samples by dual-
channel fluorescent flow cytometry using 
the quadrant gates defined earlier (Fig. 8.2). 
Collect a total of 10,000 events for analysis of 
each sample.

4. Calculate the number of dead or dying cells 
in each sample (expressed as a percentage 
of the total cells analyzed, Fig. 8.3A) by 
counting the number of cells in the sample 
that are positive for PI staining, including 
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FIGURE 8.2 Dual-channel fluorescent flow cytometry analysis for the simultaneous determination of membrane wound-
ing and irreparable membrane damage in suspension cells. Control samples, consisting of cell suspensions processed in an 
identical fashion to experimental samples other than they are not syringe loaded, are used to determine quadrant analysis 
parameters. Dead or dying cells, present even in the control, nonsyringe loaded sample, stain positively for PI (i.e., quad-
rants I and II) (Pl A). After syringe loading at 35 psi expulsion for a total of eight strokes (Pl B), loaded cells stain positively 
for FDx (i.e., quadrants II and IV). Truly wounded cells (i.e., FDx positive and PI negative), which have completely resealed 
their plasma membrane disruptions before the addition of PI to the suspension, are positive only for FDx (i.e., quadrant IV). 
Numbers in parentheses are values (%) for the cells falling in each quadrant.
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those cells that are also positive for FDx (i.e., 
Fig. 8.2, quadrants I and II, respectively).

5. Calculate the number of wounded cells 
(expressed as a percentage of the total 
cells analyzed, Fig. 8.3B) and the mean 
fluorescent value (MFV; Fig. 8.3C) of the 

wounded population by determining the 
number and staining intensity of cells that 
are positive for FDx staining only (i.e., 
Fig. 8.2, quadrant IV).

6. Calculate a wound index (which reflects cell 
survival of mechanically induced plasma 

FIGURE 8.3 Dose-dependent effects of gamma irradiation on the syringe loading-induced membrane wounding 
response of the lymphoblastic cell line Jurkat.
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membrane damage, the number, and the 
MFV of the wounded cells) as described 
previously (Clarke and McNeil, 1992) for 
each radiation dose (Fig. 8.3D), where the 
wound index � % dead cells � % wounded 
cells � mean fluorescent value/1000.

IV. COMMENTS

The technology described herein allows the 
effects of a wide range of environmental condi-
tions and their potential countermeasures (e.g., 
radiation exposure and radio-protectants) to be 
assessed in a variety of cell suspension models, 
including peripheral blood lymphocytes from 
human subjects. A less refined version of this 
approach has been used previously to study 
the effects of increasing membrane cholesterol 
content on plasma membrane susceptibility to 
mechanical shear-induced membrane wound-
ing (Clarke et al., 1995a). The apparatus and 
protocol described earlier have taken what was 
essentially a macromolecular loading technique 
and adapted it for use as a means of assessing 
the effects of radiation exposure on the mem-
brane function of lymphoblastic cells in suspen-
sion. The technique also has the advantage of 
being able to immediately discriminate between 
dead and dying cells and truly wounded cells 
in suspension after the application of mechani-
cal shear force using two-channel fluorescent 
flow cytometry (Fig. 8.2).

The apparent dose response in membrane 
wound susceptibility observed relative to 
radiation exposure in our model indicates that 
gamma irradiation induces alterations in the 
plasma membrane components of Jurkat cells, 
if not immediately, then most certainly within 
2 h of exposure (Fig. 8.3). This time course of 
events suggests that these effects are not asso-
ciated with genomic damage. The effects of 
radiation exposure on membrane wound-
ing observed in this study are similar to that 

described  previously after an increase in plasma 
membrane order. One possible reason for such 
an increase in membrane order after radiation 
exposure is the production of reactive oxygen 
species (ROS), such as superoxide, hydrogen 
peroxide, hydroxyl, peroxyl, and alkoxyl radi-
cals, which may lead to membrane damage 
and consequent cross-linking of membrane 
components (Clarke et al., 2003). This concept 
is supported by the experimental observation 
that Jurkat cells exposed to gamma irradiation 
not only exhibit an increase in susceptibility to 
membrane wounding within 2 h, but also pro-
duce significant amounts of lipid peroxidation 
markers (data not shown).

We have observed previously that in order 
to obtain optimal levels of membrane wound-
ing experimentally (i.e., maximizing cell load-
ing while minimizing cell death caused by 
irreparable membrane disruption), a mechani-
cal shear dose–response curve must be con-
structed. In general, most mammalian cells 
appear to wound best at expulsion pressures 
between 30 and 45 psi. However, this parameter 
varies with each individual cell type. Expulsion 
of the cell suspension under the conditions 
used in the example given earlier (i.e., 0.5 ml 
volume of cell suspension passing through a 
1-in.-long, 30-gauge needle at a constant 35 psi 
expulsion pressure in 1.5s) results in a theoreti-
cal average fluid shear stress of approximately 
7340 dynes/cm2. This value is derived from 
the equation wall shear rate � 8 � Vmean/D � 
32Q/πD3, where D is the luminal diameter of 
the hypodermic needle (cm) and Q is the flow 
rate in cm3/s, assuming that the viscosity of 
the loading solution is one centipoise (Clarke 
et al., 1995b). Due to the non-Newtonian fluid 
physics of the cell suspension, this calculated 
value for the shear stress inflicted on the cells 
syringe loading under these conditions could 
be artificially low. However, regardless of the 
actual shear stress value inflicted on the cells 
while passing through the needle, the mul-
tisample syringe loader induces a constant and 
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 reproducible level of mechanical shear stress 
from sample to sample. This translates into 
the infliction of well-defined and reproducible 
amounts of membrane wounding in cells sub-
jected to syringe loading. The incorporation of 
a heating block into the device in order to main-
tain a constant temperature during the syringe 
loading procedure has also removed a potential 
confounding variable from the experimental 
protocol.

V. PITFALLS

1. Jurkat cells are relatively fragile in tissue 
culture. Cells should be handled gently with 
a minimum of agitation, being especially 
careful when performing manipulations 
that require pipetting or vortexing. This 
fragility is evidenced by the relatively large 
number of PI-positive cells (i.e., dead or 
dying cells) present in control samples that 
have not been subjected to syringe loading 
(see Fig. 8.2A).

2. Jurkat cells should be used for syringe 
loading experiments 1 day after subculture 
to ensure the optimal number of healthy 
cells in the culture.

3. When calculating the theoretical shear 
stress imposed during syringe loading, 
it is important to determine the flow 
rate through the needle experimentally. 
This will change primarily depending 
on the expulsion pressure and the 
number of cells in the suspension; both 
parameters are under the control of the 
investigator. These wounding parameters 
need to be optimized for each particular 
cell type.

4. It is important to prevent excessive 
pH changes caused by exposure of the 
bicarbonate-buffered culture medium to 
atmospheric air during the procedure as 
these are potentially harmful to the cells.
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I. INTRODUCTION

Mitochondria from different sources such as 
rat liver, rabbit brain, or yeast can be isolated 
as intact organelles. Isolated mitochondria are 
able to respire, maintain a membrane potential 
across their inner membrane, possess an active 
ATP synthase, and shuttle nucleotides across 
their membranes. In addition, even a  process 

as complicated as import of mitochondrial 
 precursor proteins can be studied outside the 
living cell. For this purpose, radiolabeled pre-
cursor proteins, synthesized in an in vitro tran-
scription/translation system, are mixed with 
isolated mitochondria (Glick, 1991; Melton et al., 
1984). In the presence of ATP, precursor proteins 
will cross the membranes, become processed 
to their mature form, and fold to their native 
state. Building on this basic “import assay,” 
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sophisticated experiments have been developed 
and the results of these experiments provide 
most of what we know about mitochondrial 
import today (Neupert, 1997; Pfanner and 
Geissler, 2001).

This article describes a standard protocol for 
the in vitro synthesis of a radiolabeled precursor 
protein and the subsequent import of this pre-
cursor into isolated yeast mitochondria. As an 
example, we have selected the precursor protein 
yeast malate dehydrogenase (Dubaquié et al., 
1998). The N-terminal presequence of the yeast 
malate dehydrogenase precursor, like most 
mitochondrial precursor proteins, is removed 
by a protease localized in the mitochondrial 
matrix (Jensen and Yaffe, 1988). The mRNA of 
the precursor protein is transcribed with SP6 
RNA polymerase (Melton et al., 1984).

II. MATERIALS AND 
INSTRUMENTATION

SP6 RNA polymerase (Cat. No. 810 274); 
RNase inhibitor from human placenta (Cat. No. 
799 017); set of ATP, CTP, GTP, UTP, lithium 
salts, 100 mM solutions (Cat. No. 1 277 057); 
creatine kinase from rabbit muscle (Cat. No. 127 
566); creatine phosphate, disodium salt (Cat. No. 
127 574); and proteinase K (Cat. No. 1092766) 
are from Roche. Tris (Cat. No. 108382); KCl (Cat. 
No. 104936); KOH (Cat. No. 105021); MgCl2 
(Cat. No. 105833); NaN3 (Cat. No. 822335); 25% 
NH3 solution (Cat. No. 105432); ethanol (Cat. 
No. 100983); and sodium salicylate (Cat. No. 
106602) are from Merck. Spermidine (Cat. No. 
S 0266); bovine serum albumin, essentially fatty 
acid free (BSA) (Cat. No. A-7511); dithiothreitol 
(DTT) (Cat. No. D 5545); HEPES (Cat. No. H 
7523); trypsin (Cat. No. T 1426); trypsin inhibitor, 
from soybean (Cat. No. T 9003); α- nicotinamide 
adenine dinucleotide disodium salt, reduced 
form (NADH) (Cat. No. N 6879); EDTA (Cat. 
No. E 9884); (NH4)2SO4 (Cat. No. A 2939); CaCl2, 

dihydrate (Cat. No. C 5080); magnesium ace-
tate tetrahydrate (Cat. No. M 2545); valinomy-
cin (Cat. No. V 0627); ATP, disodium salt (Cat. 
No. A 7699); glycerol (Cat. No. G 6279); potas-
sium acetate (Cat. No. P 5708); KH2PO4 (Cat. 
No. P 5379); L-methionine (Cat. No. M 9625); 
urea (Cat. No. U 5128); phenylmethylsulfonyl 
fluoride (PMSF) (Cat. No. P 7626); tRNA, from 
bovine liver (Cat. No. R 4752); and Triton X-100 
(Cat. No. T 9284) are from Sigma. Rabbit reticu-
locyte lysate (Cat. No. L 4960) and amino acid 
mixture, minus methionine (Cat. No. L 4960), 
are from Promega. NaCl (Cat. No. 9265.1) and 
trichloroacetic acid (TCA) (Cat. No. 8789.1) 
are from Roth. Sorbitol (Cat. No. 2039) is from 
Baker. l-[35S]methionine, �1000 Ci/mmol (Cat. 
No. SJ 235), m7G(5Ç)ppp(5Ç)G (G-cap) (Cat. 
No. 27 4635 02), and Kodak X-OMAT X-ray 
film (Cat. No. V1651496) are from Amersham 
Biosciences. Sorvall centrifuge RC M120 GX, 
Kendro. Sorvall Rotor S100 AT3-204, Kendro. 
Eppendorf centrifuge 5417 R, “microfuge” 
Eppendorf. Greiner PP-tubes 15 ml (Cat. No. 
188261), Greiner. X-ray cassettes (Cat. No Rö 13), 
GLW. Plasmid is pSP65mdh1 (Dubaquié et al., 
1998). Highly purified mitochondria (25 mg/ml) 
are prepared after Glick and Pon (1995).

III. PROCEDURES

Solutions used directly as obtained from the 
supplier are only listed in Section II. Protocols 
for the preparation of solutions used through-
out the procedure are only given once.

A. Transcription Using SP6 Polymerase

Solutions

1. 1M Tris–HCl stock solution, pH 7.5: Dissolve 
12.1 g Tris in 80 ml H2O and adjust pH to 7.5 
with 5M HCl. Add H2O to 100 ml. Autoclave 
and store at room temperature.
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 2.  1M HEPES–KOH, pH 7.4: Dissolve 23.8 g 
HEPES in 80 ml H2O and adjust pH to 
7.4 using 4 M KOH. Add H2O to 100 ml. 
Autoclave and store at room temperature.

 3.  1M spermidine: Dissolve 145 mg spermidine 
in 1 ml H2O. Store at �20ºC.

 4.  100 mg/ml BSA: Dissolve 500 mg BSA in 5 ml 
H2O. Store at �20ºC.

 5.  2.5M MgCl2: Dissolve 50.8 g MgCl2 in 100 ml 
H2O. Autoclave and store at 4ºC.

 6.  2.5M KCl: Dissolve 18.6 g KCl in 100 ml 
H2O. Autoclave and store at 4ºC.

 7.  100 mM DTT: Dissolve 15.4 mg DTT in 1 ml 
H2O. Store at �20ºC. Make a fresh solution 
about every 4 weeks.

 8.  5� SP6 reaction buffer: 200 mM Tris–HCl, 
pH 7.5, 30 mM MgCl2, 10 mM spermidine, 
and 0.5 mg/ml BSA. To obtain 10 ml of a 
5x reaction buffer, mix 2 ml 1M Tris–HCl, 
pH 7.5, 120 μl 2.5M MgCl2, 100 μl 1M 
spermidine and 50 μl 100 mg/ml BSA. If 
necessary, readjust the pH to 7.5. Store in 
1-ml aliquots at �20ºC.

 9.  G-cap (m7G(5	)ppp(5	)G): Dissolve 25 A250 
units in 242 μl H2O. Freeze 10-μl aliquots in 
liquid nitrogen. Store at �70ºC.

10.  5 mM NTP–GTP: To make a 500 μl stock, 
add 25 μl 100 mM ATP, 25 μl 100 mM UTP, 
and 25 μl 100 mM CTP to 425 μl 20 mM 
HEPES–KOH, pH 7.4. Store in 100-μl 
aliquots at �70ºC.

11.  5 mM GTP: Mix 475 μl 20 mM HEPES–KOH, 
pH 7.4, with 25 μl 100 mM GTP solution.

12.  RNase inhibitor buffer: 20 mM HEPES–KOH, 
pH 7.4, 50 mM KCl, 10 mM DTT, and 50% 
glycerol. Make 10 ml of the buffer by mixing 
200 μl 1M HEPES–KOH, pH 7.4, 200 μl 2.5 M 
KCl, 1 ml 100 mM DTT, and 5 ml glycerol. 
Add H2O to 10 ml and store at �20ºC.

13.  4 units/μl RNase inhibitor: Add 500 μl RNase 
inhibitor buffer to 2000 units of RNase 
inhibitor. Store at �20ºC for up to 6 months.

14.  1 μg/μl linearized plasmid DNA: Prepare the 
linearized plasmid (pSP65mdh1) according 
to standard molecular biology procedures.

Steps

1. Mix the following solutions carefully, 
avoiding the formation of air bubbles. 
Follow the indicated order of addition 
because the DNA might precipitate in 
5� SP6 buffer. Precipitation of DNA can 
also occur if the mixture is placed on ice. 
Incubate the mixture at 40ºC for 15 min.
H2O 12 μl
4 units/μl RNase inhibitor 1 μl
1 μg/μl linear plasmid (pSP65 mdh1) 5 μl
5 mM rNTPs minus GTP 5 μl
5 mM G-cap 5 μl
100 mM DTT 5 μl
5� SP6 buffer 10 μl
SP6 polymerase 2 μl

2. Start transcription by adding 5 μl 5 mM 
GTP solution and incubate for 90 min 
at 40ºC.

3. Extract the mRNA with phenol/chloroform 
and then with chloroform/isoamylalcohol, 
precipitate with 100% ethanol, and wash 
with 70% ethanol. Resuspend the dried 
pellet in 125 μl H2O.

4. The mRNA obtained by this procedure is 
used directly in the translation protocol. 
mRNA can be stored in 10-μl aliquots 
at �70ºC. If frozen mRNA is used for 
translation, thaw rapidly and keep at room 
temperature before adding the mRNA to the 
translation reaction.

B. Translation Using Reticulocyte Lysate

Solutions

1. 1M DTT: Dissolve 154 mg DTT in 1 ml H2O. 
Store at �20ºC. Make a fresh solution about 
every 4 weeks.

2. 8 mg/ml creatine kinase: Dissolve 8 mg creatine 
kinase in 475 μl H2O. Add 20 μl 1 M HEPES–
KOH, pH 7.4, 5 μl 1 M DTT, and 500 μl 
glycerol. Freeze in 10-μl aliquots in liquid 
nitrogen and store at �70ºC.
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3. 5 mg/ml tRNA: Dissolve 10 mg tRNA from 
bovine liver in 2 ml H2O. Store in 100-μl 
aliquots at �20ºC.

4. 400 mM HEPES–KOH, pH 7.4: Mix 6 ml 
H2O with 4 ml 1M HEPES–KOH, pH 7.4. If 
necessary, readjust pH.

5. 10 mM GTP: Mix 450 μl 20 mM HEPES–KOH, 
pH 7.4, with 50 μl 100 mM GTP. Store at �20ºC.

6. 100 mM ATP: Dissolve 55.1 mg ATP in 900 μl 
H2O. Adjust to pH �7 using 4 M NaOH and 
pH indicator paper. Adjust volume to 1 ml 
and store at �20ºC.

7. 600 mM creatine phosphate: Dissolve 
153.06 mg creatine phosphate in 1 ml H2O. 
Store at �20ºC.

8. 4M potassium acetate: Dissolve 3.92 g 
potassium acetate in 10 ml H2O. Do not 
adjust the pH. Store at �20ºC.

9. 50 mM magnesium acetate: Dissolve 10.7 mg 
magnesium acetate tetrahydrate in 1 ml 
H2O. Store at �20ºC.

Steps

1. Prepare the reticulocyte lysate mix and the 
tRNA mix fresh. To obtain a 100-μl translation 
reaction, mix the following solutions.

Reticulocyte lysate mix tRNA mix

0.4 M HEPES–KOH 5 μl 5 mg/ml tRNA 6 μl

10 mM GTP 0.6 μl 4 units/μl RNase 
inhibitor

6 μl

100 mM ATP 0.5 μl 4 M potassium 
acetate

3 μl

1 mM amino acid 
mix

3.75 μl

0.6 M creatine 
phosphate

2 μl

reticulocyte lysate 50 μl

8 mg/ml creatine 
kinase

2 μl

2. Use the mRNA obtained in Section III, A. 
It is possible to use mRNA produced in a 

different transcription system, e.g., with 
T7 RNA polymerase. Mix 60 μl reticulocyte 
lysate mix, 10 μl tRNA mix, 2 μl 50 mM 
magnesium acetate, 18 μl mRNA, 10 μl 
[35S]methionine, and 2 μl 1 M DTT.

3. Incubate this mixture for 60 min at 30ºC. 
Shield it from light to prevent heme-induced 
photooxidation of the precursor proteins. 
Remove ribosomes after the translation 
reaction by centrifugation for 15 min at 
150,000 g (65,000 rpm with S100 AT3-204 
rotor in Sorvall centrifuge). Remove the 
supernatants, being careful not to disturb 
the ribosomal pellet.

C.  Denaturation of Radiolabeled 
Precursor Protein

Solutions

1. Saturated (NH4)2SO4 solution: Weigh 100 g 
(NH4)2SO4 and add H2O to a final volume of 
100 ml. Stir for 30 min at room temperature. 
The (NH4)2SO4 will not dissolve entirely. 
Remove the supernatant and keep at room 
temperature.

2. 8M urea: Dissolve 4.85 g urea in a final 
volume of 10 ml 25 mM Tris–HCl, pH 7.5, 
containing 25 mM DTT.

Steps

1. Proteins synthesized in reticulocyte lysate 
are either folded or bound to chaperone 
proteins present in the lysate (Wachter et al., 
1994). In order to unfold the protein prior 
to import, it can be precipitated by high 
concentrations of ammonium sulfate and 
subsequently denatured in 8 M urea.

2. Add 200 μl of the (NH4)2SO4 solution to the 
100-μl translation reaction. Mix well and 
allow precipitation of the protein for 30 min 
on ice. Collect precipitate by centrifugation 
in an Eppendorf centrifuge at 20,000 g 
for 10 min.
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3. Discard the supernatant and dissolve the 
pellet in 100 μl of 8 M urea solution. Keep the 
denatured precursor at room temperature 
for 10–30 min. This precursor solution is 
used for the import reaction (Section III,D) 
and preparation of the precursor standard 
(Section III,G).

D.  Import of Denatured Radiolabeled 
Precursor Proteins

Solutions

For additional solutions required, see 
Sections III,A and III,B.

1. 2.4M sorbitol: Dissolve 43.7 g of sorbitol in a 
final volume of 100 ml H2O. Autoclave and 
store at 4ºC.

2. 1M KH2PO4: Dissolve 1.36 g KH2PO4 in 
10 ml H2O. Filter sterilize and keep at room 
temperature.

3. 1M HEPES–KOH, pH 7.0: Dissolve 23.8 g 
HEPES in 80 ml H2O and adjust pH to 7.0 
with 4M KOH. Add H2O to a final volume 
of 100 ml. Filter sterilize and store at room 
temperature.

4. 250 mM EDTA, pH 7.0: Resuspend 7.3 g of 
EDTA in 70 ml H2O. Adjust pH to 7.0 using 
5 M NaOH. Add H2O to a final volume of 
100 ml. Filter sterilize and keep at room 
temperature.

5. 2� import buffer: 1.2M sorbitol, 100 mM 
HEPES–KOH, pH 7.0, 100 mM KCl, 20 mM 
MgCl2, 5 mM EDTA, pH 7.0, 4 mM KH2PO4, 
2 mg/ml BSA, and 1.5 mg/ml methionine. 
To make 100 ml of 2� import buffer, mix 
50 ml 2.4 M sorbitol, 400 μl 1M KH2PO4 
solution, 4 ml 2.5 M KCl, 10 ml 1M HEPES–
KOH, pH 7.0, 0.8 ml 2.5 M MgCl2, 2 ml 
250 mM EDTA, pH 7.0, 150 mg methionine, 
and 200 mg BSA. Adjust pH to 7.0 and add 
H2O to 100 ml. Store at �20ºC.

6. 1� import buffer minus BSA: Prepare 2� 
import buffer, but without BSA. To obtain 

1� import buffer minus BSA, mix 2 ml 2� 
import buffer with 2 ml H2O.

7. 500 mM NADH: Dissolve 35.5 mg of NADH 
in a final volume of 100 μl 20 mM HEPES–
KOH, pH 7.0. Store at �20ºC.

8. 1 mg/ml valinomycin: Dissolve 2 mg 
valinomycin in 2 ml ethanol. Store at �20ºC.

9. Purified yeast mitochondria: 25 mg 
mitochondrial protein/ml. Store at �70ºC 
in 0.6 M sorbitol, 20 mM HEPES–KOH, pH 
7.4, and 10 mg/ml BSA. Thaw rapidly at 
25ºC immediately before the experiment. 
Do not refreeze. A detailed protocol of the 
purification procedure is given in Glick and 
Pon, (1995).

Steps

1. Import into the matrix of mitochondria 
requires a membrane potential across the 
inner mitochondrial membrane. Therefore, 
the most thorough control for the specificity 
of an import reaction is to determine its 
dependence on a membrane potential. 
Adding ATP and the respiratory substrate 
NADH generates this potential. (Note that 
mammalian mitochondria cannot oxidize 
added NADH.)

2. Perform two import reactions, one in 
the absence and one in the presence of 
valinomycin. Preincubate the import 
reaction in a 15-ml Greiner tube at 25ºC for 
1–2 min.

Reaction 1 (� membrane 
potential)

Reaction 2 (no membrane 
potential)

2� import buffer 500 μl 2� import buffer 500 μl

100 mM ATP 20 μl 100 mM ATP 20 μl

500 mM NADH 4 μl 500 mM NADH 4 μl

Yeast mitochondria 20 μl Yeast mitochondria 20 μl

H2O 406 μl H2O 405 μl

1 mg/ml 
valinomycin

1 μl
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3. Add 50 μl of the denatured precursor protein 
solution (see Section III,C) containing 
denatured malate dehydrogenase to 
each reaction (reactions 1 and 2). Intact 
mitochondria should be handled gently. 
However, it is essential to mix the denatured 
precursor protein into the import reaction 
rapidly. Agitate the import reaction 
gently on a vortex mixer while adding the 
denatured precursor mixture dropwise. If 
mixing is performed only after addition, the 
precursor protein tends to aggregate and 
becomes import incompetent.

4. Incubate at 25ºC for 10 min. Agitate 
gently every other minute to facilitate gas 
exchange. Stop the import reaction by 
transferring the tubes onto ice. Add 1 μl of 
1 mg/ml valinomycin to reaction 1.

5. Remove 200 μl each from reactions 1 and 
2 and put the samples on ice. Spin down 
mitochondria in an Eppendorf centrifuge 
and remove the supernatant (be careful, 
the pellet will be very small). Resuspend 
the mitochondrial pellets of reactions 1 
and 2 in each 200 μl of 1� import buffer. 
These samples represent the total of the 
two import reactions (Fig. 9.1, lanes 2 and 
5). Add 22 μl 50% TCA to each. Keep on ice 
and process further after all samples have 
been acid denatured (for the method of TCA 
precipitation, see Section III,G).

E.  Protease Treatment of Intact 
Mitochondria

Solutions

1. 10 mg/ml trypsin: Dissolve 3 mg of trypsin in 
300 μl H2O. Make fresh.

2. 20 mg/ml trypsin inhibitor: Dissolve 6 mg of 
trypsin inhibitor in 300 μl H2O. Make fresh.

Steps

Perform the following steps in parallel with 
both import reactions.

1. To digest precursor proteins that stick to 
the surface of the mitochondria, add 8 μl 
10 mg/ml trypsin (final concentration 
100 μg/ml). Incubate for 30 min on ice.

2. Add 8 μl 20 mg/ml trypsin inhibitor (final 
concentration 200 μg/ml) and incubate on 
ice for 5 min.

3. Transfer the sample into a new Eppendorf 
tube.

4. Spin for 3 min in an Eppendorf microfuge at 
10,000 g. Remove the supernatant carefully 
by aspiration.

5. Carefully resuspend the mitochondrial 
pellet in 800 μl 1� import buffer minus BSA. 
As it is extremely important to resuspend 
the pellet completely, it should be done as 
follows. First add 100 μl of 1� import buffer 
minus BSA and resuspend mitochondria by 
pipetting up and down. Then add another 
700 μl of 1� import buffer minus BSA to 
yield 800 μl final volume.

6. Remove 200 μl of each sample and add 
22 μl 50% TCA. Keep on ice. These samples 
represent the material that has crossed the 
outer membrane completely (import, Fig. 
9.1, lanes 3 and 6).

F.  Inherent Protease Resistance of the 
Imported Protein

Solutions

1. 1M Tris–HCl stock solution, pH 8.0: Dissolve 
12.1 g Tris in 80 ml H2O and adjust pH to 8.0 
using 5M HCl. Add H2O to a final volume 
of 100 ml. Autoclave and store at room 
temperature.

2. 2M CaCl2: Dissolve 14.7 g CaCl2 in 
50 ml H2O. Autoclave and store at room 
temperature.

3. 10% Triton X-100 (w/v): Dissolve 10 g of 
Triton X-100 in a final volume of 100 ml H2O. 
Store at room temperature in the dark.

4. 10% NaN3: Dissolve 1 g NaN3 in a final volume 
of 10 ml H2O. Store at room temperature.
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5. Proteinase K buffer: 50 mM Tris–HCl, pH 8.0, 
1 mM CaCl2, and 0.02 % NaN3. To make 
10 ml of proteinase K buffer, mix 500 μl 1 M 
Tris–HCl, pH 8.0, 5 μl 2 M CaCl2, and 20 μl 
10% NaN3. Add H2O to a final volume of 
10 ml. Store at room temperature.

6. 10 mg/ml proteinase K stock: Dissolve 5 mg of 
proteinase K in 500 μl proteinase K buffer. 
Store at 4ºC for up to 1 week without loss of 
activity.

7. 200 μg/ml proteinase K solution: Mix 10 μl of 
10 mg/ml proteinase K stock with 390 μl 
H2O. Add 100 μl 10% Triton X-100. Make 
fresh.

8. 200 mM PMSF: Make a fresh solution of 
PMSF by dissolving 34.85 mg of PMSF in 
1 ml of ethanol.

Steps

1. Transfer 200 μl from the remainder of the 
import reaction into a fresh Eppendorf tube. 
Add 200 μl of the 200-μg/ml proteinase K 
solution and mix rapidly. Leave the tube on 
ice for 15 min.

2. Add 2 μl 200 mM PMSF while agitating on 
a vortex mixer. Keep on ice for 5 min. Add 
44 μl 50% TCA. Add 300 μl of acetone to 
dissolve the Triton X-100 that precipitates 
in the presence of TCA. These samples 
measure the fraction of the precursor protein 
that has completely crossed the outer 
membrane and has reached the folded state 
(folded, Fig. 9.1, lanes 4 and 7).

G.  Final Processing of Samples and 
Preparation of a Precursor Standard

Steps

1. To inactivate proteases, incubate the TCA-
precipitated samples (total, import, folded) 
at 65ºC for 5 min. Place on ice for 5 min and 
subsequently collect the TCA precipitate by 
spinning for 10 min at 20,000 g.

2. Remove supernatant by aspiration and 
dissolve the pellets in 30 μl 1� sample 
buffer. If the sample buffer turns yellow, 
overlay the sample with NH3 gas taken from 
above a 25% NH3 solution. Agitate to mix 
the gaseous NH3 gas into the sample buffer 
until the color turns blue again.

3. Incubate the samples for 5 min at 95ºC.
4. To estimate the efficiency of the import 

reaction, the amount of precursor protein 
added to the import reaction has to be 
determined. The efficiency of import for 
most precursor proteins is between 5 and 
30%. Here we use a 10% standard (Fig. 9.1, 
lane 1).

5. To obtain a 10% standard, mix 4 μl of 
purified yeast mitochondria (see Section 
III,D) with 30 μl 1� sample buffer. Incubate 
at 95ºC for 3 min.

6. Add 1 μl of the precursor protein solution 
(Section III,C) and incubate for 5 min at 95ºC.

H.  SDS–Gel Electrophoresis and 
Processing of the Gel

Solutions

1. 5% TCA: To make 5 liter, add 250 g of TCA to 
5 liter H2O.

2. 1M Tris base: Dissolve 121 g of Tris in 1 liter 
H2O.

3. 1M sodium salicylate: Dissolve 160 g of 
sodium salicylate in 1 liter H2O.

Steps

1. Run samples on a 10% Tris–tricine gel 
(Schägger and von Jagow, 1987) 
stabilized by the addition of 0.26% 
linear polyacrylamide prior to 
polymerization.

2. To reduce radioactive background, boil 
5% TCA in a beaker under the hood. Add 
the gel to the boiling TCA and incubate for 
5 min.
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3. Recover the gel and place it into a tray. Wash 
briefly with water. Neutralize by incubation 
in 1M Tris-base for 5 min on a shaker.

4. Wash briefly with water. Add 1M sodium 
salicylate and incubate for 20 min on a shaker.

5. Dry gel on a Whatman filter paper and 
expose to a Kodak X-OMAT X-ray film for 
the desired time. Exposure time for the 
experiment shown in Fig. 9.1 was 12 h.

IV. COMMENTS

The method describes a standard experiment 
to test a precursor protein that has not been used 
in mitochondrial import before. Most impor-
tantly, as demonstrated here for malate dehy-
drogenase, the protocol will reveal if import is 
dependent on a membrane potential (compare 
Fig. 9.1 lanes 3 and 6). This is essential, as some-
times protease-resistant precursor proteins tend 
to stick to the outside of mitochondria, thereby 
“mimicking” import.

The efficiency of import can be deduced by a 
comparison of the amount of imported material 
with a precursor standard (compare Fig. 9.1 lanes 
1 and 3). In addition, the experiment reveals if a 
precursor protein folds to a protease-resistant 
conformation after its import into the mitochon-
drial matrix. Under the conditions chosen here, 
complete protease resistance was obtained for 
malate dehydrogenase (Fig. 9.1, lanes 3 and 4).

V. PITFALLS

The quality of the DNA used for transcription 
is essential for efficiency. Use a clean, RNA- and 
RNase-free plasmid preparation (e.g., purified 
with a Qiagen plasmid kit, Qiagen). Linearize 
plasmid by cutting with a restriction enzyme 
behind the coding region of the gene of inter-
est. Extract with phenol/chloroform and then 
with chloroform/isoamylalcohol,  precipitate 

with 100% ethanol, and wash with 70% ethanol. 
Resuspend the dried pellet in H2O at a concen-
tration of 1 μg/μl and store at 4ºC. Never freeze 
DNA templates used for transcription.

To avoid RNase contamination, solutions 
used for transcription and translation have to 
be prepared with special caution. Always wear 
gloves even when loading pipette tips into 
boxes. If initiation at downstream AUG codons 
is a problem, try diluting the reticulocyte lysate 
up to fourfold.

It is important to establish that import is lin-
ear with time. To establish those conditions it is 
necessary to perform time course experiments 
of the import reaction and to try import at dif-
ferent temperatures.

Methods for determining the intramito-
chondrial localization of an imported precur-
sor protein (Glick, 1991), investigating the 
energy requirements of mitochondrial import 
(Glick, 1995), and detecting interaction between 
imported precursor proteins and matrix chap-
erones (Rospert and Hallberg, 1995) have been 
published elsewhere.

1 2 3 4 5 6 7

pMdh1
mMdh1

FIGURE 9.1 Import of radiolabeled yeast malate dehy-
drogenase into isolated yeast mitochondria. Lane 1, 10% 
of the material added to each import reaction; lanes 2–4, 
import in the presence of ATP and a membrane potential 
across the inner mitochondrial membrane; and lanes 5–7, 
import in the absence of ATP and a membrane potential 
across the inner mitochondrial membrane. Lanes 2 and 5: 
total; material isolated together with the mitochondrial pel-
let. Lanes 3 and 6: import; material protease protected in 
intact mitochondria. Lanes 4 and 7: folded; material pro-
tease resistant even after solubilization of the mitochon-
dria with Triton X-100. pMdh1, precursor form of Mdh1; 
mMdh1, mature form of Mdh1. For experimental details, 
see text.



III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

References
Dubaquié, Y., Looser, R., Fünfschilling, U., Jenö, P., and 

Rospert, S. (1998). Identification of in vivo substrates of 
the yeast mitochondrial chaperonins reveals overlap-
ping but non-identical requirement for hsp60 and hsp10. 
EMBO J. 17, 5868–5876.

Glick, B. S. (1991). Protein import into isolated yeast mito-
chondria. Methods Cell Biol. 34, 389–399.

Glick, B. S. (1995). Pathways and energetics of mitochon-
drial protein import in Saccharomyces cerevisiae. Methods 
Enzymol. 260, 224–231.

Glick, B. S., and Pon, L. A. (1995). Isolation of highly puri-
fied mitochondria from Saccharomyces cerevisiae. Methods 
Enzymol. 260, 213–223.

Jensen, R. E., and Yaffe, M. P. (1988). Import of proteins into 
yeast mitochondria: The nuclear MAS2 gene encodes a 
component of the processing protease that is homologous 
to the MAS1-encoded subunit. EMBO J. 7, 3863–3871.

Melton, D. A., Krieg, P. A., Rebagliati, M. R., Maniatis, T., 
Zinn, K., and Green, M. R. (1984). Efficient in vitro 

 synthesis of biologically active RNA and RNA hybridi-
zation probes from plasmids containing a bacteriophage 
SP6 promoter. Nucleic Acids Res. 12, 7035–7056.

Neupert, W. (1997). Protein import into mitochondria. 
Annu. Rev. Biochem. 66, 863–917.

Pfanner, N., and Geissler, A. (2001). Versatility of the mito-
chondrial protein import machinery. Nature Rev. Mol. 
Cell. Biol. 2, 339–349.

Rospert, S., and Hallberg, R. (1995). Interaction of HSP 60 
with proteins imported into the mitochondrial matrix. 
Methods Enzymol. 260, 287–292.

Schägger, H., and von Jagow, G. (1987). Tricine-sodium 
dodecyl sulfate-polyacrylamide gel elektrophoresis for 
the separation of proteins in the range from 1 to 100 kDa. 
Anal. Biochemi. 166, 368–379.

Wachter, C., Schatz, G., and Glick, B. S. (1994). Protein 
import into mitochondria: The requirement for external 
ATP is precursor-specific whereas intramitochondrial 
ATP is universally needed for translocation into the 
matrix. Mol. Biol. Cell. 5, 465–474.

 REFERENCES 105



This page intentionally left blank



107
 Copyright © 2006, Elsevier Science (USA). 
Cell Biology Assays – Essential Methods All rights reserved.

Polarographic Assays of 
Mitochondrial Functions

Ye Xiong, Patti L. Peterson, and Chuan-pu Lee

C H A P T E R

1010

I. INTRODUCTION

Mitochondrial metabolic functions are prima-
rily concerned with the conservation of energy 
liberated by the aerobic oxidation of respiring 
substrates. Energy is conserved in the form that 
can subsequently be used to drive various cell 
functions. In recent years, it has been found that 
mitochondria also play critical roles in various 
cellular functions, including electrolyte bal-
ance, signal transduction, calcium  homeostasis, 

 oxidative stress, immunologic defense, and 
 natural aging and/or apoptosis (cf. Lee, 1994).

Application of the oxygen electrode technique 
to study mitochondrial respiration and oxidative 
phosphorylation was first introduced by Chance 
and Williams in 1955. The kinetic dependence 
of mitochondrial respiration on the availabil-
ity of inorganic phosphate and ADP had been 
earlier reported by Lardy and Wellman (1952). 
Together, these studies provided the basis of the 
concept of  respiratory control. The polarographic 
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technique for measuring rapid changes in the 
rate of oxygen utilization by cellular and sub-
cellular systems is now widely used by many 
laboratories because of its simplicity and ease 
of performance. Concurrent monitoring of the 
metabolic changes induced kinetically by vari-
ous substrates and reagent(s) can provide inval-
uable information.

This article describes a typical proto-
col employed in the authors’ laboratory for 
the measurement of respiratory rates and its 
accompanied oxidative phosphorylation, which 
are catalyzed by isolated mitochondria. As an 
example, isolated intact mitochondria were 
chosen for presentation and discussion. The 
technique for preparation of isolated intact 
mitochondria has been described previously 
(Lee et al., 1993a, b).

II. INSTRUMENTATION AND 
MATERIALS

The polarographic technique for measuring 
mitochondrial oxidative changes requires the 
following four basic components: an oxygen 
electrode, a closed reaction vessel, a constant 
voltage source, and a recorder. The Clark-
type oxygen electrode is used most commonly 
(Yellow Springs Instrument Co., Yellow Springs, 
Ohio, 45387) and consists of a platinum cath-
ode and a Ag/AgCl anode, which is bathed 
in a half-saturated KCl solution. The tip of the 
electrode is covered by a polyethylene mem-
brane, which is held firmly over the end of the 
electrode by a rubber “O” ring. The reaction 
vessel can be constructed of glass, Plexiglas, or 
polycarbonate, and the design and the size of 
the vessel vary, depending on the requirements 
of the system under investigation. A number of 
vessels are available commercially. The reaction 
vessel used routinely in the authors’ laboratory 
was made of polycarbonate and is composed 
of two parts: a cylindrical open top reaction 

 chamber and a plug that fits in the top of the 
chamber. The temperature of the reaction cham-
ber is constantly maintained with a water jacket. 
Constant stirring of the contents of the reaction 
chamber is accomplished by a disk-shaped, 
plastic-encased magnet located at the bottom of 
the reaction chamber. The polycarbonate plug, 
which is secured with a screw, fits tightly in 
the top of the reaction chamber. The plug has 
two vertical openings: the larger is fitted with 
a screw that holds the Clark electrode securely 
and the smaller one is used for the delivery of 
substrate(s) and reagent(s) into the reaction mix-
ture. The physical arrangement of the reaction 
chamber and the oxygen electrode in the assem-
bled form are shown in Fig. 10.1A. The disas-
sembled form, which shows the details of each 
individual component, is shown in Fig. 10.1B.
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FIGURE 10.1 Reaction vessel for measurement of 
oxygen utilization with the oxygen electrode. Oxygen 
electrode and the reaction chamber are displayed in 
assembled form (A) and in disassembled form (B).



III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

It is imperative that closed reaction vessels 
are utilized so that air bubbles are not trapped 
and back diffusion of oxygen is reduced to a 
minimum. To facilitate this, the bottom of the 
plug is uneven to ensure that no air bubbles are 
trapped (cf. Fig. 10.1B). This aids the exit of air 
bubbles (if any) from the chamber and allows 
the mixing of added reagents without introduc-
ing air bubbles into the reaction mixture. Use of 
the magnetic stirrer permits continued steady 
mixing, at a constant temperature, of the reac-
tion mixture. This facilitates the establishment 
of equilibrium between the oxygen dissolved in 
solution and the gas diffusing through the pol-
yethylene membrane of the oxygen electrode. 
The electrode equilibrates with the air-saturated 
reaction mixture. Reactants and substrates are 
added through the small narrow opening at the 
top of the reaction chamber.

At the conclusion of each experiment the 
reaction chamber is cleaned by first disassem-
bling the plug from the reaction chamber, aspi-
rating the reaction mixture, and washing the 
plug, oxygen electrode, and the interior of the 
reaction chamber thoroughly with water. When 
a water-insoluble reagent is used, initial clean-
ing is accomplished with ethanol and is then 
followed with water rinsing. It is essential that 
no traces of ethanol are left behind as adverse 
effects may be induced. The reaction vessel 
is then reassembled and is ready for the next 
experiment.

When a voltage is imposed across the two 
electrodes immersed in an oxygen-containing 
solution, with the platinum electrode nega-
tive relative to the reference electrode, oxygen 
undergoes an electrolytic reduction. When cur-
rent is plotted as a function of polarizing volt-
age, a plateau region is observed between 0.5 
and 0.8 V. With a polarization voltage of �0.6 V, 
the current is directly proportional to the oxy-
gen concentration of the solution (Davies and 
Brink, 1942). The current is generally measured 
with a suitable amplifier and recorder combi-
nation. An oxygen meter (SOM-1, University 

of Pennsylvania Biomedical Instrumentation 
Group) and a Varian XY recorder (Model 9176) 
are used in our laboratory.

Reagents

From Sigma Chemicals Co.: Sucrose (Cat. 
No. S-978), bovine serum albumin (BSA, Cat. 
No. A-4378), EGTA (Cat. No. E-4378), EDTA 
(Cat. No. ED2SS), adenosine 5	-diphosphate 
(ADP, Cat. No. A-6646), l-malic acid (Cat. No. 
M-1000), pyruvic acid (Cat. No. P-2256), β-
NADH (Cat. No. 340-110), HEPES (Cat. No. 
H-3375), carbonyl cyanide 4-trifluoromethoxy-
phenylhyddrazone (FCCP, Cat. No. C22920), 
antimycin A (Cat. No. A 8674), oligomycin (Cat. 
No. O-4876), Tris (Cat. No. T-1503), crystalline 
Bacillus subtilis protease (Nagarse) from Teikoku 
Chemical Company, Osaka, Japan, or Sigma 
P-4789, protease type XXVII (7.6 units/mg 
solid), phospho(enol)pyruvic acid (PEP, Cat. 
No. P-0564), pyruvate kinase (Cat. No. P-9136), 
β-hydroxybutyric acid (Cat. No. H 6501), and 
lactic dehydrogenase (LDH, Cat. No. L-2375).

From other sources: MgCl2�6H2O (M-
33, Fisher Scientific), KH2PO4 (P-285, Fisher 
Scientific), HCl [UN1789, 36.5% (w/w), Fisher 
Scientific], K2HPO4 (3252-2, T. J. Baker), and KCl 
(No-3040, T. J. Baker),  KOH (UN1813, Fisher 
Scientific), KCN (Lot 6878KBPH, Mallinckrodt, 
Inc., KT 40361).

III. PROCEDURES

A. Preparation of Solutions

1. 0.25 M sucrose: Dissolve 171.15 g of sucrose 
in 1000 ml distilled water, filter through a 
layer of glass wool, add distilled water to 
2 liters in a volumetric flask, mix well, and 
store at 4ºC.

2. 0.5 M Tris–HCl, pH 7.4: Dissolve 30.28 g Tris 
into 400 ml distilled water, adjust pH to 7.4 
with 4 N HCl, add distilled water to 500 ml 
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in a volumetric flask, mix well, adjust the 
pH if necessary, and store at 4ºC.

 3.  0. 5 M MgCl2: Dissolve 10.17 g of 
MgCl2�6H2O in 100 ml distilled water.

 4.  0.1 M phosphate buffer, pH 7.4: To 800 ml 
distilled water, dissolve 11.83 g of Na2HPO4 
and 2.245 g of KH2PO4 with the aid of 
magnetic stirrer. Check the pH and adjust 
with 0.1 M HCl or 0.1 M NaOH if necessary. 
Add distilled water to 1000 ml in a 
volumetric flask, mix well, and store at 4ºC.

 5.  0.2 M EDTA, pH 7.4: Dissolve 3.72 g EDTA 
in 35 ml of 1 N NaOH. Stir until it dissolves 
completely; adjust pH to 7.4 with 1 N HCl. 
Add distilled water to 50 ml. Divide into 10 
� 5.0 ml and store at �20ºC.

 6.  0.1 M HEPES, pH 7.4: Dissolve 23.83 g 
HEPES in 800 ml distilled water. Adjust 
with 1 M NaOH to pH 7.4. Add distilled 
water to 1000 ml in a volumetric flask. Mix 
well and store at 4ºC.

 7.  Sucrose/Tris–Cl (S/T) reaction medium: 60 ml 
0.25 M sucrose, 5 ml 0.5 M Tris–HCl (pH 
7.4), and 35 ml distilled water to a final 
volume of 100 ml. Make the S/T medium 
fresh every day.

 8.  1.0 M pyruvate, pH 7.4: Dissolve 5.5 g 
pyruvic acid in 20 ml of 1 N NaOH; adjust 
with 5 N NaOH to pH 7.4. Add distilled 
water to 50 ml in a volumetric flask. Mix 
well, transfer into 10 test tubes with each 
containing 5 ml, and store at �20ºC.

 9.  0.5 M malate, pH 7.4: Dissolve 3.35 g of dl-
malic acid in 20 ml of 1 N NaOH; adjust 
with 5 N NaOH to pH 7.4. Add distilled 
water to 50 ml in a volumetric flask. Mix 
well and transfer into 10 test tubes and 
store at �20ºC.

10.  0.1 M ADP, pH 6.8–7.4: Dissolve 0.48 g 
ADP in 5 ml distilled water, adjust with 
1 N NaOH to pH to 6.8–7.4, and add 
distilled water to 10 ml in a volumetric 
flask. Mix well, transfer into five test tubes 
(• 2 ml/tube), and store at �20ºC. The 
concentration of ADP will be determined 

spectrophotometrically with the pyruvate 
kinase coupled with lactate dehydrogenase 
system (see later).

11.  0.1 M phosphoenolpyruvate (PEP), pH. 7.4: 
Dissolve 20.8 mg PEP into 0.6 ml 1 N KOH, 
adjust pH to 7.4 with 5 N KOH, and add 
distilled water to 1.0 ml. Mix well, transfer 
into five vials (0.2 ml/vial), and store 
at �20ºC.

12.  1.0 mg/ml oligomycin: Dissolve 10 mg 
oligomycin in 10 ml absolute ethanol. Store 
at �20ºC.

13.  FCCP 1 mM: Dissolve 5.03 mg FCCP into 
20 ml absolute ethanol in a glass tube (either 
dark glass or covered with aluminum foil to 
protect against light) and store at �20ºC.

B.  Enzymatic Assay of ADP 
Concentration (Jaworek et al., 1974)

This assay is based on a pair of coupled reac-
tions. ADP in the presence of an excess amount 
of (PEP) and pyruvate kinase will be completely 
converted into ATP and an equal concentration 
of pyruvate. The pyruvate will then be con-
verted to lactate in the presence of lactate dehy-
drogenase and an excess amount of NADH. 
The NAD� formed is equal to the concentra-
tion of lactate. The stoichiometry of ADP to 
NADH bears a 1:1 relationship. The concentra-
tion of ADP is therefore equal to that of NADH 
oxidized. See the following reaction mixture: 
2.8 ml S/T medium, 50 μl pyruvate kinase 
(3 IU), 10 μl lactic dehydrogenase (1 IU), 15 μl 
NADH (30 mM), 20 μl PEP (0.1 M), 80 μl MgCl2 
(0.25 M), and 20 μl KCl (1.0 M). The total volume 
equals 3.0 ml.

Calibrate the spectrophotometer and the set-
tings of the recorder according to the instruc-
tion manuals of the instrument and set the 
wavelength at 340 nm.

1. Place the sample cuvette in the sample 
chamber with 150 μM NADH (15 μl, 30 mM) 
present; an absorbance in the vicinity of 
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0.9 is indicated on the instrument and the 
recorder.

2. Turn on the recorder, let it proceed to a 
constant reading (a minute or two), add 3 μl 
of 0.1 M ADP, and stir the solution well with 
a glass or plastic stirrer; the absorbance at 
340 nm will decline quickly (when sufficient 
pyruvate kinase and lactate dehydrogenase 
are present) followed by a sharp transition 
to a constant level where there are no more 
changes in 340 nm absorbance. The decline 
of 340 nm absorbance reflects the oxidation 
of NADH. The extent of absorbance change 
(i.e., ΔA � 0.63) is dependent on the amount 
of ADP added into the cuvette.

3. The concentration of ADP can therefore be 
calculated from the absorbance changes 
at 340 nm. The millimolar absorbance 
coefficient for NADH is 6.22 mM�1 cm�1. 
The ADP concentration � [0.63/6.22] � 
[3.0/0.003] � 101 mM.

C. Calibration of Oxygen Concentration

A simple and rapid method of determin-
ing the oxygen content of the reaction medium 
accurately is by using submitochondrial parti-
cles (SMP) with a limiting amount of NADH. 
The high affinity of SMP for NADH permits 
a stoichiometric titration of oxygen content. 
NADH concentration can be determined accu-
rately spectrophotometrically (as shown in the 
previous section). When limiting concentrations 
of NADH are added, the change in current, 
which occurs with complete oxidation of the 
NADH, can be determined directly. A direct cal-
ibration can therefore be obtained. For example, 
add 0.98 ml of air-saturated S/T medium first 
followed by 10 μl SMP (0.2 mg protein) to the 
reaction chamber. Allow the reaction mixture 
to thermo equilibrate; no air bubbles should 
be trapped in the reaction vessel. Add 5 μl 
NADH (150 μM) to the chamber. Immediately 
initiated oxygen uptake with a linear kinetics, 

 followed by a sharp transition to a straight line 
(i.e.,  oxygen uptake ceases) when all the added 
NADH is oxidized. This assay can also be used 
to estimate of back diffusion of oxygen into the 
reaction mixture. For instance, if there is a back 
diffusion of oxygen, an increase in oxygen con-
centration in the reaction mixture will be noted 
on the left deflection (a negative slop) of the 
recorder tracing.

D.  Determination of Rate of Oxygen 
Consumption and ADP/O Ratio 
of Intact Mitochondria

Figure 10.2A shows a recording tracing from 
a typical experiment utilizing the oxygen elec-
trode apparatus of the type shown in Fig. 10.1 
to determine the respiratory control index (RCI) 
and P/O ratio of a tightly coupled mitochon-
drial preparation. Suspend freshly prepared 
mouse skeletal muscle mitochondria (30–50 μl) 
in an air-saturated Pi-containing isotonic sucrose 
medium (0.9 ml); the addition of substrates [5 μl 
pyruvate (1M) � 5 μl malate (0.5M)] causes a 
slow rate of oxygen uptake (state 4). Subsequent 
addition of 3 μl ADP (100 mM) increases the rate 
(state 3) by 11-fold. Upon the expenditure of the 
added ADP, as indicated by the sharp transition 
in the polarographic tracing, the rate of oxy-
gen uptake declines to that observed before the 
addition of ADP. The duration of the increased 
rate of oxygen uptake is proportional to the 
amount of ADP added to the reaction mixture. 
The concentration of oxygen consumed is pro-
portional to the amount of ADP phosphorylated 
to ATP. These cycles of stimulation of respira-
tion by the addition of ADP could be repeated 
several times in a single experiment until all 
the oxygen in the reaction mixture is consumed 
(Fig. 10.2A). The ADP/O [P/O] ratio and RCI 
can be calculated directly from the oxygen elec-
trode tracing. The dependence of substrate oxi-
dation on the presence of ADP indicates that 
electron transfer of the  respiratory chain and 
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ATP synthesis are  coupled to each other. Unless 
the energy generated during electron transfer 
is utilized for ATP synthesis or other energy-
requiring processes, the oxidation of respiring 
substrate is restrained.

The recorder deflection “X” (165 mm) rep-
resents the total oxygen content of the reaction 
medium (e.g., 240 μM O2 at 30ºC). Distance 
“Y” is determined by extending the slops of 
lines A, B, and C and measuring the length of 
the tracing from the intersects of lines A and B 
and lines B and C. “Y” (34 mm) represents the 
amount of O2 utilized by the externally added 
ADP (300 μM). The ADP/O ratio can therefore 
be calculated by dividing the amount of ADP 
by the amount of oxygen utilized. The amount 
of oxygen utilized can be calculated as follows: 
Total oxygen content {[240 μM] 
 “X” [165 mm]} 
� “Y” [34 mm] � volume of the reaction mix-
ture [1.0 ml] � 2 � 99 mμatoms oxygen utilized. 
The amount of ADP was added at the point 
indicated, e.g., 300 μM ADP or 300 mμmol ADP. 
The ADP/O ratio is therefore � 300 / 99 � 3.01.

The respiratory control index is defined as the 
ratio of respiratory rate in the presence of added 
ADP (state 3) to the rate either before ADP 
addition or the rate following ADP expenditure 
(state 4). State 3 and state 4 respiratory rates 
are 79 and 7 mm/min, respectively. Therefore, 
the RCI is 79/7 � 11.4. For tightly coupled 
intact mitochondria as shown in Fig. 10.2A, 
the respiratory rates before the  addition of ADP 
and then following the expenditure of ADP 
are virtually identical. However, if mitochon-
dria are loosely coupled and/or contaminated 
with ATPase, the respiratory rate following the 
expenditure of ADP is considerable faster than 
that with substrate alone before the addition of 
ADP. The quality of the mitochondrial prepara-
tion is readily reflected from the polarographic 
tracing.

Tightly coupled intact mitochondria exhibit a 
very low (if any) ATPase activity (basal ATPase) 
that can be stimulated by Mg2� and/or uncou-
plers. Figure 10.2B illustrates the effects of 

energy transfer inhibitors and uncoupler on 
the respiratory rates of intact mitochondria. 
The best-known energy transfer inhibitors are 
oligomycin and aurovertin, which primarily 
inhibit the phosphorylation reaction (e.g., syn-
thesis and hydrolysis of ATP). Electron trans-
fer is inhibited secondarily because of the tight 
link between oxidation and phosphorylation. 
Uncoupling agents also prevent the synthesis of 
ATP, but differ from energy transfer inhibitors in 
that they do not inhibit phosphorylation directly 
but rather uncouple phosphorylation from res-
piration by dissipating the energy generated by 
substrate oxidation as waste. Thus no energy 
is available for the synthesis of ATP from ADP 
and Pi, or any other energy utilizing processes. 
Uncouplers do not inhibit ATP hydrolysis. In the 
presence of an uncoupler, respiration proceeds 
at its maximal rate even in the absence of ADP 
and Pi. The most commonly used uncouplers 
are dinitrophenol (DNP) and carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP).

As shown in Fig. 10.2B, The ADP-induced 
state 3 respiratory rate declined to the level 
comparable to state 4 upon the addition of 
oligomycin. The oligomycin-induced inhibi-
tion was released by the addition of FCCP. The 
FCCP-induced rate (usually referred to as state 
3U) is virtually identical to that at state 3.

IV. COMMENTS, PITFALL, AND 
RECOMMENDATIONS

1. It is imperative that glass redistilled water 
be used throughout all the experiments.

2. A closed reaction vessel free of air bubbles 
and back diffusion of oxygen are essential 
for the success of polarographic assay of 
mitochondrial function.

3. It is imperative that the excessive part of 
the polyethylene membrane, which covers 
the electrode after secured by a rubber O 
ring, be removed with a sharp blade, as 
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the presence of excessive polyethylene 
membrane may trap materials and make 
cleaning difficult.

4. All aqueous solutions of medium and reagent 
should be at neutral pH (i.e., 7.2–7.4). During 
the assays the temperature of the reaction 
mixture has to be maintained constant.

5. When water-insoluble reagents are used, at 
the completion of the experiment, the reaction 
chamber needs to be cleaned thoroughly first 
with ethanol followed by distilled water. 
Contamination of either reagent and/or 
ethanol of the chamber will result in obscure 
data, which cannot be interpreted.

6. Tarnish of the Ag/AgCl electrode can be 
removed by cleaning with a cotton-tipped 

swab dipped in 4 N NH4OH aqueous 
solution followed by rinsing thoroughly 
with distilled water.

7. The polarographic oxygen electrode 
technique is a convenient method for 
the determination of P/O ratio and RCI. 
However, its suitability is dependent on the 
quality of the mitochondrial preparations. 
Meaningful results can only be derived from 
tightly coupled mitochondrial preparations 
that are free from contamination by other 
cellular constituents. Consideration of the 
tissue constituents, i.e., lipid content, and 
properties will aid in the design of isolation 
and purification procedures. For instance, 
as compared to liver and heart, only a small 
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FIGURE 10.2 Polarographic tracing of mouse skeletal muscle mitochondria oxidizing pyruvate plus malate. The 
 reaction mixture consists of 150 mM sucrose, 25 mM Tri–HCl, and 10 mM phosphate, pH 7.5. Additions are as indicated. 
Volume, 1.0 ml; temperature, 30ºC.
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portion of the total mass of skeletal muscle 
consists of mitochondria, with the bulk of 
the tissue being myofibrils. Additionally, 
skeletal muscle contains a relatively 
high content of Ca2�, which is capable of 
damaging mitochondria during the isolation 
process. Because of the high content of 
myofibril, the separation of mitochondria 
from other components is very difficult in 
nonelectrolyte medium (e.g., the isotonic 
sucrose used to isolate mitochondria 
from liver and heart). A similar difficulty 
results when attempts are made to isolate 
mitochondria from brain. Because of its 
high lipid content and high rate of aerobic 
metabolism, improper isolation may result 
in data fraught with artifact. In recent 
years, the polarographic technique has 
been widely used to evaluate the lesions of 
mitochondrial functions of skeletal muscle 
derived from patients suffering from 
mitochondrial myopathy. A reproducible 
technique that isolates tightly coupled, 
intact mitochondria is essential before 
statements regarding etiology can be made. 
Impairments in mitochondrial function may 
actually result from an artifact generated 
during the isolation procedure rather than 
a genuine impairment of mitochondrial 
function caused by the disease.

After many years of experience in our labora-
tory we have designed a simple method for the 
isolation and purification of intact skeletal mus-
cle mitochondria (Lee et al., 1993a). This method 
allows preparation of isolated, intact mitochon-
dria from a small amount (1–3 g, wet weight) 
of muscle biopsy specimens. Additionally, we 
have designed a simple and fast procedure to 
isolate intact brain mitochondria from one hem-
isphere of rat brain (approximately 0.6 g wet 
weight) (Lee et al., 1993b; Xiong et al., 1997a) 
with excellent yield and stability. This tech-
nique has been applied successfully on studies 
of the impairment of mitochondrial functions 

induced by head trauma (Xiong et al., 1997a,b, 
1998, 1999) and ischemia (Sciamanna et al., 1992; 
Sciamanna and Lee, 1993).
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I. INTRODUCTION

Transport between the nucleus and the 
 cytoplasm is mediated by nuclear pore com-
plexes (NPCs), specialized channels that are 
embedded in the nuclear envelope membrane. 
Proteins that undergo nuclear import or nuclear 
export usually encode a nuclear localization 
signal (NLS) or a nuclear export signal (NES). 
These signals are recognized by import or 
export receptors that, in turn, facilitate  targeting 

of the protein to the NPC and translocation 
through the central channel of the NPC. Both 
import and export pathways are regulated by 
the Ras-related GTPase Ran. Nuclear Ran in 
its GTP-bound form promotes the release of 
NLS-proteins from import receptors after the 
NLS-protein/import receptor has reached the 
nuclear side of the NPC. In contrast, nuclear 
Ran in its GTP-bound form promotes the 
assembly of NES-containing proteins with 
export receptors by forming an NES-protein/
export receptor/RanGTP. Export complexes are 

  I. Introduction 115

   II. Materials and Instrumentation 116

III. Procedures 118
A. Preparation of Cytosol 118
B. Preparation of FITC-BSA-NLS Import 

Substrate 120
C. Preparation of Cy2- or Cy5-BSA-NLS 

Import Substrate 121

D. Nuclear Protein Import Assay 121
E. Nuclear Protein Export Assay 122

 IV. Comments 124

   V. Pitfalls 126

References 126

O U T L I N E



116 11. ANALYSIS OF NUCLEAR PROTEIN IMPORT AND EXPORT IN DIGITONIN-PERMEABILIZED CELLS

III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

then disassembled on the cytoplasmic side of 
the NPC through the action of a Ran GTPase-
activating protein that stimulates GTP hydroly-
sis by Ran. More specific information regarding 
import and export complex assembly, models 
for translocation, and additional aspects of 
nuclear transport regulation are described else-
where (Steggerda and Paschal, 2002; Weis, 2003 
and references therein).

Digitonin-permeabilized cells have become 
one of the most widely used experimental sys-
tems for studying nuclear transport (Adam 
et al., 1990). They have been used to analyze 
nuclear import and export signals (Pollard et al., 
1996), to purify nuclear transport factors from 
cell extracts (Görlich, 1994; Paschal and Gerace, 
1995; Kehlenbach et al., 1998), and to measure 
nuclear transport kinetics (Görlich and Ribbeck, 
2003). In all of these applications, the principle 
is that treating mammalian cells with a defined 
concentration of digitonin results in selective 
perforation of the plasma membrane, leaving 
the nuclear membrane intact. Thus, soluble 
transport factors are released from the cytoplas-
mic compartment and low molecular weight 
transport factors such as Ran (24 kDa) and 
NTF2 (28 kDa) are released from the nuclear 
compartment by diffusion through the NPC. 
Nuclear import and export can subsequently be 
reconstituted in digitonin-permeabilized cells 
by the addition of transport factors, an energy-
regenerating system, and inclusion of a fluores-
cent NLS or NES reporter protein to monitor 
transport (Adam et al., 1990). Transport factors 
can be supplied as unfractionated cytosol from 
HeLa cells or as commercially available rabbit 
reticulocyte lysate. The level of import is then 
measured by following the accumulation of an 
NLS reporter in the nucleus or, in the case of 
export, by the loss of an NES reporter from the 
nucleus.

This article describes assays for both nuclear 
import and export (Fig. 11.1). The nuclear import 
assay can be performed with various cell lines 
and analyzed by fluorescence  microscopy. The 

nuclear export assay is described for HeLa cells 
expressing a GFP-tagged reporter protein, the 
nuclear factor of activated T cells (GFP-NFAT). 
NFAT is a transcription factor that contains 
defined nuclear localization and nuclear export 
signals and that shuttles between the cyto-
plasm and the nucleus in a phosphorylation-
dependent manner (for review, see Crabtree and 
Olsen, 2002). We take advantage of the tight reg-
ulation of nucleocytoplasmic transport of GFP-
NFAT to induce nuclear import in intact cells, 
followed by export under controlled conditions 
from nuclei of permeabilized cells (Kehlenbach 
et al., 1998). The efficiency of nuclear export 
can be analyzed either qualitatively by fluo-
rescence microscopy (see Fig. 11.3) or quantita-
tively by flow cytometry (see Fig. 11.4). In the 
latter case, nuclear import of a fluorescently 
labeled reporter protein can be analyzed in 
parallel.

II. MATERIALS AND 
INSTRUMENTATION

Rabbit recticulocyte lysate (L4151) is from 
Promega. HeLa S3 cells (CCL-2.2) and NIH 
3T3 cells are from the American Type Culture 
Collection. Joklik’s modified minimum essen-
tial medium for suspension cell culture (JMEM; 
Cat. No. M0518) is from Sigma. Newborn calf 
serum (Cat. No. 16010-159), penicillin–strepto-
mycin (Cat. No. 15140-122), and trypsin EDTA 
(Cat. No. 25200-056) are from GIBCO/Invitrogen. 
ATP (Cat. No. A-2383), creatine phosphate 
(Cat. No. P-7936), creatine phosphokinase (Cat. 
No. C-7886), sodium bicarbonate (Cat. No. S-4019), 
HEPES (Cat. No. H-7523), potassium acetate 
(Cat. No. P-5708), magnesium acetate (Cat. No. 
M-2545), EGTA (Cat. No. E-4378), dithiothreitol 
(DTT, Cat. No. D-5545), NaCl (Cat. No. S-9763), 
potassium phosphate, monobasic (Cat. No. 
P-0662), phenylmethylsulfonyl fluoride (PMSF, 
Cat. No. P-7626), dimethyl sulfoxide (DMSO, Cat. 
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No. D-8779), sodium carbonate (Cat. No. S-7795), 
trypan blue (Cat. No. T-8154), ionomycin (Cat. No. 
I-0634), LiOAc (Cat. No. L-4158), Hoechst 33258 
(Cat. No. B-2883), 4	,6-diamidino-2-phenyindole, 
dilactate (DAPI; Cat. No. 9564), and trichostatin 
A (Cat. No. T-8552) are from Sigma. High-purity 

bovine serum albumin (BSA, Cat. No. 238031), 
aprotinin (Cat. No. 236624), leupeptin (Cat. 
No. 1017101), and pepstatin (Cat. No. 253286) 
are from Roche. The FITC isomer I (Cat. No. 
F-1906) and sulfo-SMCC (Cat. No. 22322) are 
from Molecular Probes and Pierce, respectively. 

FIGURE 11.1 Overview of assays for measuring nuclear import and export in digitonin-permeabilized cells. See text for 
details.

adherent cells on
glass coverslips

wash 3X

permeabilize with
digitonin (50μg/ml)

wash 3X

combine with
import components

incubate

stop reactions
with buffer

fix and mount
on glass slides

view and quantify
nuclear fluorescence
by digital microscopy

Soluble factors
released

Soluble factors
released

GFP-NFAT
HeLa cell line

Trichostatin A (250 nM)

Ionomycin (1 μM)
LiOAc (30 mM)

trypsinize

combine with
export components

stop reactions

view by microscopy and/or
quantify nuclear fluorescence

by flow cytometry

wash

permeabilize with
digitonin (60μg/ml)

wash

wash

incubate

Import assay Export assay

0°C X 5min

30°C X 20min

37°C X overnight 

37°C X 30min

0°C X 5min

30°C X 30min

Induction of  expression
and nuclear import of

GFP-NFAT in vivo

 II. MATERIALS AND INSTRUMENTATION 117



118 11. ANALYSIS OF NUCLEAR PROTEIN IMPORT AND EXPORT IN DIGITONIN-PERMEABILIZED CELLS

III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

PD-10 columns (Cat. No. 17-0851-01), Cy2 (Cat. 
No. PA-22000), and Cy5 (Cat. No. PA-25001) 
are from Amersham Pharmacia Biosciences. 
Centricon filters (30-kDa cutoff, Cat. No. 4208) 
are from Amicon. High-purity digitonin (Cat. No. 
300410) is from Calbiochem. Vectashield mount-
ing medium (Cat. No. H-1000) is from Vector 
Laboratories. Six-well dishes (Cat. No. 3516) are 
from Corning. Glass coverslips (#1 thickness; 
Cat. No. 12-548A) and the polystyrene tubes 
used for the transport assays (Cat. No. 2058) are 
from Fisher. The microscope used for measuring 
nuclear import in adherent cells is a Nikon E800 
equipped with a charge-coupled device camera. 
The system is linked to a MacIntosh computer 
running OpenLab software for image acquisi-
tion. An Olympus IX70 inverted fluorescence 
microscope is used for analysis of nuclear export. 
Images from import and export assays are proc-
essed using Adobe Photoshop. The flow cyto-
metric analysis system is the FACScan unit from 
Beckton-Dickinson.

The following equipment required for grow-
ing and harvesting HeLa cells is from Bellco 
Glass. The 250-ml spinner flask (Cat. No. 1965-
00250) and stir plate (Cat. No. 7760-0600) are 
used for the continuous culture of HeLa cells. 
Additional spinner flasks are required to scale 
up the preparation to 15 liters. These include 
100 ml (Cat. No. 1965-01000), 3000 ml (Cat. No. 
1965-03000), and 15 liter (Cat. No. 7764-00110), 
cap assembly (Cat. No. 7764-10100), and Teflon 
paddle assembly (Cat. No. 1964-30015).

Equipment for centrifugation includes the 
JS5.2 swinging bucket rotor and J6B centrifuge, 
the JA-20 fixed angle rotor and J2 centrifuge, 
and the type 60 Ti fixed angle rotor and L7 cen-
trifuge, all from Beckman. Cytosol dialysis is 
carried out using the collodion vacuum dialy-
sis apparatus (Cat. No. 253310), and 10,000-Da 
cutoff membranes (Cat. No. 27110) are from 
Schleicher and Schuell. The homogenizer used 
for cell disruption is a 0.02-mm-clearance stain-
less-steel unit (Cat. No. 885310-0015) from 
Kontes.

III. PROCEDURES

A. Preparation of Cytosol

The rabbit reticulocyte lysate contains all 
the soluble factors necessary to reconstitute 
import and export in digitonin-permeabilized 
cells (Adam et al., 1990). The only prepara-
tion involved is dialysis against 1� transport 
buffer containing 2 mM DTT and 1 μg/ml each 
of aprotinin, leupeptin, and pepstatin (two 
buffer changes). Reticulocyte lysate is used at 
50% (by volume) of transport reactions. This 
results in a relatively high total protein con-
centration (�25–40 mg/ml) in transport assays 
because the reticulocyte lysate contains a high 
concentration of hemoglobin. A more economi-
cal approach, especially if larger quantities of 
cytosol are needed for protein purification, is to 
prepare cytosol from suspension culture HeLa 
cells. In this case, only 1–2 mg/ml (final assay 
concentration) of HeLa cell cytosol is required 
to obtain a maximum level of protein import or 
protein export in digitonin-permeabilized cells.

Solutions

1. 10� transport buffer: 200 mM HEPES, pH 7.4, 
1.1M potassium acetate, 20 mM magnesium 
acetate, and 5 mM EGTA. To make 1 liter, 
dissolve 47.6 g HEPES, 107.9 g potassium 
acetate, 4.3 g magnesium acetate, and 1.9 g 
EGTA in 800 ml distilled water. Adjust the 
pH to 7.4 with 10 N NaOH and bring the 
final volume to 1 liter. Sterile filter and 
store at 4ºC.

2. 1� transport buffer: 20 mM HEPES, pH 7.4, 
1.1M potassium acetate, 2 mM magnesium 
acetate, and 0.5 mM EGTA. To make 1 liter, 
add 100 ml of 10� transport buffer to 900 ml 
distilled water.

3. 1M HEPES stock, pH 7.4: To make 500 ml, 
dissolve 119.1 g HEPES (free acid) in 
400 ml distilled water. Adjust the 
pH to 7.4 with 10 N NaOH and bring the 
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final volume to 500 ml. Sterile filter and 
store at 4ºC.

4. 1M potassium acetate stock: To make 500 ml, 
dissolve 49 g potassium acetate in 400 ml 
distilled water. Bring the final volume to 
500 ml, sterile filter, and store at 4ºC.

5. 1M magnesium acetate stock: To make 
500 ml, dissolve 107.2 g magnesium acetate 
(tetrahydrate) in 400 ml distilled water. Bring 
the final volume to 500 ml, sterile filter, and 
store at 4ºC.

6. 0.2M EGTA stock: To make 500 ml, dissolve 
38 g EGTA (free acid) in 400 ml distilled 
water. Adjust the pH to �7.0 with 10 N 
NaOH and bring the final volume to 500 ml. 
Store at 4ºC.

7. Cell lysis buffer: 5 mM HEPES, pH 7.4, 
10 mM potassium acetate, 2 mM magnesium 
acetate, and 1 mM EGTA. To make 500 ml, 
combine 2.5 ml 1M HEPES, pH 7.4, 5 ml 
1M potassium acetate, 1 ml 1M magnesium 
acetate, 2.5 ml 0.2M EGTA, and 489 ml 
distilled water. Store at 4ºC.

8. Phosphate-buffered saline (PBS): To make 
1 liter, dissolve 8 g sodium chloride, 
0.2 g potassium chloride, 1.44 g sodium 
phosphate (dibasic), and 0.24 g potassium 
phosphate (monobasic) in 900 ml distilled 
water. Adjust the pH to 7.4 and bring the 
final volume to 1 liter. Store at 4ºC.

Steps

1. Grow HeLa cells at a density of 2–7 � 
105 cells per milliliter in a spinner flask 
(30–50 rpm) in a 37ºC incubator (CO2 is not 
required). The medium is JMEM containing 
2.0 g sodium bicarbonate and 2.38 g HEPES 
per liter. Adjust the pH to 7.3, sterile filter, 
and store at 4ºC. Before use, supplement the 
medium with 10% newborn calf serum and 
1% penicillin–streptomycin. The cells should 
have a doubling time of approximately 18 h, 
making it necessary to dilute the culture with 
fresh, prewarmed medium every 1–2 days.

2. HeLa cells from a 250-ml culture provide the 
starting point for scaling up the preparation 
to 15 liters. This is carried out by sequential 
dilution of the culture into larger spinner 
flasks. The culture should not be diluted to a 
density below 2 � 105 cells/ml. The spinner 
flasks used for scaling up preparation are 
250 ml (1 each), 1 liter (1 each), 3 liters (2 
each), and 15 liters (1 each). This process 
generally takes 5 days.

3. Perform the cell harvest and subsequent 
steps at 0–4ºC. Collect the cells by 
centrifugation (300g for 15 min) in 780-ml 
conical glass bottles in a Beckman J6B 
refrigerated centrifuge equipped with a 
JS5.2 swinging bucket rotor. The cell harvest 
takes about 1 h.

4. Wash the cells by sequential resuspension 
and centrifugation. Two washes are carried 
out in ice-cold PBS (1 liter each) and one 
wash is carried out in 1� transport buffer 
containing 2 mM DTT. The yield from a 
15-liter culture should be approximately 
40 ml of packed cells.

5. Resuspend the cell pellet using 1.5 volume 
of lysis buffer, supplemented with 3 μg/ml 
each aprotinin, leupeptin, pepstatin, 0.5 mM 
PMSF, and 5 mM DTT. Allow the cells to 
swell on ice for 10 min.

6. Disrupt the cells by two to three passes in a 
stainless-steel homogenizer. Monitor the 
progress of homogenization by trypan blue 
staining and phase-contrast microscopy. 
The goal is to obtain �95% cell disruption. 
Excessive homogenization should be 
avoided because it results in nuclear 
fragmentation and the release of nuclear 
contents into the soluble fraction of the 
preparation.

7. Dilute the homogenate with 0.1 volume of 
10� transport buffer and centrifuge in a 
fixed angle rotor such as the Beckman JA-20 
(40,000 g for 30 min).

8. Filter the resulting low-speed supernatant 
fraction through four layers of cheesecloth. 
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  Subject the filtered low-speed supernatant 
to ultracentrifugation using a fixed angle 
rotor such as the Beckman type 60 Ti 
(150,000g for 60 min).

 9.  Dispense the resulting high-speed 
supernatant fraction (�50 ml, protein 
concentration �5 mg/ml) into 1- and 4-ml 
aliquots, flash freeze in liquid N2, and store 
at �80ºC indefinitely.

10.  HeLa cell cytosol is generally subjected to 
a rapid dialysis step before use in transport 
reactions. Thaw a 4-ml aliquot of cytosol at 
0–4ºC and dialyze for 3 h in 1� transport 
buffer containing 2 mM DTT and 1 μg/ml 
each of aprotinin, leupeptin, and pepstatin 
(two buffer changes). We use a vacuum 
apparatus and a collodion membrane to 
achieve a twofold concentration of the 
sample (10 mg/ml). Dispense the dialyzed, 
concentrated cytosol into 100-μl aliquots, 
flash freeze in liquid N2, and store at �80ºC.

B.  Preparation of FITC-BSA-NLS 
Import Substrate

Synthetic peptides containing an NLS can 
be used to direct the nuclear import of a vari-
ety of fluorescent reporter proteins. FITC- or 
Cy2-BSA-NLS and Cy5-BSA-NLS are all suit-
able for measuring import in the fluorescence 
microscope or in the flow cytometer. Because 
excitation and emission spectra of Cy5 are dis-
tinct from GFP, Cy5-BSA-NLS is ideal for meas-
uring import and GFP-NFAT export in the same 
cells. Importantly, the average size of the pro-
tein conjugate (�70 kDa) is too large to allow 
diffusion through the NPC and it displays low 
nonspecific binding to the permeabilized cell. 
Preparation of fluorescent import ligands is car-
ried out in three steps: fluorescent labeling of 
BSA, modification of the fluorescent BSA with 
the heterobifunctional cross-linker sulfo-SMCC, 
and attachment of NLS peptides. Sulfo-SMCC 
provides a covalent linkage between primary 

amines on BSA and cysteine present on the N 
terminus of the NLS peptide.

Solutions

1. PBS: To make 1 liter, dissolve 8 g sodium 
chloride, 0.2g potassium chloride, 1.44 g 
sodium phosphate (dibasic), and 0.24 g 
potassium phosphate (monobasic) in 900 ml 
distilled water. Adjust the pH to 7.4 and 
bring the final volume to 1 liter. Store at 4ºC.

2. 0.1 M sodium carbonate: To prepare 250 ml, 
dissolve 3.1 g sodium carbonate in 200 ml 
distilled water, adjust the pH to 9.0, and 
bring the final volume to 250 ml. Store 
at 4ºC.

3. 1.5 M hydroxylamine: To prepare 100 ml, 
dissolve 10.4 g in a total volume of 100 ml 
distilled water. Store at room temperature.

4. 10 mg/ml FITC: Add 1 ml DMSO to 10 mg 
FITC in an amber vial and vortex to 
dissolve.

5. 20 mM sulfo-SMCC: Prepare a 20 mM stock 
of sulfo-SMCC in the following manner. 
Preweigh a microfuge tube on a fine 
balance and use a small spatula to add 
approximately 1–2 mg of sulfo-SMCC 
to the microfuge tube. Reweigh the 
tube containing the sulfo-SMCC and 
add DMSO for a final concentration of 
8.7 mg/ml.

Steps

1. Dissolve 10 mg high-purity BSA in 1 ml 
sodium carbonate buffer, pH 9.0.

2. Stir the BSA solution in a glass test tube with 
a microstir bar and add 0.1 ml of 10 mg/ml 
FITC. Cover with foil and stir for 60 min at 
room temperature.

3. Stop the reaction by adding 0.1 ml 1.5M 
hydroxylamine.

4. Separate FITC-labeled BSA from 
unincorporated FITC by desalting on a 
PD-10 column equilibrated in PBS, collecting 
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0.5-ml fractions. The bright yellow FITC-BSA 
will elute in the void volume of this column.

5. Pool the four or five most concentrated 
fractions, dispense into 1-mg aliquots, and 
freeze in foil-wrapped microfuge tubes 
at �20ºC.

6. Combine 1 mg of FITC-BSA with 50 μl 
of freshly prepared 20 mM sulfo-SMCC 
and mix end over end for 45 min at room 
temperature.

7. Separate the sulfo-SMCC-activated FITC–
BSA from unincorporated sulfo-SMCC by 
desalting on a PD-10 column equilibrated in 
PBS. After loading the sample, fill the buffer 
reservoir of the column with PBS and collect 
0.5-ml fractions. The bright yellow FITC–
BSA will elute in the void volume as before.

8. Pool the three most concentrated fractions 
of sulfo-SMCC-activated FITC–BSA and 
combine with 0.3 mg of NLS peptide 
(CGGGPKKKRKVED). Mix end over end in a 
foil-wrapped microfuge tube overnight at 4ºC.

9. Remove unincorporated NLS peptide by 
subjecting the sample to four cycles of 
centrifugation and resuspension in 1� 
transport buffer using a 2-ml 30-kDa cutoff 
Centricon filter. Follow the manufacturer’s 
recommendations for centrifugation 
conditions.

10. Adjust the FITC–BSA–NLS conjugate to a 
final concentration of 2 mg/ml, dispense 
into 50-μl aliquots, flash freeze in liquid N2, 
and store at �80ºC.

C.  Preparation of Cy2- or Cy5-BSA-
NLS Import Substrate

The preparation of Cy2- and Cy5-labeled 
import substrate is very similar to the method 
described earlier for the FITC-labeled substrate.

Steps

1. Dissolve 2.5 mg BSA in 1 ml 0.1M sodium 
carbonate. Use one vial-activated Cy2 or 

Cy5 for coupling. Incubate for 40 min at 
room temperature.

2. Separate the CyDye-BSA conjugate from 
the free dye by chromatography on a PD-10 
column equilibrated with PBS.

3. To activate CyDye-BSA, add sulfo-SMCC 
to a final concentration of 2 mM. Incubate 
for 30 min at room temperature. Remove 
free cross-linker using a PD-10 column as 
described earlier.

4. Dissolve 1 mg of NLS-peptide 
(CGGGPKKKRKVED) with activated 
CyDye-BSA and incubate the solution 
overnight at 4ºC. Remove free peptide and 
adjust protein concentration as described 
previously.

5. Freeze aliquots in liquid nitrogen and 
store at �80ºC. After thawing, the import 
substrate can be kept at 4ºC in the dark for a 
few weeks.

D. Nuclear Protein Import Assay

Solutions

1. 10� and 1� transport buffer: See Section III,A.
2. Complete transport buffer: 1� transport 

buffer containing 1 μg/ml each aprotinin, 
leupeptin, pepstatin, and 2 mM DTT.

3. 10% digitonin: To make 2 ml, add 0.2 g 
high-purity digitonin to 1.7 ml DMSO and 
dissolve by vigorous vortexing, Dispense 
into 20-μl aliquots and freeze at �20ºC.

4. 100 mM MgATP: To make 5 ml, add 0.5 ml 
1M magnesium acetate and 0.1 ml 1M 
HEPES, pH 7.4, to 4 ml distilled water. 
Add 275.1 mg ATP, dissolve by vortexing, 
and bring the final volume to 5 ml. 
Dispense into 20-μl aliquots and freeze 
at �80ºC.

5. 250 mM creatine phosphate: To make 5 ml, add 
0.32 g creatine phosphate to 4 ml distilled 
water, dissolve by vortexing, and bring the 
final volume to 5 ml. Dispense into 20-μl 
aliquots and freeze at �20ºC.

 III. PROCEDURES 121
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6. 2000 U/ml creatine phosphokinase: To 
make 5 ml, dissolve 10,000 U creatine 
phosphokinase in 20 mM HEPES, pH 7.4, 
containing 50% glycerol. Dispense into 1-ml 
aliquots and store at �20ºC.

Steps

1. Plate NIH 3T3 cells onto glass coverslips 
in six-well dishes at a density of �5 � 104 
cells/well and grow overnight.

2. Place the six-well dishes on ice. Aspirate 
media and gently replace with 2 ml ice-
cold, complete transport buffer. Aspirate 
the transport buffer and replace with fresh 
transport buffer twice, taking care not to 
disturb the cells. Complete transport buffer 
in this and subsequent steps refers to ice-
cold, 1� transport buffer supplemented 
with DTT and protease inhibitors.

3. To permeabilize the cells, aspirate the 
transport buffer from each well and 
immediately add 0.05% digitonin diluted 
into complete transport buffer. Incubate for 
5 min on ice.

4. Stop the permeabilization reaction by 
aspirating the digitonin solution and 
replacing with complete transport buffer. 
Wash the cells twice by alternate steps of 
aspiration and buffer addition.

 5.  Assemble the import reactions in 0.6-ml 
microfuge tubes on ice. Each reaction 
contains (final concentration given) 
unlabeled BSA (5 mg/ml), FITC-BSA-
NLS (25 μg/ml), MgATP (1 mM), MgGTP 
(1 mM), creatine phosphate (5 mM), 
creatine phosphpkinase (20 U/ml), rabbit 
reticulocyte lysate (25 μl), and complete 
transport buffer in a total volume 
of 50 μl.

 6.  Create an incubation chamber by lining a 
flat-bottomed, air-tight box with parafilm 
and include a moistened paper towel in the 
chamber as a source of humidity. Place the 
chamber on ice.

 7.  Using fine forceps, remove each coverslip, 
wick excess buffer using filter paper, and 
place cells side up on the parafilm. Pipette 
the import reaction onto the coverslip 
surface without introducing bubbles.

 8.  Float the incubation chamber on a 30ºC 
water bath for 20 min.

 9.  Using fine forceps, remove each coverslip, 
wick most of the import reaction using filter 
paper, and immediately place back into the 
wells of the six-well dish.

10.  Wash the coverslips twice by alternate steps 
of aspiration and complete transport buffer 
addition.

11.  Fix the coverslips by aspirating the 
complete transport buffer, adding 
formaldehyde (3.7%) diluted into PBS, 
and incubating for 15 min at room 
temperature.

12.  Remove each coverslip, submerge in 
distilled water briefly, wick excess 
water, and mount on glass slides using 
Vectashield. Seal the edges with clear nail 
polish.

13.  View the cells by fluorescence microscopy, 
and quantify the nuclear fluorescence in 
50–100 cells per condition using image 
analysis software such as OpenLab.

E. Nuclear Protein Export Assay

Solutions and Reagents

1. The HeLa cell line stably expressing 
GFP-NFAT, which is used for the export 
assay, has been described in detail 
(Kehlenbach et al., 1998) and is available 
upon request.

2. 1 mM trichostatin A: Dissolve 1 mg 
trichostatin A in 3.3 ml ethanol. Store in 
aliquots at �20ºC. Trichostatin A is an 
inhibitor of histone deacetylases and 
promotes the expression of GFP-NFAT.

3. 1 mM ionomycin: Dissolve 1 mg ionomycin in 
1.34 ml DMSO. Store in aliquots at �20ºC. 
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Nuclear accumulation of the reporter 
protein is induced by the calcium ionophore 
ionomycin.

4. Double-stranded oligonucleotides: 
Dissolve oligonucleotides 
(5	AGAGGAAAATTTGTTTCATA and 
5	TATGAAACAAATTTTCCTCT), each 
at 200 μM, in 40 mM Tris, pH 7.4, 20 mM 
MgCl2, and 50 mM NaCl. Anneal by heating 
to 65ºC for 5 min and slow cooling to room 
temperature. Freeze in aliquots and store 
at �20ºC. The oligonucleotide sequence 
corresponds to a DNA-binding site of 
NFAT. It stimulates export of GFP-NFAT 
about twofold, probably by releasing the 
protein from chromatin.

5. 1� transport buffer with LiOAc: 20 mM 
HEPES, pH 7.4, 80 mM potassium acetate, 
2 mM magnesium acetate, and 0.5 mM EGTA. 
To make 1 liter, dissolve 4.76 g HEPES, 
7.85 g potassium acetate, 3.06 g lithium 
acetate dihydrate, 0.43 g magnesium acetate 
tetrahydrate, and 0.19 g EGTA in 800 ml 
distilled water. Adjust the pH to 7.4 with 1 N 
KOH and bring the final volume to 1 liter. 
Before use, add 1 μg/ml each of aprotinin, 
leupeptin, pepstatin, and 2 mM DTT.

6. Complete transport buffer: See Section III,D.

Steps

1. To stimulate expression of GFP-NFAT, add 
250 nM trichostatin A to stably transfected 
HeLa cells and incubate overnight. One 
15-cm dish containing �106 cells is sufficient 
for 30 reactions.

2. Induce nuclear import of GFP-NFAT by 
adding 1 μM ionomycin and 30 mM LiOAc 
directly to the culture media and return 
the cells to the 37ºC incubator for 30 min. 
Lithium inhibits one of the kinases involved 
in nuclear phosphorylation of NFAT, a step 
that is required for efficient export in vivo.

3. Rinse cells with PBS and remove from dish 
by adding trypsin EDTA containing 1 μM 

ionomycin and 30 mM LiOAc. Transfer the 
cells to 50 ml of cold transport buffer with 
5% newborn calf serum. Centrifuge for 
5 min at 300g at 4ºC and wash once in 50 ml 
transport buffer.

4. Resuspend cells in complete transport buffer 
at 107/ml. Add digitonin to 100 μg/ml (1 μl 
of a 10% stock per 107 cells). Leave on ice 
for 3 min and check permeabilization with 
trypan blue. Dilute the cells to 50 ml with 
transport buffer to release soluble transport 
factors and collect by centrifugation as 
described previously.

5. Preincubation (optional): Resuspend cells 
in transport buffer containing 30 mM 
LiOAc at 107/ml and add MgATP (1 mM), 
creatine phosphate (5 mM) and creatine 
phosphokinase (20 U/ml). Incubate for 
15 min in a 30ºC water bath. Wash cells with 
transport buffer. This step results in the 
depletion of additional transport factors 
such as CRM1, rendering them rate limiting 
in the subsequent reaction. The reporter 
protein largely remains in the nucleus under 
these conditions.

6. Resuspend cells in transport buffer at 3 � 
107/ml. Assemble 40-μl transport reactions 
in FACS tubes: 300,000 permeabilized cells 
(10 μl), ATP-regenerating system (1 mM 
  MgATP, 5 mM creatine phosphate, 
20 U/ml creatine phosphokinase), Cy5-
BSA-NLS (25–50 μg/ml), 1 μM annealed 
oligonucleotide, and HeLa cytosol 
(2 mg/ml).

 7.  Incubate tubes in a 30ºC water bath for 
30 min. Control reactions contain the 
same components but are kept on ice, as 
nuclear import and export are temperature 
dependent.

 8.  Stop the reaction by adding 4 ml of cold 
transport buffer. Centrifuge for 5 min at 
400 g and 4ºC. Remove most of supernatant 
by aspiration and resuspend cells in 
residual buffer. Proceed to step 9 
or fix cells for microscopic analysis by the 
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addition of 2 ml of formaldehyde (3.7% 
in PBS). Incubate cells for 15 min at room 
temperature, add 1 μl Hoechst 33258 
(10 mg/ml in H2O), and incubate for 5 more 
minutes. Collect cells by centrifugation 
(300g for 5 min), wash twice with 1 ml PBS, 
and resuspend the final cell pellet in 15 μl 
PBS. Apply the cell suspension to a glass 
slide, cover with a coverslip, and seal with 
nail polish.

 9.  Measure the fluorescence of 10,000 cells 
by flow cytometry. In Becton-Dickinson 
instruments, GFP-NFAT (or BSA-NLS, 
labeled with FITC or Cy2, if only import is 
analyzed) is detected in FL1 and Cy5-BSA-
NLS in FL4.

10.  Normalize the mean fluorescence values 
with respect to a reaction kept on ice.

IV. COMMENTS

Several of the basic controls for assaying 
nuclear import in digitonin-permeabilized cells 
are shown (Fig. 11.2). Nuclear import in digi-
tonin-permeabilized cells is stimulated by the 
addition of HeLa cytosol or reticulocyte lysate, 
which provides a source of factors,  including 
import receptors and Ran. A low level of 
cytosol-independent import is usually observed 
because digitonin permeabilization does not 
result in the quantitative release of transport 
factors. Nuclear import is inhibited at low tem-
perature or by incubation with wheat germ 
agglutinin (0.2–0.5 mg/ml), a lectin that binds to 
NPC proteins and blocks translocation through 
the pore. The level of nuclear import is quanti-
fied by measuring the nuclear fluorescence in 
50–100 cells per condition using a commercially 
available program such as OpenLab or using a 
public domain program such as ImageJ (http://
rsb.info.nih.gov/ij/).

The same controls that apply to nuclear 
import are also used to validate nuclear export 

reactions (Fig. 11.3). Export of GFP-NFAT is 
stimulated by the addition of cytosol or reticu-
locyte lysate and is inhibited at low temperature 
or by the addition of wheat germ agglutinin. 

FIGURE 11.2 Nuclear import of FITC-BSA-NLS analyzed 
by fluorescence microscopy. (Top) NIH 3T3 cells were digi-
tonin permeabilized and incubated with the indicated com-
ponents (BUF, buffer; RL, reticulocyte lysate; WGA, wheat 
germ agglutinin). DAPI staining of DNA and phase-contrast 
(PHASE) images are also shown. Note that FITC-BSA-NLS 
binds nonspecifically to cells in the absence of cytosol. The 
rim fluorescence in the presence of WGA reflects the arrest of 
FITC-BSA-NLS in import complexes at the NPC. (Bottom) The 
level of nuclear import observed under each condition was 
quantified from 12-bit images. Values reflect the average fluo-
rescence intensity per pixel from at least 100 nuclei per condi-
tion. Data courtesy of Leonard Shank (University of Virginia).
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Note that the preexport level of GFP-NFAT 
fluorescence, measured in cells that have been 
kept on ice, will vary depending on the cellular 
expression level. Therefore, a reliable quantifi-
cation of nuclear export requires analysis of a 
large number of cells in order to obtain statis-
tically meaningful results. To this end, we use 
flow cytometry to measure the residual fluores-
cence in 10,000 cells (Fig. 11.4). This approach 
allows rapid analysis of a large number of 
samples, e.g., for determination of the trans-
port kinetics (Fig. 11.4a) or the cytosol depend-
ence of transport (Fig. 11.4b). Nuclear import 
of a fluorescently labeled import  substrate can 

FIGURE 11.3 Nuclear export of GFP-NFAT was ana-
lyzed by fluorescence microscopy. GFP-NFAT cells were 
treated with trichostatin A and ionomycin to induce expres-
sion and nuclear import of GFP-NFAT. After digitonin per-
meabilization, the cells were incubated with the indicated 
components (BUF, buffer; RL, reticulocyte lysate; CYTO, 
HeLa cytosol; WGA, wheat germ agglutinin). Hoechst 
staining of DNA and phase-contrast (PHASE) images are 
also shown.
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FIGURE 11.4 Nuclear export of GFP-NFAT and nuclear 
import of Cy5-BSA-NLS were analyzed in parallel by flow 
cytometry. (a) Time course of nuclear transport. All reac-
tions contained 2 mg/ml of cytosol and 25 μg/ml of recom-
binant Ran. (b) Cytosol dependence of nuclear transport. 
Reactions contained 50 μg/ml of recombinant Ran and 
the indicated amounts of cytosol. All reactions were per-
formed using preincubated cells (see step 5 in Section III,E) 
to enhance the cytosol dependence of transport. Portions 
of this figure were reprinted by permission from the J. Cell 
Biol., Rockefeller University Press.
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be analyzed simultaneously, allowing a direct 
comparison between different transport path-
ways. Nuclear import and nuclear export can be 
reconstituted using recombinant factors instead 
of cytosol, an approach that allows the contri-
butions of individual transport factors to be 
analyzed (Görlich et al., 1996; Black et al., 2001; 
Kehlenbach and Gerace, 2002).
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V. PITFALLS

Any compromise in the integrity of the 
nuclear envelope renders permeabilized cell 
assays uninterpretable. This could occur if cells 
are overpermeabilized with digitonin. Under 
such a condition, NLS-containing reporters 
can appear to undergo nuclear import when 
they are, in fact, simply binding to DNA after 
leakage through a permeabilized nuclear enve-
lope. Likewise, NES-containing reporters can 
appear to undergo export due to simple leak-
age from the nucleus. The easiest way to estab-
lish that nuclear import or export is mediated 
by the NPC is to test for inhibition by WGA. 
Alternatively, the intactness of the nuclear 
envelope can be demonstrated by showing 
that a fluorescently labeled dextran (�70 kDa) 
is excluded from the nucleus. Thus, it is help-
ful to test a range of digitonin concentrations 
(25–100 μg/ml) and stain with trypan blue 
to optimize permeabilization of the plasma 
membrane.

The assays described in this article feature 
NIH 3T3 and HeLa cells; however, these meth-
ods should be applicable to virtually any mam-
malian cell line. Digitonin permeabilization on 
adherent cells works best when the cells are 
40–70% confluent and poorly if the cells are 
approaching confluence. Cells that are not well 
adhered may detach during the permeabiliza-
tion and wash steps, a problem that usually can 
be overcome by coating coverslips with poly-d-
lysine or by plating the cells 2 days before per-
meabilization. Also, because cells near the edge 
of the coverslip may be subject to evaporation 
artifacts even in a humid chamber, it is best 

to restrict analysis to the central region of the 
coverslip.
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I. INTRODUCTION

Interspecies heterokaryon assays are used to 
analyse the shuttling properties of proteins that 
localise predominantly in the nucleus at steady 
state. Conventional localisation methods do not 
allow the detection of small amounts of pro-
tein transiently present in a cellular compart-
ment. Thus, demonstration of a predominantly 
nuclear (or cytoplasmic) localisation for a given 
protein frequently obscures the existence of 
a constant shuttling activity between the two 
major cell compartments. Indeed, the number 
of proteins shown to possess nucleocytoplasmic 

shuttling activity has increased enormously in 
the past few years, highlighting the importance 
of shuttling in the regulation of many cellular 
processes (reviewed by Gama-Carvalho and 
Carmo-Fonseca, 2001).

Identification of shuttling cytoplasmic pro-
teins can be achieved through analysis of the 
localisation pattern of deletion mutants affect-
ing export signals or by analysing the effect of 
inhibition of the major protein export pathway 
by the drug leptomycin B. In either case, the 
observation of a shift in the steady-state locali-
sation of the protein from the cytoplasm to the 
nucleus suggests that the protein under study 
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shuttles continuously between both compart-
ments and that the mutation or drug treatment 
has interfered with its export pathway.

Identification of nuclear shuttling proteins 
can be achieved by a number of assays. Using 
yeast cells, identification of nuclear proteins that 
shuttle to the cytoplasm can be performed with 
temperature-sensitive nuclear import mutant 
strains. In this case, cytoplasmic accumulation 
of the protein of interest at the restrictive tem-
perature indicates shuttling activity (Lee et al., 
1996). In higher eukaryotes, the original dem-
onstration that nuclear proteins shuttle between 
the nucleus and the cytoplasm was based on 
nuclear transfer experiments whereby the 
nucleus from a [35S] methionine-labeled cell was 
transferred to an unlabeled cell and the appear-
ance of radioactivity in the unlabeled nucleus 
was monitored (Goldstein, 1958). However, the 
identification of specific shuttling proteins had 
to await the development of antibody micro-
injection or interspecies heterokaryon assays 
(Borer et al., 1989).

In the microinjection assay, antibodies 
against the protein of interest are introduced in 
the cytoplasm of the cell and their appearance 
in the nucleus is monitored in the presence of 
protein synthesis inhibitors. As immunoglobu-
lins do not cross the nuclear envelope unless 
they are bound to a protein that is targeted to 
the nucleus via a receptor-mediated import 
pathway, the detection of the antibody in the 
nucleus in the absence of protein synthesis indi-
cates that the target protein has the ability to 
shuttle between the nucleus and the cytoplasm. 
Although virtually any cultured cell type may 
be used, microinjection assays are often per-
formed in Xenopus laevis oocytes, a widely used 
model system to study transport across the 
nuclear envelope. A major advantage of this 
model, in addition to the ease of microinjec-
tion, is the possibility to dissect and analyse the 
contents of the cytoplasm and germinal vesicle 
(i.e., the nucleus) of a single oocyte, allowing 
for quantitative biochemical assays. However, 

it is noteworthy that shuttling assays using 
X. laevis oocytes have provided contradictory 
results to microinjection or heterokaryon assays 
performed with human HeLa cells (e.g., Bellini 
and Gall, 1999; Almeida et al., 1998; Calado 
et al., 2000). One possibility is that the same 
protein may have different shuttling properties 
in X. laevis oocytes and human somatic cells. 
Alternatively, oocytes may contain a surplus of 
nuclear proteins stored in the cytoplasm that 
are not normally present in somatic cells.

Interspecies heterokaryons, which constitute 
the most widely used shuttling assay, involve 
the formation of hybrid cells containing at least 
two nuclei from different species. In an inter-
species heterokaryon, a cell line containing the 
protein of interest—donor cell—is fused with 
a cell line from a distinct species that does not 
contain the same protein—receptor cell. The 
appearance in the “receptor” nucleus of the 
protein of interest that was originally found 
exclusively in the “donor” nucleus is monitored 
by fluorescence microscopy. The assay is per-
formed in the presence of translation inhibitors 
to ensure that the imported protein has not been 
newly synthesised in the cytoplasm but rather 
has been exported from the donor cell nucleus 
(Fig. 12.1).

Two different approaches may be taken to 
label the protein of interest present in donor 
nuclei. If a species-specific antibody is avail-
able, the endogenous protein can be identified 
by immunostaining of the heterokaryons. For 
example, when a monoclonal antibody directed 
against a human protein does not recognise 
its homologue in Drosophila melanogaster, het-
erokaryons can be made by fusion of human 
HeLa and D. melanogaster SL2 cell lines. These 
heterokaryons have the advantage that human 
and fly nuclei are easily distinguished by their 
different sizes. However, the small size of SL2 
nuclei may limit the use of a D. melanogaster-
specific antibody in a reverse assay, where the 
larger mammalian nuclei serve as receptors. In 
this case, the concentration of the target protein 
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in the receptor nucleus may be below the 
detection limit of the fluorescence microscope. 
Depending on the specificity of the antibody 
available, other donor/receptor nuclei combi-
nations are possible, namely human � mouse 
heterokaryons. An alternative approach to iden-
tify the protein of interest involves transfection 
of a vector encoding a tagged form of the pro-
tein into the donor cell line, followed by fusion 
with a nontransfected receptor cell line. Both 
green fluorescent protein or amino acid epitope 
tags have proven to work successfully in these 
assays. In this case, heterokaryon assays are 

usually performed with human HeLa and 
murine NIH 3T3 cell lines. Murine nuclei are 
easily distinguished by their typical heterochro-
matin staining pattern.

When a shuttling protein is identified, het-
erokaryon assays may be further employed 
to dissect the signals and pathways involved 
in the transport. More recently, heterokaryon 
assays have been used to characterise the intra-
nuclear pathway of newly imported proteins 
(Leung and Lamond, 2002). In this case, a donor 
cell line transfected with a nucleolar shuttling 
protein was used as a source of labeled pro-
tein, whose entry into the receptor nuclei could 
be followed in a time course assay from the 
moment of cell fusion. As receptor nuclei do 
not contain this protein, the intranuclear path-
way followed after import until it accumulated 
in the nucleolus could be determined.

To perform heterokaryons assays, knowledge 
of basic tissue culture, transient transfection, and 
immunofluorescence microscopy techniques is 
required and will not be addressed here.

II. MATERIALS AND 
INSTRUMENTATION

Human HeLa cells
Murine NIH 3T3 and/or D. melanogaster SL2 

cells
Minimum essential medium (MEM) with 

Glutamax-I (Cat. No. 41090-028) and MEM 
nonessential amino acids (Cat. No. 11140-
035) (Gibco BRL)

Dulbeco’s modified Eagle Medium (D-MEM) 
(Cat. No. 41966-029) or D. melanogaster 
Schneiders medium (Cat. No. 21720-024) and 
200 mM l-glutamine (Cat. No. 25030-032) 
(Gibco BRL)

Fetal bovine serum (FBS, Cat. No. 10270-1064, 
Gibco BRL)

Basic tissue culture facility with a 37ºC, 5% 
CO2 incubator and a 29ºC, 5% CO2 incubator 

FIGURE 12.1 The heterokaryon assay. (A) Proteins 
may accumulate in the nucleus as the result of a unidirec-
tional import pathway (nonshuttling nuclear proteins). 
Alternatively, proteins may be targeted simultaneously 
by import and export pathways, resulting in a dynamic 
cycling (shuttling) between the nucleus and the cytoplasm. 
(B) Heterokaryon assays distinguish between shuttling and 
nonshuttling nuclear proteins. If a protein originally present 
in the donor (large) nucleus shuttles, then it will appear in 
the receptor (small) nucleus. Nonshuttling proteins are not 
exported from the donor nucleus and are never detected in 
the receptor nucleus. Assays have to be performed in the 
presence of protein synthesis inhibitors in order to prevent 
the import of newly synthesised protein into the receptor 
nucleus.
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(required only for HeLa � SL2 
heterokaryons)

35 � 10-mm (P35) tissue culture dishes and 
general tissue culture material required for 
cell line maintenance

10 � 10-mm glass coverslips
Curved tweezer
Transfection reagents: Lipofectin (Cat. No. 

18292-037, Invitrogen) or Fugene (Cat. No. 
1814443, Roche Applied Science)

Protein synthesis inhibitors: anisomycin (Cat. 
No. A9789), cycloheximide (Cat. No. L9535) 
or emetine dihydrochloride hydrate (Cat. 
No. E 2375) (all from Sigma-Aldrich)

Polyethylene glycol (PEG) 1500 (Cat. No. 783 
641, Roche Applied Science)

Primary antibody specific for the human–target 
protein or protein–fusion construct in 
eukaryotic expression vector with GFP or 
amino acid epitope tags (e.g., Ha, FLAG, 
His) and anti-tag primary antibody

Anti-hnRNP C mAb 4F4 (Choi and Dreyfuss, 
1984) and anti-hnRNP A1 9H10 mAb (Pinol-
Roma et al., 1988)

DAPI, dilactate (Cat. No. D 9564, 
Sigma-Aldrich)

Fluorochrome-conjugated secondary antibodies 
(Jackson Laboratories)

Fluorescence microscope

III. PROCEDURES

A. HeLa � SL2 Heterokaryons

Cell Culture

1. Maintain HeLa cells routinely in MEM 
supplemented with nonessential amino 
acids and 10% FBS and grow in a 37ºC, 5% 
CO2 incubator. Cells should be split the day 
before the heterokaryon assay is performed.

2. Grow SL2 D. melanogaster cells in 
Schneider’s medium supplemented with 
12% FBS and 2 mM glutamine at 25ºC 

without CO2 (a clean laboratory drawer will 
provide a convenient “incubator”). This is 
a suspension cell line that can be induced 
to adhere to the coverslips in the absence of 
serum.

3. Heterokaryon medium: HeLa � SL2 
heterokaryons should be maintained in 
MEM supplemented with nonessential 
amino acids and 12% FBS in a 29ºC, 5% CO2 
incubator.

Solutions

1. Protein synthesis inhibitors: Prepare a stock 
solution at 10 mg/ml in 50% ethanol and 
store at �20ºC. Final use concentrations 
should be established for the cell lines used; 
most widely used concentrations range 
between 20 and 100 μg/ml for cicloheximide 
or anisomycin and 0.5 and 20 μg/ml for 
emetine.

2. Phosphate-buffered saline PBS: 137 mM NaCl, 
2.68 mM KCl, 8.06 mM Na2HPO4, and 
1.47 mM KH2PO4. Prepare by weighing 8 g 
NaCl, 0.2 g KCl, 1.14 g Na2HPO4, and 0.2 g 
KH2PO4 for 1 liter of solution. Sterilise by 
autoclaving.

Steps

1. All the steps of the procedure should be 
performed in a laminar flow hood using 
sterile cell culture material and solutions. 
The procedure is adapted for cells grown on 
10 � 10-mm coverslips placed in P35 dishes.

2. HeLa cells should be grown to subconfluent 
density on 10 � 10-mm coverslips. A 35 
� 10-mm tissue culture petri dish can 
accommodate four of these coverslips.

3. Resuspend exponentially growing 
D. melanogaster SL2 cells in serum-free HeLa 
culture medium to a concentration of 3–4 � 
107 cells/ml.

4. Remove the medium from the HeLa cell 
culture and overlay coverslips with 500 μl of 
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the SL2 suspension. Incubate for 20 min in a 
29ºC, 5% CO2 incubator to induce adherence 
of SL2 cells.

5. Replace medium with 1.5 ml heterokaryon 
medium and add the protein synthesis 
inhibitor. Place cells in the 29ºC, 5% CO2 
incubator for at least 3 h to inhibit protein 
synthesis. A control experiment replacing 
the protein synthesis inhibitor with a 
similar volume of 50% ethanol should be 
performed.

6. For the fusion procedure, place a 50-μl drop 
of PEG 1500 prewarmed to 29ºC in a sterile 
petri dish.

7. Remove the HeLa/SL2 coculture from 
the incubator and wash twice with PBS 
prewarmed to 29ºC.

8. With a sterile forceps, remove a coverslip 
and invert it over the PEG drop for 
2 min (cell side down). Then, place the 
coverslip (cell side up) in a new P35 dish 
and rinse twice with PBS prewarmed 
to 29ºC. Replace the PBS with 1.5 ml of 
prewarmed heterokaryon medium with 
a protein synthesis inhibitor and place 

the heterokaryons in the incubator for the 
duration of the shuttling assay (usually 6 h 
or more).

9. Fix and immunostain cells using standard 
procedures, following a time course with 
1-h intervals. Positive and negative control 
experiments should be performed using 
monoclonal antibodies directed against 
human hnRNPA 1 (a protein that shuttles 
between the nucleus and the cytoplasm; 
Pinol-Roma et al., 1988) and human hnRNPC 
(a protein that does not shuttle; Choi and 
Dreyfuss, 1984) (Fig. 12.2).

B. HeLa � 3T3 Heterokaryons

Cell Culture

1. Maintain HeLa cells routinely in MEM 
supplemented with nonessential amino 
acids and 10% FBS and grow in a 37ºC, 
5% CO2 incubator. Cells should be split to 
petri dishes 2 days before the heterokaryon 
assay is performed and transfected on the 
following day.

FIGURE 12.2 HeLa � SL2 heterokaryons. Monoclonal antibodies directed against a human protein often do not cross-
react with its Drosophila melanogaster homologue. In this case, shuttling of the endogenous human protein can be analysed 
in a HeLa � SL2 heterokaryon. (A) Phase-contrast image of a HeLa � SL2 heterokaryon. Arrowheads label small SL2 nuclei 
from cells that have fused with the HeLa cytoplasm. (B) The heterokaryon shown in A has been immunostained with a 
monoclonal antibody specific for the human nonshuttling protein hnRNPC (mAb 4F4; Choi and Dreyfuss, 1989), showing 
it to be restricted to the HeLa nucleus in the presence of protein synthesis inhibitors (20 μg/ml emetine). Arrowheads point 
to the position of SL2 nuclei. (C) Immunostaining of a HeLa � SL2 heterokaryon with a monoclonal antibody specific for 
human U2AF65 (mAb MC3; Gama-Carvalho et al., 1997) shows that the human protein is present in the SL2 nucleus (arrow-
head) in the presence of protein synthesis inhibitors, demonstrating the shuttling activity of this protein (Gama-Carvalho 
et al., 2001).
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2. Grow mouse 3T3 cells in D-MEM 
supplemented with 10% FBS at 37ºC, 5% 
CO2.

3. Heterokaryon medium: HeLa � 3T3 
heterokaryons should be maintained as 3T3 
cells.

Solutions

1. PBS: 137 mM NaCl, 2.68 mM KCl, 8.06 mM 
Na2HPO4, and 1.47 mM KH2PO4. Prepare 
by weighing 8 g NaCl, 0.2 g KCl, 1.14 g 
Na2HPO4, and 0.2 g KH2PO4 for 1 liter of 
solution. Sterilise by autoclaving.

2. DAPI: Prepare a stock solution at 1 mg/ml 
and store at �20ºC protected from light; 
staining solution: dilute stock to 1 μg/ml in 
PBS and store at �4ºC protected from light 
for several weeks.

3. Protein synthesis inhibitors: Prepare a stock 
solution at 10 mg/ml in 50% ethanol and 
store at �20ºC. Final use concentrations 
should be established for the cell lines used; 
most widely used concentrations range 
between 20 and 100 μg/ml for cycloheximide 
or anisomycin and 0.5 and 20 μg/ml for 
emetine.

Steps

1. All the steps of the procedure should be 
performed in a laminar flow hood using 
sterile cell culture material and solutions. 
The procedure is adapted for cells grown on 
10 � 10 mm coverslips placed in P35 dishes.

2. The evening before the assay, HeLa cells 
should be transfected with the desired 
construct and left to grow to subconfluent 
density on 10 � 10-mm coverslips. A 35 
� 10-mm tissue culture petri dish can 
accommodate four of these coverslips. 
Common transfection reagents such as 
Lipofectin or Fugene work well with this 
procedure and can be used according to 
the instructions of the manufacturer. The 

number of hours between transfection 
and the heterokaryon assay should be 
determined for each construct to avoid 
overexpression of the exogenous protein.

3. Tripsinize and count 3T3 cells. For each 
P35 HeLa culture, prepare 1.5 ml of a 
3T3 suspension with 1 � 106 cells/ml in 
DMEM with 10% FBS and protein synthesis 
inhibitor.

4. Remove the medium from the HeLa cell 
culture and overlay coverslips with the 3T3 
suspension. Incubate for 3 h in a 37ºC, 5% 
CO2 incubator to allow 3T3 cells to adhere 
and inhibit protein synthesis.

5. For the fusion procedure, place a 50-μl drop 
of prewarmed PEG 2000 in a sterile petri 
dish per coverslip.

6. Remove the HeLa/3T3 coculture from the 
incubator and wash twice with prewarmed 
PBS.

7. With a sterile forceps, remove a coverslip 
and invert it over the PEG drop for 2 min. 
Then place the coverslip (cell side up) 
in a new P35 dish and rinse twice with 
prewarmed PBS. Replace the PBS with 
1.5 ml of prewarmed heterokaryon medium 
with protein synthesis inhibitor and place 
the heterokaryons in the incubator for the 
duration of the shuttling assay (usually from 
1 to 5 h).

8. Fix and stain cells using standard 
procedures, following a time course with 
1-h intervals. In addition to the procedure 
(if any) necessary for detection of the 
exogenous protein, cells should be stained 
with DAPI to allow identification of 
heyterokaryon nuclei. Positive and negative 
control experiments should be performed 
using monoclonal antibodies directed 
against human hnRNPA 1 (a protein that 
shuttles between the nucleus and the 
cytoplasm; Pinol-Roma et al., 1988) and 
human hnRNPC (a protein that does not 
shuttle; Choi and Dreyfuss, 1984) 
(Fig. 12.3).



III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

IV. COMMENTS

Shuttling rates vary significantly from pro-
tein to protein, with some being extremely slow 
(e.g., nucleolin takes up to 16 h to be detected 
in the receptor nuclei) and others very fast 
(e.g., transport receptors are detected in recep-
tor nuclei within minutes after the fusion). The 
ideal time period for a shuttling assay should 
thus be determined for each case by performing 
a time course analysis. As a general rule, detec-
tion of the protein in receptor nuclei in HeLa 
� 3T3 heterokaryon assays involving transient 
expression of exogenous protein is significantly 
faster than HeLa � SL2 assays with the endog-
enous protein. For example, for the same pro-
tein, equilibrium between donor and receptor 
nuclei may be achieved in 90 min in the first 
case and take up to 7   h in the second.

Proper interpretation of results from a het-
erokaryon assay requires the use of adequate 
controls. Whenever possible, shuttling activity 
should be demonstrated for both endogenous 
and exogenously expressed proteins, as amino 
acid tags and protein overexpression may mod-
ify the results. When assaying for shuttling of 
the endogenous protein, the specificity of the 

antibody has to be demonstrated carefully. The 
efficiency of protein synthesis inhibition must 
be controlled properly as different cell strains 
may show a wide variation in the sensitivity to 
protein synthesis inhibitors. Demonstration of 
efficient translation inhibition can be performed 
by staining the heterokaryons with a mono-
clonal antibody specific for a human nuclear 
nonshuttling protein, such as the hnRNP C 
protein (mAb 4F4, Choi and Dreyfuss, 1984). If 
cytoplasmic protein synthesis is going on, this 
protein will be detected in the nucleus of the 
receptor cell. Whenever possible, heterokary-
ons should be double stained for the protein of 
interest and hnRNPC. Alternatively, when the 
protein of interest is also detected with a mAb, 
a parallel assay should be performed in which 
the heterokaryons are labeled with the anti-
hnRNP C antibody.

If a shuttling protein is identified, it is con-
venient to determine whether it is diffusing 
through the nuclear pores passively or being 
exported from the nucleus through a receptor-
mediated pathway. For this purpose, donor cells 
should be placed at 4ºC for the same period of 
time as used for the heterokaryon assay in cul-
ture medium supplemented with the protein 

FIGURE 12.3 HeLa � 3T3 heterokaryons. HeLa cells were transiently transfected with a vector encoding GFP-U2AF65 
(Gama-Carvalho et al., 2001) and fused with murine NIH 3T3 cells in the presence of 20 μg/ml emetine. A single heter-
okaryon labeled with DAPI (A), anti-hnRNPC mAb (B), and GFP (C) is shown. (A) DAPI staining of the HeLa � 3T3 het-
erokaryon. Murine cells are easily distinguished by the presence of brightly stained blocks or pericentric heterochromatin 
(arrows). (B) The heterokaryon shown in A was stained with an antibody specific for the nonshuttling human hnRNP C 
protein (mAb 4F4; Choi and Dreyfuss, 1989). hnRNP C is restricted to the HeLa cell nucleus (arrowhead), confirming that 
there is an efficient inhibition of protein synthesis. (C) Detection of GFP in the HeLa � 3T3 heterokaryon reveals that the 
fusion protein originally present in HeLa cells shuttles between the nucleus and the cytoplasm. Bar: 10 μm.
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synthesis inhibitor and 20 mM HEPES. 
Immunostaining for the protein of interest 
should then be performed. At low temperature, 
receptor-mediated nuclear import and export 
processes do not occur. Thus, if the protein is 
exported via a receptor-mediated pathway, it 
should be retained in the nucleus. In contrast, if 
the protein can leak through the nuclear pores 
passively, it will accumulate in the cytoplasm. If 
translation is not inhibited, newly synthesised 
proteins will also accumulate in the cytoplasm, 
invalidating the assay. When performing shut-
tling analysis based on transient transfection, it 
is important to note that accumulation of exog-
enous protein in the cytoplasm and passive 
leakage from the nucleus are common events in 
cells expressing the protein at high levels. Thus, 
analysis of exogenous proteins should always 
be centred on cells with low expression levels. 
A control experiment to determine the degree 
of exogenous protein leakage to the cytoplasm 
should also be performed (e.g., a low tempera-
ture shift experiment).

The use of interspecies heterokaryons in 
association with transient transfection opens 
the possibility to analyse the protein domains 
involved in the export pathway by the use of 
mutant forms of the protein. However, this 
analysis can only be performed with mutants 
that retain full nuclear localisation. Moreover, 
leakage of small deletion mutants to the cyto-
plasm should be monitored carefully.

V. PITFALLS

The confluence of HeLa cells is critical for the 
procedure. If the density of the culture is too 
low, few heterokaryons will form. If cells have 
reached confluence, there will be no space left 
for the SL2 or 3T3 cells to adhere and often their 
nuclei will be above HeLa nuclei, making anal-
ysis of the results impossible. HeLa coverslips 
should be checked one by one to choose those 
with an appropriate subconfluent density.

Often during the fusion procedure there is 
a significant loss of cells. This may result from 
the mechanical stress generated when the cov-
erslips that were turned over the PEG droplet 
are picked. To avoid this, simply pipette PBS 
beneath the coverslip to make it float and then 
pick it up with a forceps. In addition, it is possi-
ble that the protein synthesis inhibitor is induc-
ing apoptosis of a high percentage of cells in 
culture. Indeed, some cell strains are highly sen-
sitive to these inhibitors at concentrations that 
have no negative effects for other cells. Thus, 
the choice of inhibitor and concentration should 
be assayed carefully for the particular cell strain 
used in the assay. Cycloheximide is the most 
widely used inhibitor, although some cell lines 
may be more sensitive to emetine. In some 
cases, efficient protein synthesis inhibition may 
be hard to achieve, with a significant proportion 
of cells in the culture showing significant lev-
els of newly translated protein. To prevent this 
from influencing the interpretation of the assay, 
perform double labeling of heterokaryons with 
the anti-hnRNP C 4F4 mAb whenever possible 
and consider only heterokaryons in which this 
protein is restricted to the human nuclei.

Finding HeLa � 3T3 heterokaryons in the 
preparation may present some difficulty, as the 
observation in phase contrast does not always 
allow a clear visualisation of the cytoplasm. The 
best approach is to look for two nuclei that are 
very close together, which is done most easily 
when visualising DAPI staining. The identifi-
cation of murine nuclei by staining with DAPI 
also requires some training. Staining with the 
4F4 mAb can serve as an aid, as it will only label 
human cells when translation is inhibited.

As discussed earlier, when analysing the 
shuttling ability of transiently transfected pro-
teins, it is crucial to consider only low express-
ing cells. A good fluorescence microscope is 
essential for detecting low levels of expression. 
Often, multinucleated heterokaryons form. 
These should not be considered in the shut-
tling assay, as it is hard to identify the donor 



III. PROTEIN TRANSLOCATION BETWEEN CYTOPLASM AND COMPARTMENTS

nucleus and access the original expression 
level of the protein (as it has spread out to many 
nuclei).
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IV. MEASURING INTRACELLULAR SIGNALING EVENTS

I. INTRODUCTION

The intracellular Ca2� ion concentration has 
been found to be associated with a wide vari-
ety of cellular processes (Carafoli, 2003). These 
include diverse events such as secretion, fertili-
zation, cleavage, nuclear envelope breakdown, 
and apoptosis. Several diseases, including types 
of muscular dystrophy, diabetes, and leukemia, 
involve proteins that directly respond to or con-
trol Ca2�. Indeed, it may be more difficult to 
find cellular processes that do not involve Ca2� 
than ones that do. From decades of research 
we have learned that the process of Ca2� sign-
aling consists, in general terms, of molecules 
for Ca2� signal production, spatial and tem-
poral shaping, sensors, and targets that elicit 
changes in biological function. Hence, this has 
prompted the development of sensitive signal-
ing techniques to measure and image submicro-
molar levels of [Ca2�] and decode the dynamic 
Ca2� messages throughout the propagation of 
the signal.

Ca2� transients have traditionally been meas-
ured using synthetic fluorescent chelators (such 
as Fura-2 and Quin2) or recombinant aequorin 
(Grynkiewicz et al., 1985: Montero et al., 1995). 
Synthetic molecules provide a bright fluores-
cent signal, but these dyes are not easy to load 
and gradually leak out of cells at physiologi-
cal temperatures. Cellular targeting is also not 
specific and some chemical indicators have 
been shown not to accumulate well in certain 
organelles. Aequorin is targeted easily but it 
requires incorporation of the cofactor coelenter-
azine, is irreversibly consumed by Ca2�, and is 
very difficult to image due to low biolumines-
cence. By comparison, green fluorescent protein 
(GFP) and calmodulin (CaM)-based “cameleon” 
probes have been developed and retain several 
of the benefits of the aforementioned indicators, 
yet also provide significant improvements for 
in vivo imaging (Miyawaki, 2003; Zhang et al., 
2002; Truong and Ikura, 2001).

The use of cameleon indicators is gradually 
becoming more common within the Ca2� sign-
aling community and the literature is rich with 
examples of various applications. For instance, 
fusion of cameleons to specific signal sequences 
has successfully sorted them to nuclei, endoplas-
mic reticulum, caveolae, and secretory granule 
membranes (Isshiki et al., 2002; Demaurex and 
Frieden, 2003; Emmanouilidou et al., 1999). In 
addition to their use in detecting rapid stimulus-
induced [Ca2�] transients, genetic studies in 
which cameleons were stably expressed in 
Arabidopsis stomatal guard cells (Allen et al., 
1999), nematode pharyngeal muscle (Kerr et al., 
2000), or larval thermoresponsive neurons of 
Drosophila (Liu et al., 2003) show that the sen-
sors are also applicable to long-term monitoring 
of Ca2� concentration. This has been demon-
strated further for murine cells where the circa-
dian rhythm of cytosolic but not nuclear Ca2� 
in hypothalmic suprachiasmatic neurons was 
demonstrated (Ikeda et al., 2003).

It is hoped that this article provides some 
explicit and practical information relevant to 
the laboratory use of cameleon fluorescence 
resonance energy transfer (FRET) indicators. 
Our aim is that it will benefit and be of interest 
to colleagues both unfamiliar or experienced in 
using fluorescent Ca2� indicators.

II. MATERIALS AND 
INSTRUMENTATION

A.  Expression and Purification of 
Cameleons

Enhanced cyan fluorescent protein (ECFP) 
and enhanced yellow fluorescent protein (EYFP) 
expression constructus (Clontech Cat. No. 6075-
1 and 6004-1, respectively); calmodulin cDNA 
(M. Ikura); pRSETB prokaryotic expression vec-
tor (Invitrogen Cat. No. V351-20); Luria broth 
(LB) media; isopropyl-β-d- thiogalactopyranoside 
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(IPTG, Fermentas Cat. No. R0391); complete 
protease inhibitor cocktail tablets (Roche Cat. 
No. 1697498); Ni-NTA agarose (Qiagen Cat. 
No. 1018240); Escherichia coli BL21 (DE3) strain 
(Stratagene Cat. No. 200133); sonicator; EGTA 
buffer: 100 mM KCl, 50 mM HEPES (pH 7.4), and 
10 mM EGTA; CaC12 buffer: 100 mM KCl, 50 mM 
HEPES (pH 7.4), 10 mM EGTA, and 10 mM 
CaCl2.

B. In Vitro Fluorescence Quantitation

Shimadzu spectrofluorometer RF5301; 10-mm 
path-length quartz cuvette.

C. In Vitro Imaging of Cameleons

pcDNA3 eukaryotic transient expression vec-
tor (Invitrogen Cat. No. V790-20); uncoated; 
γ-irradiated, 35-mm tissue culture dishes with 
glass bottom No. 0 (MatTek Cat. No. P35G-0-10-C); 
Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% dialyzed fetal bovine 
serum (FBS, Invitrogen Cat. No. 26400044), 
Hanks’ balanced salts solution (HBSS) with Ca2� 
(Invitrogen Cat. No. 14170120); 37ºC CO2 incuba-
tor; HeLa cells or appropriate eukaryotic strain; 
Lipofectamine (Invitrogen Cat. No. 18324012) 
and PLUS (Invitrogen Cat. No. 11514015) rea-
gents; histamine, ionomycin, ethylene glycol-
bis(2-aminoethylether)-N,N,N	,N	-tetraacetic acid 
(EGTA) and 1,2-bis(2-aminophenoxy)ethane-
N,N,N	,N	-tetraacetic acid tetrakis(acetoxymethyl 
ester) (BAPTA-AM) (Sigma Cat. No. H7125, 
I0634, E0396, and A1076, respectively); Olympus 
IX70 inverted epifluorescence microscope; 
Olympus Xenon lamp; MicroMax 1300YHS 
CCD camera and Sutter Lambda 10-2 filter 
changers controlled by Metafluor 4.5r2 software 
(Universal Imaging); ECFP-EYFP FRET filter set 
(Omega Optical); 440AF21 excitation filter (ECFP 
excitation), 455DRLP dichroic mirror, 480AF30 
emission filter (ECFP emission), and 535AF26 

emission filter (EYFP emission); neutral density 
(ND) filter set (Omega Optical); UApo 40xOil 
Iris/340 objective (Olympus); U-MNIBA band-
pass mirror cube unit (Olympus).

III. PROCEDURES

A. Engineering Cameleon Constructs

The history of cameleon engineering is 
reflected in its nomenclature (Table 13.1). 
Optimization of Ca2� affinities, pH depend-
ency, maturation time, and other parameters is 
by no means complete. However, we present 
construction of a general cameleon designed 
in our laboratory, YC6.1, to serve as a refer-
ence point for future work (Truong et al., 2001). 
Molecular biology techniques for manipulating 
recombinant DNA are not given as they can be 
obtained from common reference books.

In these constructs, ECFP and EYFP func-
tion as a donor–acceptor pair for nonradiative, 
intramolecular FRET. During FRET, excitation 
of the donor (cyan) leads to emission from the 
acceptor (yellow), provided that the molecules 
are close enough (within 80Å) and in a paral-
lel orientation. In this way, on binding Ca2� the 
CaM wraps around its adjacent CKKp target 
peptide and ECFP and EYFP are brought closer 
to each other and FRET increases (Fig. 13.1).

1. A successful construction of GFP-fused 
protein indicators is facilitated greatly 
by careful inspection of available three-
dimensional structure information of 
the protein or protein domain used for 
sensing functions. Typically, such structural 
analysis can be done using SwissPDBviewer 
(Windows) and MODELLER (Unix), which 
allow the measurement of atomic distances 
and the molecular modeling of fusion 
proteins, respectively. This was also the 
case for designing YC6.1. We found that by 
virtue of the hairpin-like complex structure 
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of CKKp, the peptide can be inserted into 
the domain linker region (residues 78–81) 
of CaM.

2. Insert a CaM-binding peptide derived from 
CaM-dependent protein kinase kinase 
(CKKp; residues 438–463) between the 
terminal EF hand Ca2�-binding domains 
(N-CaM and C-CaM) within the CaM linker 
domain (between CaM residues 79 and 80) 
and connect via two Gly-Gly linkers.

3. Add ECFP- and EYFP-encoding open 
reading frames to termini of the (N-CaM)-
GG-CKKp-GG-(C-CaM) module by 
recombinant DNA methods. Expression 
vectors for many GFP family members 
are available through Clontech. Cameleon 
constructs can benefit from truncation of 
the last 11 C-terminal amino acids of ECFP 
(the minimal region to form GFP) to reduce 
the relative tumbling of the fluorophores. 
Additionally, linkers introduced between 
CaM domains and the target peptide can be 
optimized for complex formation.

CFP YFP
N-CaM

C-CaM

CKKp
flexible

440 nm

480 nm

+ Ca2+- Ca2+

CFP YFP
440 nm

535 nm

FRET

CKKp
helix

FIGURE 13.1 Schematic depiction of YC6.1 FRET in 
response to [Ca2�]. See text for details.

TABLE 13.1 Properties of Commonly Used Cameleon Indicators

Name pKa [Ca2�] range (μM) Comments Reference

Cameleon-1 6.9 0.1–10 BFP/GFP hybrid with 
CaM-M13 tandem

Miyawaki et al. (1997)

YC2 6.9 0.1–10 Use of ECFP/EYFP for 
donor/acceptor

Miyawaki et al. (1997)

YC2.1 6.1 0.1–10 V68L/Q69K for increased 
pH resistance

Miyawaki et al. (1999)

YC2.12 6.0 0.1–10 “Venus” quick-maturation 
derivative

Nagai et al. (2002)

YC3 6.9 0.5–1000 E104Q low-affinity indicator Miyawaki et al. (1997)

YC3.3 5.7 0.5–1000 Q69M “citrine” for added 
pH resistance

Griesbeck et al. (2001)

YC4 6.9 10–1000 E31Q low-affinity indicator Miyawaki et al. (1997)

YC6.1 6.1 0.1–1 Internal CKKp CaM 
recognition peptide

Truong et al. (2001)

SapRC2 5.5 0.2–0.4 Sapphire/DsRed cameleon Mizuno et al. (2001)
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4. Sequence construct to ensure polymerase 
chain reaction errors are not present. Note 
that oligonucleotides designed to the 5	 or 
3	 end of ECFP open reading frames will 
also recognize the counterpart sequences in 
EYFP due to high sequence identity.

5. Subclone this cameleon domain into either 
pRSETB plasmid, for prokaryotic protein 
expression sufficient for biochemical and 
biophysical characterization, or pcDNA3.1 
for mammalian expression and in vivo 
Ca2�-imaging experiments. If optimal 
expression is not crucial, we also found that 
the pTriEx3 (Novagen) vector is convenient 
for expression in both prokaryotic and 
eukaryotic systems.

6. In addition to this cytoplasmic version of 
cameleon YC6.1, nucleus- and endoplasmic 
reticulum-targeted versions (YC6.1nu and 
YC6.2er, respectively) can be constructed by 
the addition of appropriate signal sequences 
to termini.

B.  Overexpression and Purification of 
Cameleons

1. From a single colony of newly transformed 
E. coli strain BL21(DE3), grow liquid cultures 
at 37ºC in LB medium containing 100 μg/ml 
ampicillin.

2. At OD600, induce cultures with 0.5 mM IPTG 
at 15ºC overnight.

3. Harvest cells by centrifugation at 6500 rpm 
for 20 min at 4ºC.

4. Resuspend cell pellets in 1/20 culture 
volume of lysis buffer [50 mM HEPES 
(pH 7.4), 10% glycerol, 100 mM KCl, 1 mM 
CaCl2, and 1 mM phenylmethyl sulfonyl 
fluoride (PMSF)], sonicate, and centrifuge at 
15,000 rpm for 30 min to remove debris.

5. Incubate the supernatant with nickel chelate 
agarose for 1 h at 4ºC and wash with of 
50 mM HEPES (pH 7.4), 100 mM KCl, and 
5 mM imidazole.

 6.  Elute YC6.1 with 300 mM imidazole in the 
aforementioned buffer. Proteolytic cleavage 
to remove the (His)6 tag is not necessary as 
it does not interfere with YC6.1 fluorescent 
properties.

 7.  Optional: The eluant can be then purified 
further on a Superdex 75 HR 10/30 
FPLC column using 20 mM HEPES, pH 
7.5, 150 mM KCl, 5% glycerol, 5 mM 
dithiothreitol, and 1 mM PMSF.

 8.  Use the fraction that has the highest FRET 
ratio for fluorescence experiments.

 9.  Dialyze the sample against 2 liter of 50 mM 
HEPES (pH 7.4), 100 mM KCl at 4ºC.

10.  Optional: Glycerol can be added to the 
sample at a final concentration of 20%, and 
aliquot, flash freeze in liquid N2, and store 
the YC6.1 at �70ºC.

If necessary, it is possible to perform the 
characterization using a mammalian cell lysate. 
For harvesting, cells should be transfected 
in several 100-mm-diameter culture dishes, 
washed thoroughly to remove traces of phenol 
red and serum, and lysed in a hypotonic lysis 
buffer [50 mM HEPES (pH 7.4) 100 mM KCl, 
5 mM MgCl2, and 0.5% Triton X-100]. Following 
removal of cellular debris by centrifugation, 
dialyze the supernatant in 2 liter of buffer 
[50 mM HEPES (pH 7.4) and 100 mM KCl]. 
Finally, the sample can be used for characteriza-
tion as described.

C.  In Vitro Cameleon Fluorescence 
Spectroscopy

1. Record fluorescence spectra on a Shimadzu 
spectrofluorometer RF5301 using a 10-
mm path-length quartz cuvette at room 
temperature.

2. Dilute cameleon chimeric proteins in 
50 mM HEPES (pH 7.4), 100 mM KCl, and 
20 μM EGTA to a final concentration of 
60 nM. Although many dilution factors are 
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acceptable, intermolecular ECFP-EYFP 
FRET will occur at higher concentrations, 
thereby inflating the emission signal 
falsely.

3. Excitate at 433 nm and monitor the 
fluorescence emission between 450 and 
570 nm with excitation and emission slit 
widths of 5 nm (Table 13.2).

4. Record the fluorescence emission spectra of 
buffer (background) and cameleon protein 
solutions.

5. Subtract the background spectrum for 
buffer alone from the cameleon sample to 
find spectra of the cameleon in the absence 
of Ca2�.

6. Determine the fluorescence emission 
ratio (R) by dividing the integration of 
fluorescence intensities of the FRET acceptor 
(for EYFP, between 520 and 536 nm) by that 
of the FRET donor (for ECP, between 470 
and 485 nm).

7. Determine Rmin from this spectrum. A 
key parameter for a Ca2� indicator is its 
dynamic range in response to [Ca2�]. The 
dynamic range of a cameleon is defined as 
the division of the maximum ratio, Rmax, by 
the minimum ratio, Rmin.

8. In the presence of 1 mM CaCl2, repeat to find 
spectra of the cameleon in the presence of 
saturating amounts of Ca2�. Determine Rmax 
from this spectrum.

The Ca2�-binding curve is used to assess the 
effective range of [Ca2�] measurement. Ca2�/
EDTA and Ca2�/EGTA buffers are used as stand-
ards because even trace Ca2� contaminants can 
significantly distort [Ca2�]free values at low [Ca2�] 
(Bers et al., 1994; Miyawaki et al., 1997).

1. Prepare EGTA buffer [100 mM KCl, 50 mM 
HEPES (pH 7.4), 10 mM EGTA] and CaC12 
buffer [100 mM KCl, 50 mM HEPES (pH 7.4), 
10 mM EGTA, 10 mM CaCl2]. pH should be 
held constant.

2. Use a 1-ml cuvette and dilute the sample in 
the EGTA buffer. Record the fluorescence 
emission spectrum from 450 to 570 nm at 
433-nm excitation. Determine the emission 
ratio.

3. To obtain the Ca2�-binding curve, 
add successive fractions of the CaC12 
solution to the sample and determine the 
emission ratio. Given that the experiment 
is performed in 20ºC with these EGTA 
and CaCl2 buffers, the free calcium can 
be calculated by solving the quadratic 
equation: [Ca2�]free

2 � (10,000,060.5 � 
[Ca2�]total) * [Ca2�]free � 60.5 * [Ca2�]total � 0.

4. To produce the Ca2�-binding curve, plot 
the [Ca2�]free versus emission ratio change 
(percentage of maximum). Initial cameleons 
show biphasic Ca2� dependency, whereas 
YC6.1 has a monophasic response.

TABLE 13.2 Fluorescent Properties of Fluorescent Protein Pairs Used for FRET Studies

Donor Acceptor Donor 
excitation 

wavelength 
(nm)

Donor 
emission 

wavelength 
(nm)

Acceptor 
emission 

wavelength
(nm)

EBFP EGFP 370 440 510

ECFP EYFP 440 480 535

EYFP mRFP1 510 535 607

Sapphire DsRed 400 510 580
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5. Extract the apparent dissociation constant 
(K	d) and Hill coefficient (n) from the fitted 
curves.

6. The emission ratio can then be transformed 
to [Ca2�]

D.  Live Cell Cameleon Fluorescence 
Imaging

This section describes a Ca2�-imaging exper-
iment using HeLa cells; however, with minor 
modifications the method can be applied to 
other cellular and physiological contexts.

1. Plate HeLa cells on 35-mm-diameter 
glass-bottom dishes with DMEM–10% 
FBS media.

2. Incubate the cells at 37ºC (5% CO2) until 
cells are 50–80% confluent.

3. Transfect cells with the mammalian 
expression plasmid containing your 
cameleon using Lipofectamine and PLUS 
reagents (Invitrogen) according to the 
manufacturer’s instructions.

4. Remove the transfection mixture after 5–18 h 
and replace with fresh 1.5 ml of DMEM–10% 
FBS media.

 5. Incubate the cells at 37ºC (5% CO2) for 24 h. 
The cells are ready to perform the Ca2�-
imaging experiment.

 6. All data acquisition should be performed 
in a dark room to reduce background light.

 7. Wash with 1 ml of HBSS (�CaCl2) and add 
1 ml of fresh HBSS (�CaCl2).

 8. Put the cells on the stage of the microscope. 
Cells are viable and healthy for at least 
60 minutes at ambient conditions. A 
CO2 box and temperature controller are 
required for long-term/extended time 
course experiments.

 9. The MetaFluor software controls the 
shutters, filter exchangers, and camera 
during data acquisition.

10. Screen for EYFP fluorescence (which is 
brighter and distinguished more easily 
than ECFP fluorescence) using the eyepiece 
to find transfected cells expressing the 
cameleon construct. Turn the filter turret to 
the U-WNIBA band-pass mirror cube and 
use ND filter in theA range of 0.1–10% to 
reduce photobleaching depending on 
the intensity of fluorescence emission 
(Table 13.3).

11. Using the 40� oil objective, center the 
microscope viewing area on a cell that 

TABLE 13.3 Recommended Optical Componentsa

FRET system

BFP/GFP ECFP/EYFP ECFP/EYFP/RFP Sap/DsRed

Excitation filter 365WB50 440AF21 440DF21 (ECFP) 400DF15

510DF23 (EYFP)

Dichroic mirror 400DCLP 455DRLP 450-520-590TBDR 455DRLP

Emission filter, donor 450DF65 480AF30 480AF30 (ECFP) 480DF30

535AF26 (EYFP)

Emission filter, acceptor 535AF45 535AF26 535AF26 (EYFP) 535DF25

600ALP (RFP)

a The components are from Omega Optical but can be substituted with several equivalent products from other 
companies.
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has a healthy morphology and displays a 
strong cytosolic fluorescence.

12. Acquire single images on the computer 
screen using MetaFluor while adjusting the 
focus until you have the sharpest screen 
image. Focus through the eyepiece and the 
CCD usually vary slightly.

13. Turn the filter turret to the cube with the 
455DRLP dichroic mirror. This allows 
visible light shorter and longer than 
�455 nm to be reflected as excitation to the 
sample and collected as emission from the 
sample, respectively. Consult spectra from 
Omega Optical for relatively wavelength 
transmission efficiencies.

14. To monitor the peak emissions of ECFP and 
EYFP as a result of ECFP peak excitation 
over time, set the data acquisition 
conditions as follows: time interval to 
every 10 s and exposure time to 200 ms for 
ECFP and EYFP. Longer exposures improve 
resolution at the expense of bleaching the 
fluorescent signal. MetaFluor will display 
the emission ratio over time.

15. Draw a region of interest on the field of 
view of the CCD. Usually, this region 
will outline the whole cell, but one can 
specify only a portion of a cell if desired 
(e.g., the nucleus). It is important that the 
stage or the cell does not move during the 
observation period as the region initially 
drawn may drift from the region of interest. 
Additionally, the intensity in the region 
(the signal) should be at least five times the 
intensity of the background.

16. The emission intensities of both ECFP 
and EYFP will decrease over the course of 
the experiment due to some unavoidable 
photobleaching; however, the effect on the 
emission ratio should be negligible. To reduce 
photobleaching, decrease exposure time and 
excitation light intensity. Also, binning can 
sum the signal from multiple pixels on the 
CCD camera so that less light is required 
while keeping a good signal-to-noise ratio.

17. MetaFluor will record the fluorescence 
emission intensities of the ECFP and EYFP, 
together with their emission ratios in the 
regions over time.

18. When the emission ratio reaches a steady 
state, add 50 μl of 2 mM histamine to the 
culture dish for a final concentration of 
100 μM. Be careful not to move the culture 
dish in this process. The histamine binds 
to cell receptors on the plasma membrane 
that set off a signaling cascade, resulting in 
the release of Ca2� from the endoplasmic 
reticulum through the inositol-1,4,5-
triphosphate receptor. This should cause 
a conformational change in the cameleon 
that can be observed by a rise in emission 
intensity of EYFP and a decline in ECFP 
intensity. Therefore, the emission ratio 
should increase. The EYFP/ECFP emission 
ratio should return to steady-state levels 
when the effect of the histamine wanes. 
Figure 13.2 shows a representative example 
of MetaFluor software as it is collecting data.

19. In order to correlate the emission ratio to 
[Ca2�]cytosolic, it is necessary to determine 
Rmin and Rmax so that emission ratios can 
be mapped to the Ca2�-binding curve. 
Add 50 μl of 20 μM ionomycin for a final 
concentration of 1 μM. Ionomycin open 
pores on the plasma membrane to allow 
permeability to Ca2� ions. Because the 
medium is saturated with CaCl2, the ratio 
will rise to Rmax. To determine Rmin, add 
50 μl of 100 mM EGTA and 600 μM BAPTA-
AM for a final concentration of 5 mM and 
30 μM, respectively. The emission ratio 
should drop to Rmin.

IV. OTHER APPROACHES

Several other Ca2� probes are also being 
developed, including the so-called “camgaroos” 
and “pericams.” Camgaroos take an alternative 
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approach to designing fluorescent Ca2� sen-
sors based on CaM and GFP family members 
(Baird et al., 1999). While ECFP and EYFP in 
cameleons are appended to the amino and 
carboxyl termini of CaM and Ca2� binding is 
detected by FRET, camgaroo indicator pro-
teins take advantage of the robust structure 
and profound fluorescence sensitivity of GFP 

to altered pKa values and chromophore orien-
tation. Circular permutations and insertion of 
whole CaM in place of Tyr-145 within EEYFP 
thereby render this indicator responsive to Ca2� 
binding. As a result, both excitation and emis-
sion spectra of camgaroo simply increase in 
amplitude by up to seven-fold upon saturation 
with Ca2�, without any significant shift in peak 

FIGURE 13.2 Example of Ca2� imaging experiment using MetaFluor software. The region of observation is highlighted 
in the 440e535 panel. The 440e535 panel and graph plot the change in EYFP fluorescence as a result of ECFP excitation; the 
440e480 panel and graph plot the change in ECFP fluorescence as a result of ECFP excitation; the EYFP/ECFP panel and 
graph are the ratio of 440e535 and 440e480 panels and graphs. In this experiment, the graphs display a sharp rise in [Ca2�]c 
from the initial stimulation with histamine followed by a slow decline in [Ca2�]c to baseline levels. The second stimulation 
with histamine causes a significantly more rapid return to baseline levels.
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wavelength. This Ca2�-dependent fluorescence 
enhancement is substantially larger than other 
published genetically encoded fluorescent indi-
cators. However, camgaroos are limited by pH 
sensitivity inherent in the current mechanism 
of modulating fluorescence via changes in pKa 
of the chromophore and have to date only been 
preliminarily subjected to systematic muta-
tional improvement.

Pericams, in which EYFP is circularly fused 
to CaM and the M13 myosin light chain kinase 
peptide, improve approximately 10-fold upon 
the low affinity of camgaroo for Ca2� (Kd � 
7 μM) and are thereby better capable of sens-
ing low physiological changes in intracellular 
[Ca2�] (Nagai et al., 2001). Taken together, these 
strategies offer alternatives complementary to 
cameleons for creating genetically encoded, 
physiological Ca2� indicators.

V. OTHER CONSIDERATIONS AND 
PITFALLS

A. Ca2� Ion Sensitivity

Although cameleon probes vary in their 
Ca2� affinities, most are suitable for monitor-
ing [Ca2�] between 0.5 and 100 μM. This poses 
a problem for examining the relatively high 
[Ca2�] found in the endoplasmic reticulum of 
resting cells (approximately 500 μM). However, 
CaM mutagenesis studies have shown that sub-
stitution of a conserved glutamic acid residue 
at the 12th position of each Ca2�-binding loop 
abolishes its Ca2�-binding ability (Zhu et al., 
1998). The effect of combinations of these muta-
tions on cameleon Ca2� range is currently being 
examined further in our laboratory.

B. Maturation

GFP variants have been developed in which 
chromophore oxidative maturation (and thereby 

become fluorescent) occurs more quickly and 
efficiently at 37ºC. It would be advantageous 
to utilize efficiently folding versions, such as 
the recently developed “Venus” form of EYFP 
(F46L/F64L/M153T/V163A/S175G). These 
EYFP mutations confer an eight-fold increase 
of fluorescence intensity when expressed in 
mammalian cells (Nagai et al., 2002; Rekas et al., 
2002). This will enable assay of cells 24 h postre-
covery transfection, if so desired.

C. pH Sensitivity

The hydrogen bond network within the β 
barrel of the chromophore is sensitive to exter-
nal pH. Hence, in order to analyze Ca2� levels in 
acidic organelles (such as secretory vesicles), the 
FRET donor/acceptor pair must be engineered 
so that it is pH resistant. Two mutations within 
EEYFP (V68L and Q69K) have been shown to 
decrease its pKa to 6.1 (Miyawaki et al., 1999). 
The pH sensitivity was improved further via a 
Q69M or “citrine” mutation (pKa 5.7; Griesbeck 
et al., 2001). Another approach would be to 
change the donor/acceptor pair to the pH-insen-
sitive sapphire-red cameleon probe (SapRC2). 
Although this construct has a tendency to 
aggregate and form homotetramers, the recent 
engineering of a monomeric mRFP1 offers an 
interesting alternative (Campbell et al., 2002).

D. Oligomerization

GFP family proteins have been observed to 
form obligate dimers and may thereby gener-
ate false-positive FRET signals. However, this 
aggregation problem need not preclude their 
use in biological systems, even when present in 
higher local concentrations. Nonoligomerizing 
mutants of EYFP have been suggested from 
its crystal structure (Wachter et al., 1998; Rekas 
et al., 2002), but these have yet to be validated 
experimentally. Alternatively, using a mono-
meric version of the evolutionary distinct RFP 



IV. MEASURING INTRACELLULAR SIGNALING EVENTS

(mRFP1) in tandem with a EYFP donor would 
also serve to eliminate this issue (Campbell 
et al., 2002).

E. Influences on Biological Systems

It is very important to consider potential 
competition of the FRET indicator for native 
CaM or CaM-dependent enzymes. Previous 
comparisons of the effect of recombinant CaM 
and cameleon chimeras on prototypical CaM-
dependent enzymes have revealed that the pri-
mary effect of cameleons is on buffering [Ca2�] 
and not interfering with CaM-mediated signal-
ing (Miyawaki et al., 1999). This could be due 
to the CaM component of the cameleon being 
inhibited by the adjoining CKKp efficiently 
occupying its substrate-binding site. Also, as 
the YC6.1 CKKp is embedded within the came-
leon polypeptide, it is not likely to interact with 
endogenous CaM proteins.

F. Interpretation of Live Cell FRET Data

There are two commonly used simple and 
practical approaches. The first, measurement of 
donor emission quenching and acceptor emis-
sion enhancement by using three filter sets and 
then mathematical processing to determine emis-
sion/FRET ratios, is described in Section III. The 
alternative approach is by detection of donor 
dequenching following acceptor bleaching. We 
find bleaching with a minimum of 200 ms, com-
pared to 1 ms for control excitation, is sufficient.

G. Additional Ways to Do Ratio Imaging

FRET requires rapid intensity measurements 
at different wavelengths. Switching time (in 
the millisecond range) may be an important 
parameter for some applications. New imaging 
systems have become available in the market-
place, notably TILLvisION (T.I.L.L. Photonics) 

and AquaCosmos (Hamamatsu), which allow 
for excellent time resolution for fluorescence–
intensity ratio imaging.

H.  FRET Using Red Fluorescence 
Protein

For YC6.1 applications, the ECFP-EYFP 
FRET filter set is sufficient. However, if you 
are using RFP for FRET, the following dichoric 
mirrors and filters from Omega Optical (or 
equivalents) will be needed: 450-520-590TBDR 
for the dichoric mirror; 440DF21 for ECFP exci-
tation; 510DF23 for EYFP excitation; 575DF26 
for RFP excitation; 480AF30 for ECFP emission; 
535AF26 for EYFP emission; and 600ALP for 
RFP emission. This filter set allows you to excite 
or acquire emission from ECFP, EYFP, and RFP 
individually, albeit with a tradeoff in efficiency.

I. Imaging Systems

Using a confocal microscope is the best way 
to increase spatial resolution for FRET experi-
ments. Confocal YC6.1 measurements can be 
performed with single-photon excitation using 
the 458-nm line of an argon laser, but much 
more efficient excitation of ECFP is attained 
with the 442-nm line of a HeCd laser. Two-photon 
excitation microscopy, in addition to providing 
optical sections of a specimen as with confocal 
microscopy, offers certain advantages. Its appli-
cability to cameleons has been demonstrated 
using video-rate scanning instrumentation (Fan 
et al., 1999). This latter imaging approach may 
not be readily available to most laboratories, 
however.

J. Preparation of CaM2�/EGTA Buffers

The accuracy of the Ca2�-binding curve 
depends on accurate preparation of the Ca2�/
EGTA and Ca2�/HEEDTA systems below 
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10�5M free Ca2� and unbuffered Ca2� above 
(Bers et al., 1994). The purity of EGTA, tempera-
ture, and pH are all practical issues.
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Ratiometric Pericam
Atsushi Miyawaki
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I. INTRODUCTION

Our understanding of the structure–
 photochemistry relationships of green fluores-
cent protein (GFP) (Tsien, 1998) has enabled 
the development of genetic calcium probes 
based on a circularly permuted GFP (cpGFP) 
in which the amino and carboxyl portions have 
been interchanged and reconnected by a short 
spacer between the original termini (Baird 
et al., 1999). The resulting new amino and 
carboxyl termini of the cpGFP have been fused 

to  calmodulin and its target peptide M13, 
 generating a chimeric protein named pericam 
(Nagai et al., 2001). This new protein was fluo-
rescent, and its spectral properties changed 
reversibly with Ca2� concentration, probably 
due to the interaction between calmodulin and 
M13, which alters the environment surround-
ing the chromophore. Three types of pericam 
have been obtained by mutating several amino 
acids adjacent to the chromophore. Of these, 
“flash pericam” becomes fluorescent with 
increasing Ca2�, whereas “inverse pericam” 
dims. However, “ratiometric pericam” has an 
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excitation wavelength that changes in a Ca2�-
dependent manner, thereby enabling dual-
excitation ratiometric Ca2� imaging. Ratiometric 
dyes permit quantitative Ca2� measurements 
by minimizing the effects of several artifacts 
that are unrelated to changes in the concentra-
tion of free Ca2� ([Ca2�]), such as uneven load-
ing or partitioning of dye within the cell or 
varying cell thickness. This article presents an 
outline of an imaging experiment using HeLa 
cells expressing ratiometric pericam to meas-
ure receptor-stimulated changes in intracellular 
[Ca2�] ([Ca2�]i) (Protocol 1).

In contrast to cameleons (Miyawaki et al., 
1997), which are fluorescence resonance energy 
transfer-based Ca2� indicators, pericams can 
be easily targeted into the mitochondria matrix 
using an upstream targeting sequence encoding 
subunit IV of cytochrome c oxidase. Ratiometric 
pericam has been used successfully to monitor 
changes in [Ca2�] in mitochondria ([Ca2�]m) 
(Nagai et al., 2001). In most dual-excitation 
imaging experiments, the excitation wavelength 
is alternated using a rotating wheel containing 
two band-pass filters. However, it is also possi-
ble to use a high-speed grating monochromator 
to increase the rate at which the ratio measure-
ment is conducted to approximately 10 Hz. The 
latter instrumentation enables the measurement 
in spontaneously contracting cardiac myocytes 
of beat-to-beat changes in [Ca2�]m, contributing 
to the demonstration that [Ca2�]m oscillates syn-
chronously with cytosolic [Ca2�] during beating 
(Robert et al., 2001). This article discusses factors 
to be considered when using such a monochro-
mator with ratiometric pericam.

Although the aforementioned measure-
ments are typically performed using conven-
tional microscopy, the monitoring of changes in 
[Ca2�] is often severely limited by the poor spa-
tiotemporal resolution of such wide-field tech-
niques. To obtain a more reliable representation 
of changes in subcellular [Ca2�], it is necessary 
to increase the z-axis resolution and the speed 

of production and collection of the ratios of the 
excitation peaks. This article provides a detailed 
protocol describing a modified laser-scanning 
confocal microscopic (LSCM) system for ratio-
metric pericam (Protocol 2). In our experiment 
(Shimozono et al., 2002), fast exchange between 
two laser beams was achieved using acousto-
optic tunable filters (AOTFs). Samples were 
scanned on each line sequentially by a violet 
laser diode (408 nm) and a diode-pumped solid-
state laser (488 nm). In this way, the ratios of the 
excitation peaks can be obtained at a frequency 
of up to 200 Hz.

II. MATERIALS

HeLa cells (ATCC # CCL-2.2)
Culture medium: Add fetal bovine serum 

(Gibco BRL, Life Technologies) to Dulbecco’s 
modified Eagle’s medium (DMEM) (Sigma 
Aldrich) to a final concentration of 10% (v/v)

Hank’s balanced salt solution (HBSS): Dissolve 
CaCl2 (0.14 g), KCl (0.40 g), KH2PO4 (0.06 g), 
MgCl2 �6H2O (0.10 g), MgSO2�7H2O (0.10 g), 
NaCl (8.00 g), NaHCO3 (0.35 g), Na2HPO4 
(0.048 g), and d-glucose (1.00 g) in 800 ml of 
distilled H2O, adjust the pH to 7.4, and then 
adjust the volume to 1 liter.

Histamine solution: Dissolve 1.841 mg of his-
tamine dihydrochloride (Sigma Aldrich, 
H7125) in 1 ml of HBSS to make a 10 mM 
stock solution.

Ratiometric pericam cDNA
Ratiometric pericam mitochondrial cDNA
35-mm glass-bottom cell culture plates 

(Matsunami-glass, Osaka, Japan)

Interference Filters

400DF15, XF1006, Omega
485DF15, XF1042, Omega
535AF45, XF3084, Omega
505DRLP, XF2010, Omega
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505DRLP-XR, XF2031, Omega
500ALP, XF3092, Omega
DM420SP, Olympus
FV5-DM442, Olympus
BA505-525, Omega

III. INSTRUMENTATION

A.  Conventional Microscopy for Time-
Lapse [Ca2�]i Imaging

Dual-excitation imaging with ratiometric 
pericam uses two excitation filters (485DF15 
and 400DF15), which are alternated by a fil-
ter changer (Lambda 10-2, Sutter Instruments, 
Novato, CA), a 505DRLP-XR dichroic mirror, 
and a 535AF45 emission filter. The excitation 
and emission spectra of ratiometric pericam in 
the presence and absence of Ca2� with pass-
bands of the emission filter and two excitation 
filters are shown in Fig. 14.1A. Also, the trans-
mittance of the dichroic mirror (505DRLP-XR) 
is superimposed. The dichroic mirror has an 
eXtended Reflection region below 505 nm; it 
was designed originally for the measurement 
of Ca2� (fura-2) and pH (BCECF). In this situa-
tion, the broad reflection of a dichroic mirror is 

imperative. A more common long-pass dichroic 
mirror (505DRLP) cannot be used; superimpo-
sition of its transmission spectrum (Fig. 14.1B) 
makes one notice a complex transmission band 
at short wavelengths, which prevents reflec-
tion of the 400-nm light. The author strongly 
recommends that researchers make graphs of 
spectra plotted as percentage transmittance for 
the interference filters (excitation filters, emis-
sion filters, and dichroic mirrors) that are actu-
ally used, together with excitation and emission 
spectra of the relevant fluorescent dyes. The 
transmittance curves for the filters (normal inci-
dence) and dichroic mirrors (45º incidence) can 
be measured easily using a conventional spec-
trophotometer. This measurement also provides 
a chance for researchers to check the quality of 
their interference filters, which may deteriorate 
with time.

B.  A Modified LSCM System for 
Ratiometric Pericam

Although the following procedure assumes 
familiarity with LSCM, and with the Olympus 
LSCM in particular, the procedure can be 
adapted easily to other LSCM types. The 
 microscope and lasers we use are described 

A Bwavelength (nm)
700650600550500450400350

505DRLPXR535AF45485DF15400DF15
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ex
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700650600550500450400350
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FIGURE 14.1 (A) Fluorescence excitation and emission spectra of ratiometric pericam in the presence (solid line) and absence 
(broken line) of Ca2�. Transmittance spectra for filters (400DF15, 485DF15, and 535AF45) and the dichroic mirror (505DRLPXR) 
are shown with solid and dotted lines, respectively. (B) The transmittance spectrum for a 505DRLP dichroic mirror.
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in Fig. 14.2. The beam from a diode-pumped 
solid-state laser (Sapphire 488-20, COHERENT) 
directly enters an AOTF (AOTF1; AOTF.8C, AA 
Opto-Electronic). The light is relayed through 
an optical fiber (FV5-FUR, Olympus) to a con-
focal microscope scan head and passes through 
a dichroic mirror (DM1; DM420SP, Olympus). A 
laser diode (NLHV3000E, NICHIA) is mounted 
on a heat sink with temperature control, which 
consists of an LD mount and heat sink [F125-4A 
(Suruga Seiki)], LD current driver [LDX-3525 
(ILX Lightwave)], and LD temperature con-
troller [LDT5525 (ILX Lightwave)]. The output 
of the laser diode is collimated (made  parallel) 

using multiple lenses, and its power is sta-
bilized by a feedback-regulated device. The 
beam is directed into another AOTF (AOTF2; 
AOTF.4C UV, AA Opto-Electronic). The dif-
fracted light is sent through another fiber-optic 
line (FV5-FUR-UV, Olympus) to the scan head 
and is then reflected on DM1. The two AOTFs 
are controlled electronically, allowing the recip-
rocal choice of one of the two laser lines. The 
chosen laser beam is reflected on a second dich-
roic mirror (DM2; FV5-DM442, Olympus). The 
scan head is coupled to an inverted microscope 
(IX70, Olympus) through its right-side port. The 
objective lens used is a PlanApo 60� N.A. 1.00 

FIGURE 14.2 Schematic diagram of the laser-scanning confocal microscopy system for fast dual-excitation ratiometric 
imaging. DPSS, diode pumped solid-state laser; LD, laser diode; PD, photodiode; BS, beam splitter; DM, dichroic mirror; 
EM, emission filter; PMT, photomultiplier tube; ADC, analog-to-digital converter.
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WLSM (Olympus). The fluorescent light is des-
canned, passed through DM2, a pinhole, and 
an emission filter (BA505-525 (Omega)), and 
detected by a photomultiplier. Fluorescence 
signals with excitation wavelengths of 408 and 
488 nm are distributed into two channels during 
analog-to-digital conversion. The pair of galva-
nometer mirrors, the digitized detector output, 
and the AOTF controller are orchestrated. The 
excitation and emission spectra of ratiometric 
pericam in the presence and absence of Ca2�, 
together with the passband of the emission 
filter (BA505-525) and the two laser lines, are 
shown in Fig. 14.3.

IV. PROCEDURES

Protocol 1

The procedure for time-lapse [Ca2�]i imaging 
in HeLa cells is as follows.

1. Plate HeLa cells or cells of interest onto a 35-mm 
glass-bottom dish with culture medium.

2. Transfect the cells with 1 μg per dish of 
cDNA encoding ratiometric pericam 
mitochondria using Lipofectin according 
to the manufacturer’s instructions.

3. Between 2 and 10 days after cDNA 
transfection, image HeLa cells on an 
inverted microscope (IX7) with a cooled 
CCD camera (MicroMax or Cool Snap HQ, 
Roper Scientific, Tucson, AZ). Expose cells 
to reagents in HBSS containing 1.26 mM 
CaCl2. Image acquisition and processing 
are controlled by a personal computer 
connected to a camera and a filter wheel 
(Lambda 10-2, Sutter Instruments, San 
Rafael, CA) using the program MetaFluor 
(Universal Imaging, West Chester, PA). The 
excitation filter wheel in front of the xenon 
lamp (Lambda 10-2, Sutter Instruments, 
San Rafael, CA) is also under computer 
control. Excitation light from a 75-W xenon 
lamp is passed through a 400DF15 (400 
� 7.5) or 485DF15 (485 � 7.5) excitation 
filter. The light is reflected onto the sample 
using a 505-nm long-pass (505DRLP-XR) 
dichroic mirror with an extended reflection. 
The emitted light is collected with a 40X 
(numerical aperture: 1.35) objective and 
passed through a 535 � 22.5-nm band-pass 
filter (535AF45). Interference filters are from 
Omega Optical or Chroma Technologies 
(Brattleboro, VT).

4. Define several factors for image acquisition, 
including (i) excitation power, which 
depends on the type of light source and 
neutral density filter, (ii) numerical aperture 
of the objective, (iii) time of exposure to the 
light, (iv) image acquisition interval, and 
(v) binning. The last three factors should be 
considered in terms of whether temporal or 
spatial resolution is pursued.

5. Choose moderately bright cells. Select 
regions of interest so that pixel intensities 
are averaged spatially.

6. At the end of an experiment, convert 
fluorescence signals into values of [Ca2�]. 

600550500450400350

wavelength (nm)

0

ex
Ca2+(+)

ex
Ca2+(–)

em Ca2+(+)

em Ca2+(–)

408 488 BA505-525

FIGURE 14.3 Fluorescence excitation and emission 
spectra of ratiometric pericam in the presence (solid line) 
and absence (broken line) of Ca2�. The wavelengths of the 
two laser lines, 408 nm (laser diode) and 488 nm (diode-
pumped solid state), are indicated by vertical lines. The 
wavelengths that pass through the emission filter BA505–
525 are shown by a box. Modified with permission from 
T. Nagai, A. Sawano, E. S. Park, and A. Miyawaki, Proc. 
Natl. Acad. Sci. U.S.A. 98, 3197 (2001). Copyright (2001) 
National Academy of Sciences, U.S.A.
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Rmax and Rmin can be obtained as follows. 
To saturate the intracellular indicator with 
Ca2�, increase the extracellular [Ca2�] 
to 10–20 mM in the presence of 1–5 μM 
ionomycin. Wait until the fluorescence 
intensity reaches a plateau. Then, to deplete 
the Ca2� indicator, wash the cells with Ca2�-
free medium (1 μM ionomycin, 1 mM EGTA, 
and 5 mM MgCl2 in nominally Ca2�-free 
HBSS). The in situ calibration for [Ca2�] 
uses the equation [Ca2�] � K	d[(R � Rmin)/
(Rmax � R)](1/n), where K	d is the apparent 
dissociation constant corresponding to the 
Ca2� concentration at which R is midway 
between Rmax and Rmin and n is the Hill 
coefficient. The Ca2� titration curve of 
ratiometric pericam can be fitted using 
a single K	d of 1.7 μM and a single Hill 
coefficient of 1.1 (Fig. 14.4). A typical time 
course of [Ca2�]i reported by ratiometric 
pericam is shown in Fig. 14.5.

Protocol 2

The following is a procedure for confo-
cal imaging of [Ca2�]m in HeLa cells using the 
modified LSCM system.

1. Plate HeLa cells or cells of interest onto a 
35-mm glass-bottom dish with culture 
medium.

2. Transfect the cells with 1 μg per dish of 
cDNA encoding ratiometric pericam 
mitochondria using Lipofectin according to 
the manufacturer’s instructions.

3. Incubate the cells in a humidified atmosphere 
at 37ºC under 5% CO2 for 1 to 3 days.

4. Replace the culture medium with HBSS.
5. Observe the cells on an inverted microscope 

(IX70, Olympus) for green fluorescence of 
the indicator (ratiometric pericam-mt) using 
a 490-nm excitation light generated using 
490DF10.

6. Choose moderately bright cells in which 
the fluorescence is well distributed in the 
mitochondria.

7. Switch on the lasers, AOTF controller, 
scanning head, and the computer. 
The lasers need 30 min to warm up and 
stabilize.

8. Start the scanning process with only 
excitation from the 408-nm laser diode. Set 
the scan mode to “Normal (unidirectional)” 
and scan speed to “Fast.” While looking at 
the acquired fluorescence images, adjust the 
laser intensity to the minimum level that 
allows easy identification of individual cells, 
adjust the sensitivity of the photomultiplier 
tube (PMT) for an optimal signal-to-noise 
ratio, and adjust the size of the pinhole 
for acceptable depth of the image. There 
is a trade-off between the scan speed 
and the pixel size: faster scanning speeds 
decrease resolution because fewer pixels of 
information are collected.

9. Adjust the intensity of the 488-nm laser 
by setting the microscope to “Normal 
(unidirectional)” scan mode and “Fast” 
scan speed. While looking at the acquired 
fluorescence images, adjust the laser 
intensity to a minimum level that allows 
easy identification of individual cells and 
adjust the sensitivity of the PMT for an 
optimal signal-to-noise ratio and the size of 
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FIGURE 14.4 The Ca2� titration curve of ratiomet-
ric pericam. Modified with permission from T. Nagai, 
A. Sawano, E. S. Park, and A. Miyawaki, Proc. Natl. Acad. 
Sci. U.S.A. 98, 3197 (2001). Copyright (2001) National 
Academy of Sciences, U.S.A.
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  the pinhole for acceptable depth of the 
image. Establishing the microscope settings 
described in steps 8 and 9 is a process that 
must be iterated to produce adequate ratio 
images.

10.  Start the control software for line-
sequential dual-excitation ratio analysis. 
The “Normal” scan mode and “Fast” scan 
speed, with adequate pixel size, enable 
rapid exchange between the two lasers on a 
line every 5 to 20 ms.

11.  Determine the desired scanning field 
(image size) and reduce the height of the 
image so that 5 to 10 frames can be obtained 
per second.

12.  Start to acquire images every 100 to 200 ms 
for 1 to 5 min.

13.  During image acquisition, add histamine 
solution to a final concentration of 10 μM 
for receptor stimulation.

14.  Determine the image ratio by dividing the 
images acquired with excitation at 488 nm 
by those acquired at 408 nm.

V. COMMENTS

A.  pH and Photochromism as Practical 
Considerations

Ratiometric pericam is sensitive to changes in 
pH in both the presence and the absence of Ca2� 
(Fig. 14.6). pH-related artifacts were not an issue 
in experiments that used HeLa cells because 
agonist-induced [Ca2�]c mobilization did not 
induce any intracellular pH changes detectable 
by the pH indicator, BCECF (data not shown). 
However, ratiometric pericam expressed in dis-
sociated hippocampal neurons was perturbed 
by acidification following depolarization or 
glutamate stimulation (data not shown).

Pericams are derived from yellow fluores-
cent protein (YFP). If YFP is excited too strongly, 
its fluorescence will be reduced. This apparent 
bleaching is actually photochromism because the 
fluorescence recovers to some extent spontane-
ously and can be restored further by UV illumi-
nation (Dickson et al., 1997). Intense excitation of 
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ing  ratiometric pericam. The sampling interval was 3–5 s. (Top) Excitation ratios of 480 and 410 nm. The right-hand ordi-
nate indicates [Ca2�]i in μM with Rmax and Rmin indicated by an arrow and arrowhead, respectively. (Bottom) Excitations 
of 480 nm (black line, left-hand scale) and 410 nm (gray line, right-hand scale). Modified with permission from T. Nagai, 
A. Sawano, E. S. Park, and A. Miyawaki, Proc. Natl. Acad. Sci. U.S.A. 98, 3197 (2001). Copyright (2001) National Academy 
of Sciences, U.S.A.
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ratiometric pericam also causes photochromism, 
which results in a decrease in the 490/410-nm 
excitation ratio independent of Ca2� change. 
The extent of photochromism is dependent on 
excitation power, numerical aperture of the 
objective, and exposure time. Therefore, it is 
necessary to optimize these factors for each cell 
sample in order to minimize photochromism 
while preserving a high signal-to-noise ratio. A 
good solution is to bin pixels at the cost of spa-
tial resolution. The increased signal-to-noise 
ratio permits a decrease in intensity of the exci-
tation light with a neutral-density filter and the 
observation of [Ca2�]i oscillations without sig-
nificant photochromism of the indicators.

B.  Use of a High-Speed Grating 
Monochromator

Instead of a filter wheel containing 400DF15 
and 485DF15 excitation filters, a fast wave-
length exchanger based on a grating monochro-
mator (U7773-XX and U7794-16, Hamamatsu 
Photonics) can be used with a fast-acquisition 
CCD camera (HiSCA, C6790-81, Hamamatsu 
Photonics). The spectrum of the excitation light 

when the wavelength was set at 410 or 490 nm 
is shown in Fig. 14.7. Because light acquired 
with the setting at 490 nm spills over into the 
observing optical path, it is preferable to elimi-
nate the unwanted light by putting a short-pass 
filter like 500SP (Fig. 14.7, broken line) in front 
of the microscope.

C.  Calcium Transients in Motile 
Mitochondria

When changes in [Ca2�]m are monitored by 
alternating the excitation wavelength automati-
cally with wide-field conventional microscopy, 
the rate of acquisition of the excitation ratio is 
about 10 Hz, which is identical to the frame 
rate. Despite this rapid rate of data collection, 
the [Ca2�]m measurements are often affected 
adversely by the active motion of mitochon-
dria, especially at warmer temperatures. Using 
our LSCM technique, we attempted to increase 
the speed of the alternation of excitation wave-
lengths so that it was faster than the movement 
of mitochondria. With this method, the frame 
rate was 5 Hz and the rate of ratio acquisition 
was 200 Hz. Although the frame rate did not 

pH

50

100

%
 o

f m
ax

. e
xc

ita
tio

n 
ra

tio

0

4 6 8 10 12

FIGURE 14.6 pH dependency of the 495/410-nm exci-
tation ratio in the presence (�) and absence (�) of Ca2�. 
Modified with permission from T. Nagai, A. Sawano, E. S. 
Park, and A. Miyawaki, Proc. Natl. Acad. Sci. U.S.A. 98, 
3197 (2001). Copyright (2001) National Academy of 
Sciences, U.S.A.
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FIGURE 14.7 Spectrum of the 410- or 490-nm light 
selected by the monochromator (U7773-XX and U7794-16, 
Hamamatsu Photonics) (solid line) and transmittance of 
a 500SP short-pass filter (Omega, 3rd Milenium) (broken 
line). (Inset) The crossing of the two curves for 490-nm light 
and 500SP on an expanded scale.
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allow us to fully follow the rapid movement of 
mitochondria, the fast rate of ratio acquisition 
minimized the time lag between the two meas-
urements used to calculate the ratiometric sig-
nal. We feel that this method of imaging [Ca2�]m 
effectively corrects for mitochondrial movement 

FIGURE 14.8 Confocal and dual-excitation imaging of [Ca2�]m using ratiometric pericam mitochondia. (A) Ratio images 
before and after application of 10 μM histamine. Scale bar: 5 μm. (B) Time course of averaged fluorescence signals from the 
white box in A with excitation at 488 and 408 nm (top) and their ratio (bottom). The arrowhead indicates the time when his-
tamine was applied.

both laterally and into and out of the optical sec-
tion. After the application of histamine, spots of 
[Ca2�]m increase within a single mitochondrion 
were identifiable (Fig. 14.8A) and the global 
increase in [Ca2�]m was found to occur rela-
tively slowly (Fig. 14.8B).
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I. INTRODUCTION

Electroporation has been used for the intro-
duction of DNA and proteins, as well as various 
nonpermeant drugs and metabolites into cul-
tured mammalian cells (reviewed in Neumann 
et al., 2000; Chang et al., 1992). Most electropo-
ration techniques for adherent cells involve the 
delivery of the electrical pulse while the cells 
are in suspension. However, the detachment 
of these cells from their substratum by trypsin 
or EDTA can cause significant metabolic altera-
tions (Matsumura et al., 1982). In addition, the 
efficient incorporation of proteins, peptides, or 
drugs without cellular damage is an especially 
crucial requirement, since contrary to DNA, 
no convenient large-scale method exists for the 
selection of viable from damaged cells or cells 
where no introduction took place after electro-
poration, for most proteins or drugs of interest. 
For these reasons, a number of approaches have 
been taken to bypass this problem (Kwee et al., 
1990; Yang et al., 1995).

This article describes a technique where cells 
are grown on a glass surface coated with electri-
cally conductive, optically transparent indium-
tin oxide (ITO) at the time of pulse delivery. 
This coating promotes excellent cell adhesion 
and growth, allows direct visualization of the 
electroporated cells, and offers the possibility of 
ready examination due to their extended mor-
phology. The procedures described are applica-
ble to a wide variety of nonpermeant molecules, 
such as peptides (Giorgetti-Peraldi et al., 1997; 
Boccaccio et al., 1998; Bardelli et al., 1998), oligo-
nucleotides (Boccaccio et al., 1998; Gambarotta 
et al., 1996), radioactive nucleotides (Boussiotis 
et al., 1997), proteins (Nakashima et al., 1999), 
DNA (Raptis and Firth, 1990), or drugs (Marais 
et al., 1997). These compounds can be intro-
duced alone or in combination, at the same or 
different times, in growth-arrested cells or cells 
at different stages of their division cycle. After 
introduction of the material, cells can be either 

extracted and biochemically analysed or their 
morphology and biochemical properties exam-
ined in situ. In a modified version, this assem-
bly can be used for the study of intercellular, 
junctional communication. The instant intro-
duction of the molecules into essentially 100% 
of the cells makes this technique especially suit-
able for kinetic studies of effector activation. 
Unlike other techniques of cell permeabiliza-
tion, under the appropriate conditions, in situ 
electroporation does not affect cell morphology, 
the length of the G1 phase of serum-stimulated 
cells (Raptis and Firth, 1990), the activity of the 
extracellular signal regulated kinase (Erk1/2 or 
Erk), or two kinases commonly activated by a 
number of stress-related stimuli, JNK/SAPK 
and p38hog (Robinson and Cobb, 1997), presum-
ably because the pores reseal rapidly so that 
the cell interior is restored to its original state 
(Brownell et al., 1998).

II. MATERIALS AND 
INSTRUMENTATION

The purity of the material to be electroporated 
is of paramount importance. Substances such as 
detergents, preservatives, or antibiotics could kill 
the cells into which they are electroporated, even 
if they have no deleterious effects if added to the 
culture medium of nonelectroporated cells.

Dulbecco’s modification of Eagle’s medium 
(DMEM) is from ICN (Cat. No. 10-331-22). Fetal 
calf serum (Cat. No. 2406000AJ) and phosphate-
buffered saline (PBS, Cat. No. 20012-027) are from 
Gibco Life Technologies. Calf serum is from ICN 
(Cat. No. 29-131-54). EGF is from Intergen (Cat. 
No. 4110-80). HEPES (Cat. No. H-9136), Lucifer 
yellow CH dilithium salt (Cat. No. L-0259), trypsin 
(Cat. No. T-0646), MgCl2 (Cat. No. M-8266), Triton 
(Cat. No. T-6878), deoxycholate (Cat. No. D-5760), 
EDTA (Cat. No. E-5134), EGTA (Cat. No. E-3889), 
phenylmethylsulfonyl fluoride (PMSF, P-7626), 
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aprotinin (Cat. No. A-6279), leupeptin (Cat. No. 
L-2023), benzamidine (Cat. No. B-6506), dithio-
threitol (DTT, Cat. No. D-9779), CaCl2 (Cat. No. 
C-4901), Tris (Cat. No. T-6791), paraformalde-
hyde (Cat. No. P-6148), bovine serum albumin 
(BSA, Cat. No. A-4503), SigmaFast DAB kit (Cat. 
No. D-9167 and Cat. No. U-5005), and sodium 
orthovanadate (Cat. No. S-6508) are from Sigma. 
Extran-300 detergent (Cat. No. B80002), SDS 
(Cat. No. 44244), NP-40 (Cat. No. 56009), glyc-
erol (Cat. No. B10118), and peroxide (B 80017) are 
from BDH. CelTak™ is from BD Biosciences (Cat. 
No. 354240). The cell staining kit, including goat 
serum, secondary antibody, and avidin–biotin 
complex, was from Vector Labs (Vectastain kit 
Cat. No. PK-6101). Rabbit antipeptide antibodies 
against the double threonine and tyrosine phos-
phorylated (activated) Erk1/2 kinase are from 
Biosource International (Cat. No. 44-680). When 
stored frozen in aliquots, they are stable for more 
than 5 years. They are used at 1:500 for immunos-
taining and 1:10,000 for Western blotting. Three- 
and 6-cm tissue culture dishes are from Corning 
or Sarstedt. Please note that only these brands of 
plates fit the electroporation stand.

The Grb2-SH2 binding peptide is based on 
the sequence flanking the Y1068 of the EGF recep-
tor (PVPE-Pmp-INQS, MW 1123). To enhance 
stability of the phosphate group, the phosphoty-
rosine analog, phosphono-methylphenylalanine 
(Pmp), which cannot be cleaved by phosphoty-
rosine phosphatases yet binds to SH2 domains 
with high affinity and specificity (Otaka et al., 
1994), is incorporated at the position of phos-
photyrosine. The Pmp monomer is custom syn-
thesized by Color your enzyme Inc., (Kingston, 
Ontario, Canada). As control, we used the same 
peptide containing phenylalanine at the posi-
tion of Pmp. Peptides are synthesized by the 
Queen’s University Core Facility using standard 
Fmoc chemistry.

The system for electroporation in situ 
(Epizap Model EZ-16) can be purchased from 
Ask Science Products Inc. (Kingston, Ontario, 
Canada, phone: 613 545-3794). The inverted, 

phase-contrast and fluorescence microscope, 
equipped with filters for Lucifer yellow and 
fluorescein, was from Olympus (Model IX70).

III. PROCEDURES

The technique of in situ electroporation can 
be used equally effectively for large-scale bio-
chemical experiments (Giorgetti-Peraldi et al., 
1997; Boccaccio et al., 1998; Bardelli et al., 1998) 
or for the detection of biochemical or morpho-
logical changes in situ (Raptis et al., 2000a). Cells 
are grown on glass slides coated with conduc-
tive and transparent indium-tin oxide (ITO). 
The cell growth area is defined by a “window” 
formed with an electrically insulating frame 
made of Teflon as shown. A stainless-steel elec-
trode is placed on top of the cells resting on the 
frame and an electrical pulse of the appropri-
ate strength is applied, as illustrated in Fig. 15.1 
(see also chapter 16 by Raptis et al.). The tech-
nique can be applied to a large variety of adher-
ent cell types (Brownell et al., 1996). Cells that 
do not adhere well can be grown and electropo-
rated on the same conductive slides coated with 
CelTak™ or poly-l-lysine used according to the 
manufacturer’s instructions.

A.  Electroporation of Peptides into 
Large Numbers of Cells for 
Large-Scale Biochemical Experiments. 
Use of Fully Conductive Slides

To study the effect of protein interactions in 
vivo on cellular functions, such complexes can be 
disrupted through the introduction of peptides 
corresponding to the proteins’ point(s) of contact. 
An example of this approach is described here.

Growth factors such as the epidermal growth 
factor (EGF) stimulate cell proliferation by bind-
ing to and activating membrane receptors with 
cytoplasmic tyrosine kinase domains. In vitro 
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binding and receptor mutagenesis studies 
have shown that ligand engagement induces 
receptor autophosphorylation at distinct tyro-
sine residues, which constitute docking sites 
for a number of effector molecules, such as 
the growth factor receptor-binding protein 2 
(Grb2), which are recruited to specific recep-
tors through modules termed Src-homology 2 
(SH2) domains (reviewed in Schlessinger, 2000). 
Grb2 binds to the receptors for PDGF and EGF 
at a number of sites, an event activating the 
Sos/Ras/Raf/Erk pathway, which is central 
to the mitogenic response stimulated by many 
growth factors. Previous results indicated that a 
synthetic phosphopeptide corresponding to the 
Grb2-binding site of the EGF receptor (EGFR, 
flanking the EGFR tyr1068, PVPE-pY-INQS), 
when made in tandem with peptides that allow 
for translocation across the cell membrane, 
could inhibit EGF-mediated mitogenesis and 
Erk activation in newt myoblasts induced by 
1 ng/ml EGF, but was less effective at 10 ng/
ml (Williams et al., 1997). To better determine 
the functional consequences of disrupting the 
association of Grb2 per se with different recep-
tors in vivo in mammalian cells, we delivered 
large quantities of this peptide into intact, living 
NIH3T3 fibroblasts by in situ electroporation.

Solutions

Spent medium: Grow cells to confluence in 
DMEM with 10% calf serum. Seven days 
postconfluence, collect the culture super-
natant and dilute 1:1 with fresh DMEM. 
Growth-arrest cells by incubating in spent 
medium prepared from the same line.

Lucifer yellow solution, 5 mg/ml: To make 10 ml, 
dissolve 50 mg Lucifer yellow in 10 ml cal-
cium-free DMEM. Stable at 4ºC for at least a 
month.

Peptides: The peptide concentration required 
varies with the strength of the signal to be 
inhibited. For the inhibition of the 
EGF-mediated Erk activation, prepare a 

FIGURE 15.1 Electroporation electrode and slide 
assembly. Cells are grown on glass slides coated with con-
ductive and transparent ITO within a “window” cut into a 
Teflon frame as shown. The window can be different sizes, 
depending on the cell growth area required. The peptide 
solution is added to the cells and introduced by an electri-
cal pulse delivered through the electrode set, which is placed 
directly on the frame. Dotted lines point to the positions of 
negative and positive electrodes during the pulse. Three 
slide configurations are described. (A) Partly conductive slide 
assembly, with electroporated (a) and non-electroporated 
(c) cells growing on the same type of ITO-coated surface. 
(b) area where the conductive coating has been stripped, 
exposing the non-conductive glass underneath. Cells 
growing in areas b and c are not electroporated (Fig. 15.3). 
(B) Partly conductive slide assembly for use in the exami-
nation of gap junctional, intercellular communication. 
Arrow points to the transition line between conductive and 
non-conductive areas (Fig. 15.4). (C) Fully conductive slide 
assembly for use in biochemical experiments. In the setup 
shown, cell growth area can be up to 7 � 15 mm, but larger 
slides and electrodes offer larger areas, up to 32 � 10 mm 
(Fig. 15.2).
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solution of 5–10 mg/ml (�5–10 mM) of the 
Grb2-SH2-blocking peptide (PVPE-pmp-
INQS, MW 1123 Da) in calcium-free DMEM 
(see Comment A).

Epidermal growth factor: To make a 10,000� stock 
solution, dissolve 100 μg of lyophilised EGF 
in 100 μl sterile water and freeze in 5 μl aliq-
uots. Just prior to the experiment, add 1 μl 
stock solution to 10 ml calcium-free DMEM 
(final concentration, 100 ng/ml). The stock 
solution is stable at �20º or �70ºC for up to 
2 months.

Lysis buffer: 50 mM HEPES, pH 7.4, 150 mM 
NaCl, 10 mM EDTA, 10 mM Na4P2O7, 
100 mM NaF, 2 mM vanadate, 0.5 mM PMSF, 
10 μg/ml aprotinin, 10 μg/ml leupeptin, 1% 
Triton X-100.

Steps

1. Choice of slides. For Western blotting 
experiments on cell extracts following 
electroporation, use fully conductive slides 
(Fig. 15.1C). Since the custom-made peptide 
is usually the most expensive reagent in this 
application, to avoid waste, choose the smallest 
possible cell growth area which provides a 
sufficient number of cells. Cell growth areas of 
32 � 10 mm are generally sufficient to detect 
Erk1/2 activity inhibition by the Grb2-SH2 
blocking peptide in EGF-stimulated, mouse 
NIH3T3 fibroblasts. In this case, the volume 
of the solution under the electrode is �140 μl 
and will contain approximately 700–1,400 μg 
peptide in calcium-free DMEM. If fewer 
cells suffice, then slides with a cell growth 
area of 7 � 15 mm can be used, requiring 
�40 μl of peptide solution. However, for the 
determination of [3H]thymidine uptake, cell 
growth areas of 7 � 4 mm are preferred and 
they require only �14 μl of solution 
(see Comment B).

2. Plate the cells. Uniform spreading of the 
cells is very important, as the optimal 
voltage depends in part on the degree of 

cell contact with the conductive surface 
(see Comment 3). Add a sufficient amount 
of medium (DMEM containing 10% calf 
serum) to cover the slide (approximately 
9 ml for a 6 cm dish). Pipette the cell 
suspension in the window cut in the Teflon 
frame (Fig. 15.1) and place the petris in a 
tissue-culture incubator until confluent.

 3. Prior to the experiment, starve the cells 
overnight in DMEM without serum. 
Alternatively, cells can be incubated in 
spent medium for 48 h; this treatment offers 
wider margins of voltage tolerance (see 
Comment C).

 4. Prior to pulse application, remove the 
growth medium and wash the cells gently 
once with calcium-free DMEM.

 5. Carefully wipe the Teflon frame with a 
folded Kleenex tissue to create a dry area on 
which a meniscus can form (see Pitfall 1).

 6. Add the peptide solution to the cells with a 
micropipettor in calcium-free DMEM.

 7. Carefully place the electrode on top of 
the cells and clamp it in place. To ensure 
electrical contact, a sufficient amount of 
growth medium or PBS should be present 
under the positive contact bar. Make sure 
there are no air bubbles under the negative 
electrode. If necessary, the electrode can 
be sterilized with 80% ethanol before the 
pulse and the procedure carried out in a 
laminar flow hood, using sterile solutions.

 8. Apply three to six pulses of the appropriate 
voltage and capacitance (see Comment C).

 9. Remove the electrode set. Since usually 
only a small fraction of the material 
enters the cells, the peptide solution may 
be carefully aspirated and used again. 
However, care must be exercised so that the 
cells do not dry (see Pitfall 1).

10. Add serum-free growth medium and 
incubate the cells for 2–5 min at 37ºC to 
recover.

11. Add EGF to the medium to a final 
concentration of 100 ng/ml for 5 min. 
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Controls receive the same volume of 
calcium-free DMEM.

12. Extract the cells with 50 μl extraction buffer 
for a cell growth area of 32 � 10 mm. For 
smaller cell growth areas, the voltage can be 
adjusted accordingly.

13. To detect activated Erk1/2, load 100 μg 
of total cell extract protein on an 
acrylamide–SDS gel and analyse by Western 
immunoblotting using the antibody 
directed against the dually phosphorylated, 
i.e., activated, form of Erk1/2.

14. For examination of the effect of the peptide 
upon [3H]thymidine incorporation into 
DNA, serum-starve 50% confluent, NIH3T3 
cells as described earlier and electroporate 
in the presence or absence of peptide. 
Incubate in medium with or without 
EGF for 12 h at 37ºC, followed by a 2 h 
incubation with 50 μCi/ml [3H]thymidine. 
Wash the cells with PBS and measure acid-
precipitable counts. Growth areas of 
4 � 7 mm are sufficient for this experiment, 
and [3H]thymidine can be added to the 
window only, in a volume of �50 μl which 
is held in place by surface tension.

As shown in Fig. 15.2A, electroporation of 
the Grb2-SH2 blocking peptide caused a dra-
matic reduction in EGF-mediated Erk activa-
tion in mouse NIH3T3 cells at growth factor 
concentrations permitting full receptor stimu-
lation (compare lanes 2 and 3 with lane 4). 
In addition, electroporation of this peptide 
reduced EGF-mediated [3H]thymidine uptake 
(Fig. 15.2B). In contrast, the same peptide had 
only limited or no effect on Erk activation trig-
gered by HGF, although it could inhibit PDGF 
signalling (Raptis et al., 2000a). These findings 
demonstrate that the in situ electroporation 
approach described can very effectively inhibit 
growth factor-stimulated mitogenesis and 
thereby detect the differential specificity in the 
coupling of activated receptor tyrosine kinases 
to the Erk cascade.

B.  Electroporation for the Study of 
Morphological Effects or Biochemical 
Changes In Situ: Use of Partly 
Conductive Slides

Assessment of Erk activity by Western blotting 
following electroporation of the Grb2-SH2 block-
ing peptide can reveal the involvement of this 
domain in growth factor-mediated Erk activa-
tion. However, to ensure that the treatment itself 
does not cause cell stress, examination of cellular 
morphology, in conjunction with measurement 
of gene product activity by immunocytochem-
istry, offers a distinct advantage. This approach 
can demonstrate the specificity of action of 
the Grb2-SH2 binding peptide, as well as 
examine the distribution of signal inhibition 
across the cell layer. An added advantage is that 
it requires a small number of cells, hence a sub-
stantially smaller volume of the peptides (�14 μl 
in the setup shown in Fig. 15.1A), compared to 
Western blotting (�140 μl for a cell growth area 
of 32 � 10 mm), which could be a significant 
consideration given their production costs. To 
precisely assess small background changes in 
morphology or gene expression levels, the pres-
ence of non-electroporated cells side by side 
with electroporated ones can offer a valuable 
control and this can be achieved by growing 
the cells on a conductive slide where part of the 
coating has been stripped by etching with acids, 
thus exposing the non-conductive glass under-
neath. However, as shown in Fig. 15.3, area 
a vs b, the slight tinge of the glass combined 
with the more effective staining of cells grow-
ing on ITO (possibly due to a chemical attrac-
tion of different reagents to the coating) can 
create problems in the interpretation of results. 
In addition, it was found that a number of cell 
lines grow slightly better on the conductive, 
ITO-coated glass than the nonconductive area, 
possibly due to the fact that the ITO-coated sur-
face is not as smooth as glass, thus providing 
a better anchorage for the growth of adherent 
cells (Folkman and Moscona, 1978). As a result, 
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cell density may be higher on the conductive 
than the etched side, which could have impor-
tant implications if cell growth effects are being 
studied. It follows that, to assess the effect of 

the peptide, it is important to compare the 
staining and morphology of electroporated cells 
with non-electroporated ones while both are 
growing on the same type of surface. This was 

FIGURE 15.2 (A) The Grb2-SH2 blocking peptide inhibits EGF-mediated Erk activation in living cells; detection by 
Western blotting. The Grb2-SH2 blocking peptide was electroporated into NIH3T3 cells growing on fully conductive slides 
(inset, Fig. 15.1C, cell growth area 32 � 10 mm) and growth-arrested by serum starvation. After a 5 min incubation in DMEM, 
cells were stimulated with 100 ng/ml EGF (lanes 2–4) for 5 min. Proteins in detergent cell lysates were resolved by polyacryla-
mide gel electrophoresis and analysed by Western blotting using the antibody against the dually phosphorylated, active Erk 
enzymes. Lane 1, control, unstimulated cells; lane 2, control non-electroporated, EGF-treated cells; lane 3, cells electroporated 
with the control, phenylalanine-containing peptide and EGF stimulated; and lane 4, cells electroporated with the Grb2-SH2-
binding peptide and EGF stimulated. From Raptis et al. (2000), reprinted with permission. (B) The Grb2-SH2 blocking peptide 
inhibits EGF-mediated DNA synthesis. The Grb2-SH2 blocking peptide (Pmp) or its phenylalaline-containing counterpart 
(phe) were electroporated at the indicated concentrations into NIH3T3 cells growing on fully conductive slides (Fig. 15.1C, cell 
growth area, 4 � 7 mm) and growth-arrested by serum starvation. Following incubation at 37ºC and stimulation with EGF or 
10% calf serum for 12 h, cells were labeled for 2 h with 50 μCi/ml [3H]thymidine and acid-precipitable radioactivity was deter-
mined. Numbers represent the mean � SE from three experiments. From Raptis et al., (2000), reprinted with permission.
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achieved by plating the cells on a slide where 
the conductive coating was removed in the 
pattern shown in Fig. 15.1A (Firth et al., 
1997). A thin line of plain glass separates the 
electroporated and control areas while etch-
ing extends to area Fig. 15.1A,d so that there is 
no electrical contact between the positive con-
tact bar and area Fig. 15.1A,c. Application of 
the pulse results in electroporation of the cells 
growing in area Fig. 15.1A,a exclusively, while 
cells growing in area Fig. 15.1A,b or c do not 
receive any pulse. In this configuration, elec-
troporated cells are being compared to none-
lectroporated ones, while both are growing on 
ITO-coated glass. Because the coating is only 
�1,600Å thick, this transition zone does not alter 
the growth of cells across it and is clearly visible 
microscopically, even under a cell monolayer 
(Figs. 15.3 and 15.4).

Solutions

Peptide solution: 5–10 mg/ml in calcium-free 
DMEM. See Section III,A and Comment A

Lucifer yellow solution: 5 mg/ml in calcium-free 
DMEM. See Section III,A

Epidermal growth factor: 100 ng/ml in calcium-
free DMEM. See Section III,A.

Steps

1. Choice of slides. Use partly conductive 
slides where the coating has been removed 
in a line as shown in Fig. 15.1A.

2. Plate the cells as described earlier and starve 
them from serum.

3. Aspirate the medium and wash the cells 
once with calcium-free DMEM.

4. Add the peptide solution as described 
previously.

5. Apply a pulse of the appropriate strength 
(see Comment C).

6. Add serum-free growth medium and place 
the cells in a 37ºC incubator for the pores to 
close (2–5 min).

7. Treat the cells with EGF for 5 min as in 
Section III,A.

8. Fix the cells with 4% paraformaldehyde 
and probe with the anti-active Erk 

FIGURE 15.3 The Grb2-SH2 blocking peptide inhibits 
EGF-mediated Erk activation in living cells; detection by 
immunocytochemistry. The Grb2-SH2 blocking peptide (A 
and B) or its control, phenylalanine-containing counterpart (C 
and D) were introduced by in situ electroporation into NIH3T3 
cells growing on partly conductive slides (inset, Fig. 15.1A) 
and growth arrested in spent medium. Five minutes after 
pulse application, cells were stimulated with EGF for 5 min, 
fixed, and probed for activated Erk1/2, and cells from the 
same field were photographed under bright-field (A and C) 
or phase-contrast (B and D) illumination. Magnification: A 
and B, 240�, C and D, 40�. Arrow points to the transition 
line between stripped (b) and electroporated (a) areas, while 
arrowhead points to the line between control ITO-coated (c) 
and stripped (b) areas (Fig. 15.1A). Cells growing on the left 
side (a) are electroporated, whereas cells on the stripped zone 
(b) or right side (c) of the slide do not receive any pulse. Note 
that the Grb2-SH2 blocking peptide dramatically reduced 
the EGF signal (A, a), whereas the degree of Erk activation 
is the same on both sides of the slide (a or c) for cells electro-
porated with the control, phenylalanine-containing peptide 
(C). In A, inhibition of the signal extends into approximatily 
three to four rows of adjacent cells in the non-electroporated 
area (squiggly bracket in b), probably due to movement of 
the peptide through gap junctions (Raptis et al., 1994). At the 
same time, there is no detectable effect on cell morphology as 
shown by phase contrast (B and D). From Raptis et al. (2000), 
reprinted with permission.
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antibody according to the manufacturer’s 
instructions.

As shown in Fig. 15.3, electroporation of the 
Grb2-SH2 blocking peptide totally inhibited 
EGF-induced Erk activation (panel A, area “a”), 
while the control, phenylalanine-containing 
peptide had no effect (panel C, area “a”). This 
inhibition was uniform across the cell layer, in 
agreement with previous results indicating that 
in situ electroporation can introduce the mate-
rial into essentially 100% of the treated cells. 
It is especially noteworthy that this inhibition 
extends into three to four rows of the adjacent, 
nonelectroporated cells growing on the non-
conductive part of the slide (panel A, area “b”, 
squiggly bracket), probably due to movement 
of the 1123 Da peptide through gap junctions 
(Raptis et al., 1994). This finding constitutes 
compelling evidence that the observed inhibi-
tion must be due to the peptide rather than an 
artifact of electroporation. At the same time, as 
shown by phase-contrast microscopy (panel B), 
there was no alteration in the morphology of 
the electroporated cells under these conditions, 
suggesting that the observed effect is a result 
of a specific inhibition rather than toxic action. 
EGF stimulation for up to 30 min after peptide 
electroporation did not result in lower levels of 
Erk signal inhibition, indicating that the bind-
ing of the peptide to Grb2 is stable during this 
period of time. As expected, the phenylalanine-
containing, control peptide (panels C and D) 
had no effect on Erk activation. In contrast, the 
Grb2-SH2 binding peptide had little effect in 
inhibiting Erk activity triggered by the hepa-
tocyte growth factor (HGF) in NIH3T3 cells 
expressing the HGF receptor through trans-
fection or in human A549 cells that naturally 
express this receptor (Raptis et al., 2000a).

The introduction of peptides to interrupt 
signaling pathways using the modification of 
in situ electroporation described is a powerful 
approach for the in vivo assessment of the rel-
evance of in vitro interactions. Results presented 

in Fig. 15.2 and 15.3 clearly demonstrate that an 
essentially complete and specific inhibition of 
EGF-dependent Erk activation can be achieved 
through peptide electroporation. The stepwise 
dissection of signaling cascades is essential for 
the understanding of normal proliferative path-
ways, which could lead to the development of 
drugs for the rational treatment of neoplasia.

C.  Electroporation on a Partly 
Conductive Slide for the Assessment 
of Gap Junctional, Intercellular 
Communication

One of the targets of a variety of signals stem-
ming from growth factors or oncogenes may be 
membrane channels, which serve as conduits 
for the passage of small molecules between 
the interiors of cells. Oncogene expression and 
neoplasia invariably result in a decrease in gap 
junctional, intercellular communication (GJIC) 
(Goodenough et al., 1996). The investigation 
of junctional permeability is often conducted 
through microinjection of a fluorescent dye such 
as Lucifer yellow, followed by observation of its 
migration into neighboring cells. This is a time-
consuming approach, requiring expensive equip-
ment, while the mechanical manipulation of the 
cells may disturb cell-to-cell contact areas, inter-
rupt gap junctions, and cause artefactual uncou-
pling. These problems can be overcome using 
a setup where cells are grown on a glass slide, 
half of which is coated with electrically conduc-
tive, optically transparent, indium-tin oxide. 
An electric pulse is applied in the presence of 
Lucifer yellow, causing its penetration into cells 
growing on the conductive part of the slide, 
and migration of the dye to non-electroporated 
cells growing on the non-conductive area is 
observed microscopically under fluorescence 
illumination.

The technique can be applied to a large vari-
ety of adherent cell types, including primary 
human lung carcinoma cells (Tomai et al., 1998; 
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Raptis et al., 1994; Brownell et al., 1996; Vultur 
et al., 2003).

Solutions

Lucifer yellow solution: 5 mg/ml in calcium-free 
DMEM or other growth medium. See Section 
III.A

Calcium-free growth medium with or without 5% 
dialysed serum

Steps

1. Plate the cells on partly conductive slides in 
3 cm petris. Electroporated areas can be 4 � 
4 mm and non-electroporated ones 4 � 3 mm 
(Fig. 15.1B). Other slide configurations are 
also available (Raptis et al., 2000b).

2. Aspirate the medium. Wash the cells with 
calcium-free DMEM.

3. Add the Lucifer yellow solution.
4. Apply a pulse of the appropriate strength so 

that cells growing on the conductive coating 
at the border with the non-conductive area 
are electroporated without being damaged. 
As described in Comment C, this area 
receives slightly larger amounts of current 
than the rest of the conductive growth 
surface.

5. Add calcium-free DMEM containing 5% 
dialysed serum, remove the electrode, and 
incubate the cells for 3–5 min in a 37ºC, CO2 
incubator. The inclusion of dialysed serum 
at this point helps pore closure.

6. Wash the unincorporated dye with calcium-
free growth medium.

7. Microscopically examine under fluorescence 
and phase-contrast illumination (Fig. 15.4).

8. Quantitate intercellular communication. 
Photograph the cells with a 20� objective 
under fluorescence and phase contrast 
illumination (Figs. 15.4A and 15.4B). Identify 
and mark electroporated cells at the border 
with the non-conductive area (black stars) 
and fluorescing cells on the nonconductive 

side (white circles) where the dye has 
transferred through gap junctions. Divide 
the total number of fluorescing cells 
on the non-conductive area by the number 
of electroporated cells along the border 

FIGURE 15.4 In situ electroporation on a partly conduc-
tive slide for the measurement of intercellular, junctional 
communication. (A and B) An established, mouse lung 
epithelial type II line (E10) was plated on partly conductive 
slides (inset, Fig. 15.1B) and at confluence was electroporated 
in the presence of 5 mg/ml Lucifer yellow. After washing 
away any unincorporated dye, cells from the same field were 
photographed under fluorescence (A) or phase-contrast (B) 
illumination (Raptis et al., 1994). Note the gradient of fluo-
rescence indicating dye transfer through gap junctions. To 
quantitate intercellular communication, the number of cells 
into which the dye transferred through gap junctions per 
electroporated border cell was calculated by dividing the 
total number of fluorescing cells on the non-conductive side 
(white circles) by the number of cells growing at the border 
with the conductive coating (black stars). (C and D) A spon-
taneous transformant of the E10 line (line E9), was plated on 
partly conductive slides, electroporated, washed, and pho-
tographed as described earlier. Fluorescence (C) and phase-
contrast (D) illumination photograph of the same field. Note 
the absence of dye transfer through gap junctions. In all 
photographs, the left side is conductive. Arrows on the con-
ductive side point to the interphase between conductive and 
non-conductive areas. Magnification: 200�. From Vultur et al. 
(2003), reprinted with permission.
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with the etched side. The transfer from at 
least 200 contiguous electroporated border 
cells is calculated for each experiment 
(Raptis et al., 1994). A careful kinetic analysis 
of dye transfer from 30 s to 2 h showed 
that the observed transfer is essentially 
complete by 5 min for all lines tested, while 
fluorescence is eliminated from the cells 
within approximately 60 min. After the 
transfer is complete, cells can be fixed with 
formaldehyde, in which case fluorescence is 
retained for approximately 2 h.

IV. COMMENTS

A. Peptides

The concentration of peptide required varies 
with the strength of the signal to be inhibited. 
For example, for the inhibition of the HGF-
mediated Stat3 activation in MDCK cells, a 
concentration of 1 μg/ml of a peptide blocking 
the SH2 domain of Stat3 (pYVNV) is sufficient 
(Boccaccio et al., 1998), whereas for the inhibi-
tion of the EGF-mediated Erk activation in a 
variety of fibroblasts or epithelial cells, a concen-
tration of 5–10 mg/ml (�5–10 mM) of the Grb2-
SH2 blocking peptide is necessary (Raptis et al., 
2000a). The purity of the material is of utmost 
importance. Peptides must be HPLC-purified 
because impurities can cause cell death or give 
unexpected results. The pH of the peptide 
solution must be neutral, as indicated by the color 
of the DMEM medium where the peptide 
is dissolved. If it is too acidic, then it must 
be carefully neutralised with NaOH. In this 
case, the salt concentration of the no-peptide 
controls (DMEM without calcium) must be 
adjusted to the same level with NaCl because a 
change in conductivity may affect the optimal 
voltage required (see Comment C).

Any peptide which is soluble in DMEM or 
other aqueous buffer can be very effectively 
electroporated. Good solubility is especially 

important because the concentration needed 
for effective signal inhibition can be as high as 
10 mg/ml. It was nevertheless found that, at least 
for certain applications, the inclusion of DMSO 
in the electroporation solution at a concentration 
of up to 5%, which might aid peptide solubil-
ity, did not affect results significantly. However, 
a number of peptides, e.g., peptides made as 
fusions with the homeobox domain or other 
membrane translocation sequences, are usually 
not sufficiently soluble for this application.

B. Slides

As described in detail in Chapter 43 by 
Raptis et al., to obtain a uniform electrical field 
intensity over the entire area below the negative 
electrode, despite the fact that the conductive 
coating exhibits a significant amount of electri-
cal resistance, the bottom surface of the negative 
electrode must be inclined relative to the glass 
surface in a manner proportional to the resist-
ance of the coating. For electroporation of pep-
tides, to minimise the volume of custom-made 
peptide used, slides with a conductivity of 2 Ω/sq, 
the most conductive commercial grade available, 
are used. The slides and electrodes come in differ-
ent sizes, with the biggest cell growth area in this 
configuration being 32 � 10 mm. Depending on 
the experiment, if larger numbers of cells are 
required, extracts from two to three slides may 
be pooled. In this case, the peptide solution 
can be aspirated and used again. Alternatively, 
an electrode configuration with two positive 
contact bars can be employed, as described in 
Chapter 43 by Raptis et al.

The slides come with the apparatus, indi-
vidually wrapped and sterile. However, they 
can be reused many times after washing with 
Extran-300 detergent while scrubbing with a 
toothbrush. In this case they must be sterilized 
with 80% ethanol for 20 min and the ethanol 
rinsed with sterile distilled water prior to plat-
ing the cells. Alternatively, the slides can be 
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gas-sterilized. Do not autoclave. The glass can 
withstand high temperatures, but autoclaving 
would damage the Teflon frames.

C.  Determination of the Optimal Voltage 
and Capacitance

Electrical field strength has been shown to be 
a critical parameter for cell permeation, as well 
as viability (Chang et al., 1992). It is generally 
easier to select a discrete capacitance value for 
a given electroporated area and space between 
the conductive coating and the negative elec-
trode and then precisely control the voltage. 
Both parameters depend upon the size of the 
electroporated area; larger conductive growth 
areas necessitate higher voltages and/or higher 
capacitances for optimal permeation. For the 
32 � 10 mm cell growth area, some damage to 
the coating may be noted at the higher volt-
ages necessary if a single pulse is employed. 
However, using higher capacitance values and 
multiple pulses with lower voltage settings can 
yield efficient cell permeation with no damage 
to the coating, and this treatment is also better 
tolerated by the cells. For greater growth areas, 
the dual positive contact bar design described 
in Chapter 43 by Raptis et al. can be employed.

The optimal pulse strength depends on the 
strain and metabolic state of the cells, as well as 
on the degree of cell contact with the conduc-
tive surface. Densely growing, transformed cells 
or cells in a clump require higher voltages for 
optimum permeation than sparse, subconfluent 
cells, possibly due to the larger amounts of cur-
rent passing through an extended cell. Similarly, 
cells that have been detached from their growth 
surface by vigorous pipetting prior to electropo-
ration require substantially higher voltages. It is 
especially striking that cells in mitosis remain 
intact under conditions where most cells in 
other phases of the cycle are permeated (Raptis 
and Firth, 1990). In addition, cells growing and 
electroporated on CelTak™-coated slides require 

substantially higher voltages than cells growing 
directly on the slide.

The margins of voltage tolerance depend on 
the size and electrical charge of the molecules 
to be introduced (Fig. 15.5). For the introduc-
tion of small, uncharged molecules such as 
Lucifer yellow or peptides, a wider range of 
field strengths permits effective permeation 
with minimal damage to the cells than the 
introduction of antibodies or DNA (Raptis and 
Firth, 1990; Brownell et al., 1997). For a number 
of experiments involving cell growth, it may be 
necessary to electroporate serum-arrested cells. 
Voltages required are lower, and especially the 
margins of voltage tolerance were found to be 
substantially narrower for serum-starved cells 
compared to their counterparts growing in 
10% calf serum (Brownell et al., 1997). Also, it is 
important to keep all solutions at 37ºC, which 
facilitates pore closure and efficient electropora-
tion. If the material is applied in a medium with 
a lower salt concentration than DMEM, then 
the voltages required are lower, presumably 
due to the hypotonic shock to the cells and to 
the longer duration of the pulse because of the 
lower conductivity of the medium. Conversely, 
electroporation in a hypertonic solution requires 
higher voltages for optimum permeation.

Cell damage is manifested microscopically 
by the appearance of dark nuclei under phase-
contrast illumination. For most lines this is 
most pronounced 5–10 min after the pulse. Such 
cells do not retain Lucifer yellow and fluoresce 
very weakly, if at all (Fig. 15.6). Despite the 
fact that every effort is made to make the elec-
tric field uniform over the whole cell growth 
area, the current flow along the border with the 
etched side is greater than the rest of the con-
ductive surface. For this reason, as the voltage 
is progressively increasing, damaged cells will 
appear on this edge first (Fig. 15.6). Another 
area receiving a slightly higher current is cor-
ners of the window. This slight irregularity has 
to be taken into account when determining the 
optimal voltage.



V. IN SITU CELL ELECTROPORATION TO STUDY OF SIGNALING PATHWAYS

D.  Example of the Determination of 
Optimal Voltage for the Introduction 
of Peptides

Prepare a series of slides with cells plated 
uniformly in a 4 � 7 mm window on a partly 
conductive slide (Figs. 15.1A or 15.1B). Set the 
apparatus at 0.5 μF capacitance. Prepare a solu-
tion of 5 mg/ml Lucifer yellow and electroporate 
at different voltages (0.5 μF, three pulses) to deter-
mine the upper limits where a small fraction of 
the cells at the border with the etched side (prob-
ably the more extended ones) are killed by the 
pulse, as determined by visual examination under 

phase-contrast and fluorescence illumination 
(Fig. 15.6). Depending on the cells, this voltage 
can vary from 20 to 40 V. Repeat the electropora-
tion using the peptide solution at different volt-
ages starting at 10 V below the upper limit and 
at 2 V increments. The Lucifer yellow dye offers 
an easy way to test for cell permeation.

Results of a typical experiment of electropo-
ration of cells growing on a 32 � 10 mm sur-
face are shown in Fig. 15.5. The application of 
three exponentially decaying pulses of an ini-
tial strength of 25 V from a 32 μF capacitor to rat 
F111 cells growing on a conductive growth area 
of 32 � 10 mm, resulted in essentially 100% of 
the cells containing the introduced Lucifer yel-
low, whereas introduction of a nine amino acid 
peptide required 30 V and the stable expression 
of DNA 45 V, respectively, for maximum signal. 
If a 20 μF capacitor is used, the corresponding 
voltages are �80–180. Electroporation on 7 � 
15 mm slides requires a 2 μF capacitor and volt-
ages of 25–50. For etched slides with a conduc-
tive area of 4 � 4 mm, if a 0.5 μF capacitor and 
three pulses are used, the voltages are 20–40. 
However, if a 0.1 μF capacitor and six pulses are 
used, the voltages will be �30–50.

Under the appropriate conditions, electro-
poration was shown not to affect the activity 
of Erk1/2 or the stress-activated kinases JNK/
SAPK and p38hog. This was shown by prob-
ing with antibodies specific for the activated 
forms of these kinases (Fig. 15.7); no activation 
of JNK/SAPK or p38hog was found under con-
ditions of up to 70 V (Figs. 15.7C and 7E). These 
kinases were, however, slightly activated at volt-
ages higher than 85 V, when more than 60% of 
the cells were killed by the pulse (not shown).

V. PITFALLS

1. Care must be taken so that cells do not dry 
during the procedure, especially during 
wiping of the frame with a tightly folded 

FIGURE 15.5 Effect of field strength on the introduc-
tion of different molecules. Three pulses of increasing volt-
age were applied to confluent rat F111 fibroblasts growing 
on a conductive surface of 32 � 10 mm from a 32 μF capaci-
tor in the presence of 5 mg/ml Lucifer yellow (�), 5 mg/ml 
of the Grb2-SH2 blocking peptide (u), 5 mg/ml chicken 
IgG (�), or 100 μg/ml pY3 plasmid DNA, coding for resist-
ance to hygromycin (Raptis and Firth, 1990) (s). Cells were 
lysed and Lucifer yellow fluorescence was measured using 
a Model 204A fluorescence spectrophotometer (�), probed 
with the anti-active Erk antibody (u), probed for incor-
porated IgG (�), or selected for hygromycin resistance (s) 
(Raptis and Firth, 1990). Introduction of chicken IgG was 
quantitated from the percentage of cells staining posi-
tive with their respective antibodies. Cell killing (�) was 
assessed by calculating the plating efficiency of the cells 
after the pulse. Note that a wider range of voltages (20–50 V) 
permits efficient introduction of Lucifer yellow with no 
detectable loss in cell viability than the introduction of IgG 
or DNA. Points represent averages of at least three separate 
experiments. L.Y., Lucifer yellow.
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FIGURE 15.6 Determination of the optimal voltage. Rat F111 fibroblasts growing on partly conductive slides (Fig. 15.1B, con-
ductive area, 4 � 4 mm) were electroporated in the presence of 5 mg/ml Lucifer yellow using three pulses of increasing voltage 
delivered from a 0.2 μF capacitor. (A and B) 18 V, (C and D) 26 V, (E and F) 28 V, (G and H) 32 V, and (I and J) 40 V. After washing of 
the unincorporated dye, cells were photographed under fluorescence (A, C, E, G, I) or phase-contrast (B, D, F, H and J) illumina-
tion. Straight arrow points to the interphase between conductive (right) and non-conductive (left) areas. Curved arrows in C and 
D point to a cell which has been killed by the pulse. Note the dark, pycnotic and prominent nucleus under phase contrast and the 
flat, nonrefractile appearance. Such cells do not retain any electroporated material as shown by the absence of fluorescence (C). 
Note that the number of such cells along the border with the non-conductive area increases with voltage. Arrowheads in E and F 
point to a cell that has a prominent nucleus under phase contrast (F) but has retained the dye (E). Such cells rapidly recover their 
normal morphology, indistinguishable from their non-electroporated counterparts. White arrowheads in I and J point to mem-
brane blebs which tend to enclose Lucifer yellow and fluoresce strongly. Such membrane blebbing tends to be more prominent 
under higher voltages. Note that if the determination of intercellular communication is desired, then the voltage must be such 
that cells at the border with the non-conductive area are electroporated without being damaged (e.g., 18 V, A and B), whereas for 
all other applications, voltages of approximately 26–32 V would be preferred (C to H). Magnification: A and B, 120X; C–J, 240�.
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Kleenex. It was found that serum-starved 
cells were more susceptible than their 
counterparts grown in medium containing 
serum. The morphology of cells that have 

been killed by drying is very similar to cells 
that have been killed by the pulse 
(Fig. 15.6). Slightly dried cells may 
incorporate Lucifer yellow and appear 

FIGURE 15.7 In situ electroporation does not affect ERK activity or the stress pathway. (A, C, and E) NIH3T3 cells 
were plated on fully conductive slides (inset, Fig. 15.1C, conductive growth area 4 � 8 mm), growth arrested in 50% spent 
medium, and electroporated in the presence of PBS containing 0.025% DMSO (0.2 μF, 70 V, four pulses). Ten minutes after 
the pulse, cells were fixed and stained for activated ERK (A), activated JNK/SAPK (C), or activated p38hog (E), respectively. 
Electroporated cells were photographed under bright-field illumination. (B, D, and F) NIH3T3 cells were plated on conduc-
tive slides, treated with UV light for 10 min, fixed, and stained for activated ERK (B), activated JNK/SAPK (D), or activated 
p38hog (F), respectively. From Brownell et al. (1998), reprinted with permission. Magnification: 240�.
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almost normal under phase contrast, 
whereas cells that have dried to a great 
extent display dark nuclei and may not 
retain Lucifer yellow. It was also found 
that the combination of even slight drying 
with electroporation may have undesirable 
effects on gene expression (e.g., induction 
of fos by serum; unpublished observations). 
In the case of electroporation on a partly 
conductive slide (Figs. 15.1A or 15.1B), 
drying of the cells is immediately 
suspected if cells growing on the 
non-electroporated area exhibit Lucifer 
yellow fluorescence.

2. Accurate determination of the optimal 
voltage is very important. The limits of 
voltage tolerance are narrower for serum-
starved cells (Brownell et al., 1997) or if 
the introduction of larger molecules is 
attempted.

3. For the determination of GJIC, it is 
important to wash the dye using a calcium-
free solution (growth medium or PBS). 
If calcium-containing growth medium is 
used instead, the values obtained may be 
reduced, presumably because of the calcium 
influx, which was shown to interrupt 
junctional communication.
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I. INTRODUCTION

Binding to nucleotide(s) can determine a state 
of activation of a protein; a number of GTP-
binding proteins such as Ras exist in two dis-
tinct, guanine nucleotide-bound conformations, 
the active Ras-GTP state and the inactive Ras-
GDP form, so that the fraction of Ras bound to 

GTP (percentage Ras-GTP/GTP � GDP) can 
determine its state of activation (Lowy and 
Willumsen, 1993). Several indirect assays are 
in existence for measurement of Ras activity 
(Scheele et al., 1995; Taylor et al., 2001). However, 
in a number of instances, a direct measurement 
of Ras-GTP binding is necessary (Egawa et al., 
1999) and is commonly performed through the 
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addition of [32P]orthophosphate to the growth 
medium followed by Ras immunoprecipitation 
and guanine nucleotide elution (Downward, 
1995). This approach is relatively inefficient due 
to the fact that the isotope is incorporated into 
all phosphate-containing cellular components. 
To circumvent this problem, [α32P]GTP has 
been introduced into the cell and its breakdown 
into [α32P]GDP after Ras binding monitored as 
described earlier (Downward, 1995). Because, 
contrary to free bases or nucleosides, most nucle-
otides do not cross the cell membrane, [α32P]GTP 
has to be introduced into intact cells after cell 
membrane permeabilization.

Protein phosphorylation is a ubiquitous reg-
ulator of a large variety of cellular functions. 
The in vivo radiolabeling and detection of phos-
phoproteins is usually conducted through the 
addition of [32P]orthophosphate to the culture 
medium, followed by immunoprecipitation and 
electrophoretic separation of precipitated pro-
teins. Just as in the case of Ras activity measure-
ment, this method is relatively inefficient, hence 
ATP, the common immediate phosphate donor 
nucleotide, may be used for in vivo protein labe-
ling, which must be introduced into intact cells 
through membrane permeabilization.

This article describes a technique where 
the introduction of nucleotides into adherent 
cells is performed through in situ electropora-
tion. Cells are grown on a glass surface coated 
with electrically conductive, optically trans-
parent indium-tin oxide at the time of pulse 
delivery, a coating that promotes excellent cell 
adhesion and growth. Unlike other techniques 
of cell membrane permeabilization, such as 
streptolysin-O (SLO) treatment, in situ elec-
troporation does not detectably affect cellular 
metabolism, presumably because the pores 
reseal rapidly so that the cellular interior is 
restored to its original state; under the appro-
priate conditions there is no increase in the 
activity of the extracellular signal-regulated 
kinase (Erk1/2) or two stress-activated kinases, 
JNK/SAPK or p38hog (Brownell et al., 1998). 

Results show that Ras activity measurement 
through electroporation of [α32P]GTP could be 
performed using approximately 50–100 times 
lower amounts of radioactivity; although the 
32P is in the form of [α32P]GTP exclusively, 
this technique offers higher specificity com-
pared to labeling through the addition of 
[32P]orthophosphate to the culture medium. 
In addition, labeling of two viral phosphopro-
teins, the large tumor antigen of simian virus 40 
and adenovirus E1A, by in situ electroporation 
of [γ32P]ATP requires a fraction of the amount 
of radioactive phosphorus, while offering 
enhanced specificity.

II. MATERIALS AND 
INSTRUMENTATION

Dulbecco’s modification of Eagle’s medium 
(DMEM) is from ICN (Cat. No. 10-331-22). 
Phosphate-free DMEM (Cat. No. D-3916) 
is from Sigma. Fetal calf serum (Cat. No. 
2406000AJ) is from Life Technologies Inc. 
Calf serum is from ICN (Cat. No. 29-131-54). 
The following reagents are from Sigma: insu-
lin (Cat. No. I-6643), NaCl (Cat. No. S-7653), 
HEPES (Cat. No. H-9136), Lucifer yellow CH 
dilithium salt (Cat. No. L-0259), trypsin (Cat. 
No. T-0646), MgCl2 (Cat. No. M-8266), Triton 
X-100 (Cat. No. T-6878), deoxycholate (Cat. No. 
D-5760), EDTA (Cat. No. E-5134), EGTA (Cat. 
No. E-3889), phenylmethylsulfonyl fluoride 
(PMSF, P-7626), aprotinin (Cat. No. A-6279), 
leupeptin (Cat. No. L-2023), benzamidine 
(Cat. No. B-6506), dithiothreitol (DTT, Cat. No. 
D-9779), CaCl2 (Cat. No. C-4901), Tris-base (Cat. 
No. T-6791), sodium orthovanadate (S-6508), 
and LiCl (Cat. No. L-4408). The following rea-
gents are from BDH: Extran-300 detergent (Cat. 
No. S6036 39), SDS (Cat. No. 44244), TLC silica 
gel plates containing a fluorescence indicator 
(Cat. No. M05735-01), isopropanol (Cat. No. 
ACS720), concentrated ammonia solution (Cat. 
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No. ACS033-74), Nonidet P-40 (Cat. No. 56009), 
and glycerol (Cat. No. B10118). GTP (Cat. No. 
106 372) and GDP (Cat. No. 106 208) are from 
Boehringer Mannheim. The monoclonal anti-Ras 
antibody is from Oncogene Science (Pan-Ras 
Ab2, Cat. No. OP22), the monoclonal antibody 
to simian virus 40 large tumor antigen is from 
Pharmingen (p108, Cat. No. 14121A), and the 
monoclonal antibody to adenovirus E1A is 
from Calbiochem (M73, Cat. No. DP11). Staph. 
A Sepharose beads (17-0780-03) for immu-
noprecipitation are from Pharmacia. X-ray 
film is from Kodak (X-OMAT AR, Cat. No. 165 
1454). CelTak™ (Cat. No. 354240) is from BD 
Biosciences. Tissue culture petri dishes (6 cm 
diameter) are from Corning or Sarstedt.

The purity of the material to be electropo-
rated is of paramount importance. [α32P]GTP 
(Cat. No. NEG 006H) and [γ32P]ATP (Cat. No. 
NEG 002A) are from Dupont NEN Research 
Products (HPLC purified).

The apparatus for electroporation in situ 
(Epizap model EZ-16) is available from Ask 
Science Products Inc. (487 Victoria St. Kingston, 
Ontario Canada). The inverted, phase-contrast 
and fluorescence microscope, equipped with a 
filter for Lucifer yellow (excitation: 435, emis-
sion: 530), is from Olympus (Model IX70).

The technique can be applied to a large 
variety of adherent cell types. We have used a 
number of lines, such as the Fisher rat fibrob-
last F111 and its polyoma or simian virus 40 
virus-transformed derivatives, mouse fibroblast 
NIH 3T3, mouse Balb/c 3T3, mouse NIH 3T6, 
mouse C3H10T½ fibroblast derivatives express-
ing a ras-antimessage [e.g., lines R14 and 25B8 
(Raptis et al., 1997)], Rasleu61-transformed 10T½, 
and rat liver epithelial T51B, as well as a vari-
ety of differentiated adipocytes (Brownell 
et al., 1996). All cells can be grown in plastic petri 
dishes in DMEM supplemented with 5% calf 
serum in a humidified 5% CO2 incubator with 
the exception of R14 and 25B8, which are grown 
in DMEM supplemented with 10% fetal calf 
serum. Cells that do not adhere can be grown 

and electroporated on the same  conductive 
slides coated with CelTak™, poly-l-lysine or 
collagen.

III. PROCEDURE

The apparatus for in situ electroporation is 
described in Fig. 16.1. Cells are grown on con-
ductive and transparent glass slides, which 
are placed in a petri dish to maintain steril-
ity. The cell growth area is defined by a “win-
dow” formed with an electrically insulating 
frame made of Teflon. The pulse is transmit-
ted through a stainless-steel negative electrode, 
which is slightly larger than the cell growth 
area and is placed on top of the cells, resting 
on the Teflon frame. Another stainless-steel 
block is used as a positive contact bar. A com-
plete circuit is formed by placing the electrode 
set on top of the slide as shown in Figs. 16.1A 
and 16.1B. The frame creates a gap between the 
conductive coating and the negative electrode 
so that current can only flow through the elec-
troporation fluid and cells growing in the win-
dow. In order to obtain a uniform electric field 
strength over the entire area below the nega-
tive electrode, despite the fact that the conduc-
tive coating exhibits a significant amount of 
electrical resistance, the bottom surface of the 
negative electrode must be inclined relative 
to the glass surface, rising in the direction of 
the positive contact bar, in a manner propor-
tional to the resistance of the coating (Raptis 
and Firth, 1990); glass with a surface resistiv-
ity of 2 Ω/sq requires an angle of 1.5º, whereas 
glass of 20 Ω/sq requires an angle of 4.4º. The 
procedure described is for glass with a surface 
resistivity of 20 Ω/sq, which is readily avail-
able and relatively inexpensive, hence it can be 
discarded after use to limit exposure to radio-
activity (see Comment 1). Similarly, the electrode 
can be made out of inexpensive aluminum for a 
single use.
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(A)

(B)

(C)

(D)

FIGURE 16.1 Electroporation electrode assembly. (A) Side view. A Delrin carrier (7) holds the negative electrode (3) 
and the positive contact bar (4) so that they form one unit, which can be placed on top of the slide (1) with its frame (2) and 
cells (5) in place. Negative (�) and positive (�) signs indicate the electrical connecting points via which the pulse of elec-
tricity is delivered to the electrodes from the pulse generator. The underside of the negative electrode (3) is machined to a 
slight angle, which compensates for the surface resistivity of the conductive slide to provide uniform electroporation of the 
whole cell growth area. The negative electrode rests on a Teflon frame (2), which insulates it from the conductive surface. 
The fluid containing the material to be electroporated just fills the cavity below the negative electrode. When a capacitor 
is discharged, current passes through the electroporation fluid (6) and cells (5) attached to the conductive glass slide (1) to 
the positive contact bar (4) and back to the pulse source. Note that the angle of the negative electrode has been exaggerated 
to better illustrate the meniscus of the radioactive electroporation solution (6). The slide and electrode fit in a 6 cm petri 
dish (8) that is locked in place on a stand (9). The top plate supports the petri dish and is made of transparent acrylic so 
that the operator can look in the mirror (10) to ensure that the liquid (6) is properly filling the cavity without air bubbles. 
(B) Top view. The outline of the conductive slide (1) with a Teflon frame (2) in place to define the area of cell growth and 
electroporation are indicated [from Brownell et al. (1997), reprinted with permission]. Upscaling. (C) Side view. Cells to be 
electroporated (5) are grown on a glass slide (1), coated with ITO (1a). The negative electrode (3a and 3b) is a narrow steel 
bar mounted across the width of the slide, resting on the Teflon frame (2), which is moved across the surface of the slide as 
shown by the arrow, by an insulated carrier. The underside of the negative electrode is curved in both directions, such as to 
optimise the uniformity of electrical field. Note that only the area of cells immediately below the electrode is electroporated 
by a given pulse. The curvature of the negative electrode has been exaggerated to better illustrate its contour. Note that due 
to the narrow shape of the electrode, air bubbles do not get trapped easily under it, hence a stand with a mirror may not be 
necessary. (D) Top view. The outline of the conductive slide with a Teflon frame (2) in place to define the area of cell growth 
and electroporation and the counterelectrodes (4) are indicated. The assembly is placed in a 10 cm petri dish (8) [from Raptis 
et al. (2003) and Tomai et al. (2003), reprinted with permission].
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Upscaling

A large number of signal transducers are 
present in small amounts in the cell so that a 
large number of cells may be required to obtain 
a strong signal. Uniform electroporation of a 
cell growth area of 32 � 10 mm using 20 Ω/sq 
glass (i.e., an angle of 4.4º) and a Teflon frame 
with a thickness of 0.279 mm using the assem-
bly in Figs. 16.1A and 16.1B requires a volume 
of �280 μl. Simple scale-up of this assembly, 
e.g., to a cell growth area of 50 � 30 mm, which 
can be accommodated in a standard, 10 cm petri 
dish, is faced with the problem of burning the 
ITO coating that occurs at the higher voltage 
and capacitance settings required to electropo-
rate this larger area because of the resistance 
generated by the greater distance the current 
has to travel. In addition, the volume required, 
�1.7 ml, cannot be held in place by surface ten-
sion, while the cost of purchase and disposal of 
the isotope can be prohibitive for certain experi-
ments. These problems can be solved by using 
an assembly with a narrow, moveable electrode 
that electroporates a “strip” of cells at a time 
(Figs. 16.1C and 16.1D); in this configuration, 
only cells immediately below the negative elec-
trode are electroporated by a given pulse of 
electricity. After electroporation of the first strip 
of cells, the electrode is translocated laterally, 
dragging the solution under it by surface ten-
sion so that a new strip of cells is electroporated 
using mostly the same solution (Figs. 16.1C and 
16.1D). The electric circuit formed during pulse 
delivery starts at the negative electrode, passes 
through the electroporation fluid, the cells and 
the conductive slide surface, to the two positive 
contact bars, one on each side of the slide. The 
two positive contact bars form parallel circuit 
paths, both carrying current from the conduc-
tive surface. To compensate for the resistance 
of the coating, the bottom surface of the nega-
tive electrode must be inclined toward each of 
the positive contact bars; a 25 mm  radius on 

the bottom of the electrode produces successive 
strips of even electroporation over the entire 
cell growth area. Using this assembly, an area of 
32 � 10 mm can be electroporated using less 
than 50 μl of solution with a 2.5 mm-wide elec-
trode, whereas an area of 50 � 30 mm can be 
electroporated effectively in four, 8 mm-wide 
strips, with a total of 200 μl of solution.

A.  Electroporation of [α32P]GTP for 
Measurement of Ras Activity

Solutions

1. Lucifer yellow solution, 5 mg/ml: To make 
1 ml, add 5 mg Lucifer yellow to 1 ml 
phosphate-free DMEM.

3. [α 32P]GTP: Prepare a solution of 500–
2000 μCi/ml in phosphate-free DMEM (see 
Comment 2).

4. Ras extraction buffer: 50 mM HEPES, pH 
7.4, 150 mM NaCl, 5 mM MgCl2, 1% Triton, 
0.5% deoxycholate, 0.05% SDS, 1 mM EGTA, 
1 mM PMSF, 10 μg/ml aprotinin, 10 μg/ml 
leupeptin, 10 mM benzamidine, and 1 mM 
vanadate. The stock solutions can be made 
ahead of time. To make 50 ml, add 2.5 ml 
of HEPES stock, 1.5 ml of NaCl stock, 
0.25 ml of MgCl2 stock, 0.5 ml Triton, 0.05 g 
deoxycholate, 0.25 ml of SDS stock, and 
0.5 ml of EGTA stock and then the protease 
inhibitors, 0.5 ml of PMSF stock solution, 
0.05 ml of aprotinin stock, 0.05 ml of 
leupeptin stock, 0.5 ml of benzamidine stock, 
and 0.05 ml of vanadate stock and bring the 
volume to 50 ml with distilled H2O on the 
day of the experiment.

10% sodium dodecyl sulfate stock solution: 
Dissolve 100 g in 1 liter H2O. Store at room 
temperature. Stable for more than a year.
5 M NaCl stock solution: Dissolve 292.2 g NaCl 
in 1 liter distilled H2O. Autoclave and store at 
room temperature. Stable for more than a year.
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(A)

(B)

(C)

FIGURE 16.2 Assessment of Ras activity through electroporation of [ α32P]GTP. Cells were grown on conductive 
glass (cell growth area, 32 � 10 mm, Figs. 16.1A and 16.1B) and starved from serum and phosphates. A solution containing 
[α32P]GTP was added to the cells and introduced with three pulses delivered from a 20 μF capacitor at different voltages as 
indicated. Cells were subsequently placed in a humidified 37ºC, CO2 incubator for 3 h. Ras was extracted and precipitated 
with the pan-ras Ab2 monoclonal antibody, the bound GTP and GDP eluted and separated by thin-layer chromatography 
(see text). The plate was exposed for 15 h to Kodak XAR-5 film with an intensifying screen. In all panels, arrows point 
to the positions of cold GTP and GDP standards, respectively. (A) Electroporation does not induce a rapid breakdown 
of intracellular GTP. Lanes 1–5: Mouse 10T½ fibroblasts were electroporated using voltages of 140–200 V as indicated in 
the presence of 5 μCi [α32P]GTP. Three hours later, nucleotides in a 2 μl aliquot of each clarified lysate were separated as 
described earlier without Ras immunoprecipitation. Lane M: As a marker, an aliquot of the [α32P]GTP used in this experi-
ment was run in parallel. (B) Assessment of Ras activity through electroporation of [ α32P]GTP in normal 10T½ and their 
ras-transformed counterparts. Lanes 1–10: 10T½ cells (lanes 1–5) or their rasval12-transformed counterparts, 2H1 (lanes 6–10), 
were electroporated using voltages of 120–190 V as indicated in the presence of 66 or 33 μCi [α32P]GTP, respectively. Proteins 
were extracted, and the Ras-bound GTP and GDP were separated as described earlier. As a control (lane 11), 2H1 cells grow-
ing in a 3 cm petri to were metabolically labeled with 200 μCi [α32P]orthophosphate and processed as described previously. 
(C) Assessment of Ras activity in normal 10T½ fibroblasts and their ras-transformed counterparts, 2H1, using the stand-
ard SLO permeabilization assay. This assay was performed as described (Brownell et al., 1997) and is shown here as a com-
parison. Lane 1, 10T½; lane 2, rasval12-transformed, 10T½-derived line 2H1; and lane 3, 2H1 precipitated with control rat IgG 
instead of anti-Ras antibodies
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1 M MgCl2 stock solution: Dissolve 203.3 g 
MgCl2�6H2O in 1 liter H2O. Autoclave and 
store at room temperature. Stable for more 
than a year.
100 mM EGTA stock solution: Dissolve 38.04 g 
in 800 ml distilled H2O. Adjust pH to 8.0 
with NaOH and complete volume to 1 liter 
with distilled H2O. Stable for more than a 
year at room temperature.
100 mM PMSF stock solution: Dissolve 17.4 mg 
PMSF in 10 ml isopropanol and store in aliq-
uots at �20ºC. Stable for several months.
10 mg/ml aprotinin stock solution: Dissolve 100 mg 
in 10 ml of 0.01 M HEPES, pH 8.0. Aliquot and 
store at �20ºC. Stable for several months.
10 mg/ml leupeptin stock solution: Dissolve 
100 mg in 10 ml distilled H2O. Aliquot and 
store at �20ºC. Stable for several months.
1 M benzamidine stock solution: Dissolve 1.56 g 
in 10 ml distilled H2O. Aliquot and store at 
�20ºC. Stable for several months.
1 M vanadate stock solution: Dissolve 1.84 g 
in 10 ml distilled H2O. Aliquot and store at 
�20ºC. Stable for several months.

5. Guanine nucleotide elution buffer: 2 mM 
EDTA, 2 mM DTT, 0.2% SDS, 0.5 mM GTP, 
and 0.5 mM GDP.

1 M dithiothreitol stock solution: Dissolve 3.09 g 
DTT in 20 ml of 0.01 sodium acetate (pH 5.2). 
Store in 1 ml aliquots at �20ºC. Stable for 
more than a year.
0.5 M EDTA, pH 8.0 stock solution: Add 186.1 g 
disodium ethylenediaminetetraacetate � 
2H2O to 800 ml distilled H2O. To dissolve, 
adjust the pH to 8.0 with NaOH pellets while 
stirring. Bring volume to 1 liter. Stable for 
more than a year at room temperature.
10 mM GTP stock solution: Dissolve 52.3 mg 
in 10 ml distilled H2O and store at �20ºC. 
Stable for a month.
10 mM GDP stock solution: Dissolve 44.3 mg 
in 10 ml distilled H2O and store at �20ºC. 
Stable for a month.

See earlier list for other required stock solutions: 
To make 500 μl of elution buffer, add 10 μl of 
10% SDS stock solution, 2 μl of EDTA stock 
solution, 1 μl of DTT stock solution, 25 μl each 
of GTP and GDP stock solutions, and bring 
volume up to 500 μl with H2O.

6. Thin-layer chromatography (TLC) 
running buffer: 66% isopropanol and 1% 
concentrated ammonia. To make 100 ml, 
mix 66 ml isopropanol, 1 ml concentrated 
ammonia solution, and 33 ml distilled H2O 
in a fume hood. Make fresh the day of the 
experiment. Depending on the size of the 
chromatography tank, this volume may 
need to be increased.

Steps

The appropriate institutional regulations for 
isotope use must be followed for all experiments.

1. Choice of slides. Cell growth areas of 
32 � 12 mm are sufficient for most cases. 
However, for some lines with low Ras levels, 
a larger number of cells may be required 
to obtain an adequate signal. In this case, 
the assembly in Figs. 16.1C and 16.1D (cell 
growth area, 50 � 30 mm) may be used. 
Make sure the glass is clean and free of 
fingerprints (see Comment 5).

2. Plate the cells. Uniform spreading of the 
cells is very important, as the optimal voltage 
depends in part on the degree of cell contact 
with the conductive surface (see Comment 3). 
Place the sterile glass slide inside a 6 cm (for 
32 � 10 mm) or 10 cm (for 50 � 30 mm) petri 
dish. Add a sufficient amount of medium 
to cover the slide (approximately 9 ml for a 
6 cm dish). Pipette the cell suspension in the 
window (Fig. 16.1) and place the petris in a 
tissue-culture incubator.

3. Starve the cells from phosphates by 
placing them in phosphate-free DMEM and 
the required amounts of dialysed serum 
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for 2–3 h or overnight, depending on the 
experiment.

 4. Prior to pulse application, remove the 
growth medium and wash the cells gently 
with phosphate-free DMEM.

 5. Carefully wipe the Teflon frame with a 
folded Kleenex tissue to create a dry area on 
which a meniscus can form (see Pitfall 1).

 6. Add the [α32P]GTP solution. The volume 
of the solution under the electrode varies 
with the electroporation assembly and cell 
growth area. For the setup in Fig. 16.1A 
and a cell growth area of 32 � 10 mm, the 
volume is �280 μl, whereas the assembly in 
Fig. 16.1C requires �200 μl for a cell growth 
area of 50 � 30 mm. Depending on the exact 
concentration, this volume will contain 
�200 μCi [α32P]GTP in phosphate-free 
DMEM.

 7. Carefully place the electrode on top of the 
cells. Make sure there is a sufficient amount 
of electroporation buffer under the positive 
contact bar to ensure electrical contact. Make 
sure there are no air bubbles between the 
negative electrode and the cells by looking 
in the mirror. If necessary, the electrode can 
be sterilized with 70% ethanol before the 
pulse, and the procedure carried out in a 
laminar-flow hood, using sterile solutions.

 8. Apply three to six pulses of the appropriate 
strength (40–200 V, see Comment 3) from a 
10- or 20- μF capacitor, depending on the 
apparatus used (Fig. 16.1A vs Fig. 16.1C).

 9. Remove the electrode set. Because usually 
only a small fraction of the material penetrates 
into the cells, the [α32P]GTP solution can be 
carefully aspirated and used again.

10. Add phosphate-free medium containing 
dialysed serum if permitted by the 
experimental protocol and incubate the 
cells for the desired length of time (see 
Comment 4).

11. Remove the unincorporated material: wash 
the cells twice with phosphate-free medium 
lacking serum.

12. Extract the proteins. Add 1 ml of extraction 
buffer to the window area of the slide. 
Scrape the cells using a rubber policeman 
into a 15 ml tube and rock the tubes on ice 
for 20 min. Centrifuge for 30 min at 1,000 rpm 
in a Beckman J-6 centrifuge to clarify. 
Preclear the lysates by adding 100 μl packed 
Staph. A–Sepharose beads, incubating on 
ice for 1 h, and centrifuging for 5 min at 
1,000 rpm in a Beckman J-6 centrifuge.

13. Immunoprecipitate Ras. Incubate the 
precleared supernatant overnight with 
pan ras Ab2 antibody bound to Staph. A 
Sepharose beads while rocking on ice.

14. Wash the immunoprecipitate four times 
with 1 ml of extraction buffer lacking 
the inhibitors. Use a Hamilton syringe 
to completely remove all traces of wash 
solution.

16. Elute GTP and GDP off the beads by adding 
10–20 μl elution buffer to the beads and 
incubating at 68ºC for 20 min.

17. Spot the eluate containing the labeled 
nucleotides on a silica gel TLC plate 
containing a fluorescence indicator. Spot 
1 μl each of the stock GTP and GDP 
solutions to serve as cold standards, easily 
visible under UV light. Develop the plate 
using a solution of 1% ammonia–66% 
isopropanol for about 3–4 h.

18. Dry the TLC plate, expose to Kodak 
X-OMAT AR film, and excise the spots for 
liquid scintillation counting or submit to 
phosphorimager analysis (see Fig. 16.2).

B.  Electroporation of [γ32P]ATP 
for Labeling of Cellular Proteins: 
Labeling of the Simian Virus 40 Large 
Tumor Antigen or Adenovirus E1A

Solutions

1. [γ32P]ATP: 600–1000 μCi/ml in phosphate-
free DMEM.
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2. Simian virus large tumor antigen (SVLT) or 
adenovirus E1A extraction buffer: 122 mM 
NaCl, 18 mM Tris-base, pH 9.0, 0.8 mM 
CaCl2, 0.43 mM MgCl2, 10% glycerol, 1% NP-
40, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 
1 mM PMSF, and 1 mM vanadate. Add 8.0 g 
NaCl, 2.42 g Tris-base, 0.1 g CaCl2, 0.04 g 
MgCl2, 10 ml NP-40, and 100 ml glycerol to 
800 ml H2O. Adjust pH to 9.0 and store at 
�20ºC. On the day of the experiment, add 
0.1 ml aprotinin stock, 0.1 ml leupeptin stock, 
1 ml PMSF stock, and 0.1 ml vanadate stock 
solutions to 100 ml of this solution.

3. Tris–LiCl solution for washing 
immunoprecipitates: 0.1 M Tris-base and 
0.5 M LiCl. Make a stock solution of 10X 
(4 litres). Add 484 g of Tris-base and 848 g 
of LiCl in 4 litres of H2O. Adjust pH to 7.0 
using concentrated HCl.

4. SDS gel-loading buffer: 15 ml 10% SDS, 
1.5 ml mercaptoethanol, 6 ml glycerol, 3 ml 
1.25 M Tris, pH 6.8, 0.75 ml 0.3% bromphenol 
blue, and water to 30 ml.

5. 10% SDS stock solution
6. 1.25 M Tris–HCl (pH 6.8) stock solution: Add 

151.3 g Tris-base to 800 ml distilled water. 
Adjust the pH to 6.8 using concentrated 
HCl and the volume to 1 liter with distilled 
water.

Steps

1. Plate, starve from phosphates, and wash 
the cells with phosphate-free DMEM as in 
Section III,A.

2. Add the [ γ32P]ATP solution.
3. Apply three to six pulses of the appropriate 

strength (40–200 V, see Comment 3) from a 
10- or 20-μF capacitor, depending on the 
apparatus used (Fig. 16.1A vs Fig. 16.1C). 
If the setup in Fig. 16.1 A is employed, then 
the solution can be carefully aspirated and 
reused once more after the pulse.

4. Add phosphate-free medium and incubate 
the cells for 2–3 h in a tissue-culture incubator.

5. Extract the proteins by adding 1 ml SVLT 
extraction buffer to the window, scraping 
into a 15 ml tube, and rocking on ice. Clarify 
by spinning for 30 min at 1,000 rpm in a 
Beckman J-6 centrifuge (2,000 g).

6. Precipitate with the pAb108 (SVLT) or M73 
(E1A) monoclonal antibody and wash three 
times with PBS, twice with the Tris–LiCl 
solution, and once with H2O. Elute labeled 
proteins from the beads with SDS gel-
loading buffer and resolve by acrylamide gel 
electrophoresis (Fig. 16.3).

IV. COMMENTS

The technique of in situ electroporation is 
very versatile. A large variety of molecules, 
such as peptides (Boccaccio et al., 1998; Raptis 
et al., 2000), nucleotides (Brownell et al., 1997), 
antibodies (Raptis and Firth, 1990), or drugs 
(Marais et al., 1997), can be introduced, alone or 
in combination, at the same or different times, 
in continuously growing or growth arrested 
cells or cells at different stages of thefir division 
cycle (see Chapter 16 by Raptis et al.).

1. The slides can normally be washed with 
Extran-300 and reused a number of times. 
However, in the case of introduction of 
radioactive material, exposure of personnel 
to irradiation is an important consideration. 
The removal of 32P-labeled nucleotides 
from the ITO-coated glass is difficult 
because the phosphate group is attracted to 
this coating (Tomai et al., 2000), hence the 
use of inexpensive slides and electrodes 
that can be discarded after use is highly 
desirable. Slides with a conductivity of 
20 Ω/sq are sufficiently inexpensive that 
they can be discarded after use or stored 
for the 32P to decay before washing. The 
use of less conductive ITO-coated glass 
(100 Ω/sq) would reduce the cost of the 
slides further. However, in our experience, 
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the conductivity of this grade of glass is not 
sufficiently consistent for electroporation 
experiments due to problems related to 
uniformity of thickness encountered with 
the thinner coating of the less conductive, 
commercially available surface. On the 
other hand, the use of more conductive 
glass (2 Ω/sq) requires a smaller electrode 
angle, which reduces the cost of the material 
substantially. However, this glass is not a 
regular production item, hence it is more 
expensive.

2. The [α32P]GTP must be of the highest purity. 
Because a number of lots were found to 
contain varying amounts of [α32P]GDP, it 
is wise to test the preparation by thin-layer 
chromatography before use.

3. Determination of the optimal voltage and 
capacitance. Electrical field strength has 
been shown to be a critical parameter for 
cell permeation, as well as viability (Chang 
et al., 1992). It is generally easier to select a 
discrete capacitance value and then control 
the voltage precisely. The optimal voltage 

(A)

(B)

FIGURE 16.3 Labeling of the simian virus 40 
large tumor antigen or adenovirus E1A through in 
situ electroporation of [ γ32P]ATP. (A) Mouse 10T½ 
cells (lane 1) or their SVLT-transformed derivatives 
(line 10SV2b, lanes 2–8) were grown on 50 � 30 mm 
conductive areas (Figs. 16.1C and 16.1D). A solution 
containing 50 μCi [γ32P]ATP in phosphate-free DMEM 
was added to the cells, and six capacitor- discharge 
pulses of 10 μF, 40–80 V were applied as indicated. 
Cells were placed in a humidified incubator for 
30 min. For a comparison (lanes 9 and 10), the same 
SVLT-transformed cells were labeled in vivo with the 
indicated amounts of [32P]orthophosphate. SVLT was 
precipitated from detergent extracts with the pAb108, 
anti-SVLT antibody (lanes 1, 3–7, and 10), or normal 
mouse IgG (lanes 2, 8, and 9) and labeled proteins 
were resolved by acrylamide gel electrophoresis. Dried 
gels were exposed for 1 h to Kodak XAR-5 film with an 
intensifying screen. Note the intense and specific labe-
ling of SVLT and the associated phosphoprotein, p53, 
by in situ electroporation (lanes 5 and 6) compared to 
cells labeled in vivo with 200 μCi [32P]orthophosphate 
(lanes 9 and 10). (B) Human 293 cells transformed with 
adenovirus DNA were labeled as described earlier and 
extracts were preadsorbed with normal mouse IgG 
(lanes 2, 4, 6, 8, and 10) or immunoprecipitated using 
the M73, anti-E1A antibody (lanes 1, 3, 5, 7, and 9). 
Bracket points to the position of the phosphorylated 
E1A bands. M, molecular weight marker lanes.
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depends on the strain and metabolic state of 
the cells, as well as the degree of cell contact 
with the conductive surface, possibly due 
to the larger amounts of current passing 
through an extended cell (Yang et al., 1995; 
Raptis and Firth, 1990). Densely growing, 
transformed cells or cells in a clump require 
higher voltages for optimum permeation 
than sparse, subconfluent cells. Similarly, 
cells that have been detached from their 
growth surface by vigorous pipetting prior 
to electroporation require substantially 
higher voltages. In addition, cells growing 
and electroporated on collagen, 
poly-l-lysine, or CelTak™-coated slides 
require substantially higher voltages than 
cells growing directly on the slide.

The margins of voltage tolerance depend on 
the size and electrical charge of the molecules 
to be introduced. For the introduction of small, 
uncharged molecules such as Lucifer yellow or 
nucleotides, a wider range of field strengths per-
mits effective permeation with minimal damage 
to the cells than the introduction of antibodies 
or DNA (Raptis and Firth, 1990; Brownell et al., 
1997). For all cells tested, the application of 
multiple pulses at a lower voltage can achieve a 
better permeation and is better tolerated than a 
single pulse. This is especially important for the 
electroporation of serum-starved cells where 
the margins of voltage tolerance were found to 
be substantially narrower compared to their coun-
terparts growing in 10% calf serum (Brownell 
et al., 1997). Results of a typical experiment are 
shown in Fig. 16.4. Rat F111 cells were grown 
on slides with a 50 � 30 mm cell growth area 
(Figs. 16.1C and 16.1D) and six pulses were 
delivered from a 10 μF capacitor. Following elec-
troporation of the first strip of cells, the negative 
electrode was translocated laterally (Fig. 16.1C, 
arrow) so that the whole area was electropo-
rated in four strips. The application of six expo-
nentially decaying pulses of an initial strength 
of �40–55 V resulted in essentially 100% of the 

cells containing the introduced dye, Lucifer yel-
low, whereas [α32P]GTP required �50 V for a 
maximum signal.

Cell damage is microscopically manifested 
by the appearance of dark nuclei under phase-
contrast illumination. For most lines, this is 
most prominent 5–10 min after the pulse. Such 
cells do not retain Lucifer yellow and fluoresce 
very weakly, if at all (Fig. 16.5). It was also 
noted that the current flow along the corners of 
the window is slightly greater than the rest of 
the conductive area. For this reason, as the volt-
age is progressively increasing, damaged cells 
will appear on this area first. This slight irregu-
larity has to be taken into account when deter-
mining the optimal voltage.

Example of determination of the optimal 
voltage. Prepare a series of slides with cells 
plated uniformly in a 32 � 10 mm window 
(Figs. 16.1A and 16.1B). Set the apparatus at 
20 μF capacitance. Prepare a solution of 5 mg/ml 
Lucifer yellow in phosphate-free DMEM and 
a solution of [α32P]GTP or [γ32P]ATP contain-
ing 5 mg/ml Lucifer yellow in phosphate-free 
DMEM. Electroporate the Lucifer yellow solution 
at different voltages, 20 μF, three pulses, to deter-
mine the upper limits where a small fraction of 
the cells at the corners of the window (usually 
the more extended ones) are killed by the pulse, 
as determined by visual examination under 
phase-contrast and fluorescence illumination 
5–10 min after the pulse (Fig. 16.5). Depending 
on the cells and growth conditions, this voltage 
can vary from 130 to 190 V. Repeat the electropo-
ration using the radioactive nucleotide solution 
at different voltages starting at 20 V below the 
upper limit and at 5 V increments. The Lucifer 
yellow offers a convenient marker for cell perme-
ation and it was found not to affect the results.

4. Serum was shown to facilitate pore closure 
(Bahnson and Boggs, 1990).

5. The slides come with the apparatus and are 
sterile. If sterility is compromised or if the 
slides have been washed to reuse, then place 
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FIGURE 16.4 Effect of field strength on the introduction of nucleotides. Six pulses of increasing voltage were applied 
from a 10 μF capacitor to serum-starved 10T½ cells growing on a conductive surface of 50 � 30 mm in the presence of 10 μCi 
[α32P]GTP (�) or 10 μCi [γ32P]ATP (�). Total protein labeling was quantitated using a nitrocellulose filter-binding assay 
(Buday and Downward, 1993). Numbers refer to cpm per 100 μg of protein in clarified extracts. As a control, cells were elec-
troporated with 5 mg/ml Lucifer yellow (s), and its introduction was assessed by fluorescence measurement of cell lysates 
using a Perkin–Elmer Model 204A fluorescence spectrophotometer. Cell killing (u) was calculated from the plating effi-
ciency of the cells 2 h after the pulse [from Raptis et al. (2003) and Tomai et al. (2003), reprinted with permission].

(A) (B)

(C) (D)
FIGURE 16.5 Determination of optimal voltage. Rat F111 fibroblasts growing on conductive slides (Figs. 16.1A and 
16.1B, cell growth area, 32 � 10mm) were electroporated in the presence of 5mg/ml Lucifer yellow using three pulses of 
155 (A and B) or 190 (C and D) volts delivered from a 20 μF capacitor. After washing of the unincorporated dye, cells were 
photographed under phase-contrast (A and C) or fluorescence (B and D) illumination. Arrows in C and D point to a cell that 
has been killed by the pulse. Note the dark, pycnotic and prominent nucleus under phase contrast and the flat, nonrefractile 
appearance. Such cells do not retain any electroporated material, as shown by the absence of fluorescence (C). It is especially 
striking that cells at the top of frames C and D, situated at the edge of the electroporated area, received a larger amount of 
current and have been killed by the pulse. Magnification: 240 times.
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in petris and sterilize by adding 80% ethanol 
for 20 min and then removing the ethanol by 
rinsing with sterile distilled water.

Other characteristics of the technique. 
Under the appropriate conditions, in situ elec-
troporation does not affect cell morphology or 
the length of the G1 phase of serum-stimulated 
cells and does not induce c-fos (Raptis and Firth, 
1990; Brownell et al., 1997). In addition, it does 
not affect activity of the extracellular signal-
regulated kinase (Erk1/2) or two kinases com-
monly activated by a number of stress-related 
stimuli, JNK/SAPK and p38hog (Robinson and 
Cobb, 1997), presumably because the pores 
reseal rapidly so that the cell interior is restored 
to its original state (Brownell et al., 1998).

Measurement of steady-state Ras activity is 
possible using this method because, contrary to 
other methods of cell permeabilization, such as 
streptolysin-O (Buday and Downward, 1993), 
the cells are not detectably affected by the pro-
cedure so that they can be incubated for long 
periods of time before extraction. In addition, 
electroporation does not appear to induce a 
rapid breakdown of intracellular GTP in any of 
the lines tested, even under conditions where 
a substantial fraction of the cells are killed by 
the pulse (Fig. 16.2). As a result, determination 
of the Ras-bound, GTP/GTP � GDP ratio is 
made easier by the fact that although the opti-
mal voltage must be determined empirically as 
in all electroporation experiments, excessively 
high voltages, despite the fact that they may kill 
a substantial proportion of the cells, do not alter 
the ratios obtained (Fig. 16.2B), presumably 
because such cells rapidly lyse, without affect-
ing the results.

V. PITFALLS

1. Care must be taken so that cells do not dry 
during the procedure, especially during 
wiping of the frame with a tightly folded 

Kleenex. It was found that serum-starved 
cells were especially susceptible. The 
morphology of cells that have been killed by 
drying is very similar to cells that have been 
killed by the pulse (Fig. 16.5).

2. Accurate determination of the optimal 
voltage is very important. For most 
nucleotide introduction applications, 
optimal labeling was observed in the range 
of 140–160 V, whereas these margins were 
found to be narrower for serum-starved 
cells. Nevertheless, the Ras-bound 
GTP/GTP � GDP ratios or the profile of 
SVLT or E1A labeling obtained was found 
to be the same even when a substantial 
proportion of the cells were killed by 
the pulse, in which case merely 32P 
incorporation is reduced.
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I. INTRODUCTION

The visualisation of specific DNA sequences 
in living cells, achieved through the integration 
of lac operator arrays (lacop) and expression of 

a GFP-lac repressor fusion, has provided new 
tools to examine how the nucleus is organised 
and how basic events such as sister chro-
matid separation occur (Straight et al., 1996; 
Belmont, 2001). In contrast to other methods, 
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such as  fluorescence in situ hybridisation, the 
lacop/GFP-lac repressor (GFP-laci) technique is 
noninvasive and therefore interferes minimally 
with nuclear structure and function. In addition, 
it facilitates analysis of the rapid dynamics of 
specific DNA loci (Gasser, 2002). Although this 
technique has been adapted to organisms from 
bacteria to humans, the ease with which GFP 
fusions can be targeted to specific chromosomal 
sites depends on the ability of the organism 
to carry out homologous recombination. This 
process is very efficient in budding yeast, allow-
ing pairs of chromosomal loci to be analysed at 
the same time through the use of two bacterial 
repressors (laci and tetR) fused to different GFP 
variants. Given the relatively advanced state 
of the art in budding yeast, this article presents 
protocols optimised for this organism. These 
provide a starting point for adapting multilocus 
tagging to other species. Moreover, the tech-
niques described here for the quantitative analy-
ses of locus dynamics are universally applicable.

II. MATERIALS AND 
INSTRUMENTATION

Yeast minimal and rich media (SD, YPD) 
are described in Guthrie et al. (1991). Cells 
can be mounted on a depression slide (Milian 
SA, Cat. No. CAV-1, Fig. 17.2A) upon 1.4% 
agarose (Eurobio Cat. No. 018645) contain-
ing SD medium with 4% glucose (Fluka). 
Aliquots of this can be kept at 4ºC for several 
months. Alternatively, cells can be immobi-
lised on a 18-mm coverslip treated with con-
canavalin A (Con A, Sigma, Cat. No. C-0412) 
in a cell observation chamber (Ludin chamber, 
Life Imaging Services, Fig. 17.2B). Con A dis-
solved to 1 mg/ml in H2O is stable at �20ºC 
for months. Wide-field microscopy is per-
formed on a Metamorph-driven Olympus 
IX 70 inverted microscope with Olympus 
Planapo 60�/NA � 1.4 or Zeiss Planapo 

100�/NA � 1.4 objectives on a  piezoelectric 
 translator (PIFOC; Physik Instrumente), illu-
minating with a PolychromeII monochro-
mator (T.I.L.L. Photonics). Also needed is a 
CoolSNAP-HQ digital camera (Roper Scientific) 
or equivalent, and both the FITC filter set for 
detecting GFP (Chroma, Ref. 41001) and the 
CFP/YFP filter set (e.g., Chroma, Ref. 51017). 
Confocal microscopy can be performed on a 
Zeiss LSM510 Axiovert 200M, equipped with 
a Zeiss Plan-Apochromat 100�/NA � 1.4 oil 
immersion or a Plan-Fluar 100�/NA � 1.45 
oil immersion objective. The stage is equipped 
with a hyperfine motor HRZ 200. Temperature 
is stabilised using a temperature-regulated box 
surrounding the microscope (The Box, Life 
Imaging Services). Software used for analysis is 
(a) Excel (Microsoft), (b) ImageJ public domain 
software (Rasband), (c) Imaris v 3.3 (Bitplane), 
(d) Mathematica 4.1 (Wolfram Research), and 
(e) Metamorph v 4.6r6 (Universal Imaging 
Corp.).

III. PROCEDURES

A. Preparations

1. Plasmids and Strains

Yeast transformation and growth are as 
described (Guthrie et al., 1991). The lacop/GFP-
laci system for site recognition exploits the 
high affinity and specificity of the bacterial lac 
repressor for its recognition sequence (lacop). All 
procedures are performed analogously for the 
tetR/tetop system (Michaelis et al., 1997).

1. Plasmids or integrations of repetitive arrays 
are difficult to propagate in both bacteria 
and yeast due to recombination induced 
excision events. To avoid this, bacteria 
should be grown at 30ºC in a recombination-
deficient strain [STBL2 (Invitrogen 
Life Technologies) or SURE 
(Stratagene)].
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2. Integrate a copy of lac repressor fused in 
frame to sequences encoding the S65T 
V163A, S175G derivative of GFP and a 
nuclear localisation signal, e.g., pAFS144 
into the yeast strain. This red-shifted GFP 
derivative has a higher emission intensity 
and longer fluorescence time than natural 
GFP (Straight et al., 1998). The laci later helps 
to stabilise the lacop array in yeast.

3. Insert a multimerised lacop array (usually 256 
copies or �10 kb) into the chromosome by 
standard transformation using a linearised 
construct that integrates by homologous 
recombination. Integration is directed to a 
genomic locus by a unique cleavage within a 
polymerase chain reaction (PCR)-generated 
genomic sequence �200 bp inserted into the 
host plasmid (e.g., pAFS52 integration is 
selected by growth on SD-trp; Straight et al., 
1996; Heun et al., 2001a; Hediger et al., 2002). 
In yeast as few as 24 contiguous lacop sites 
can be detected readily.

4. Check the proper insertion by standard 
colony PCR and/or Southern blotting 
(Guthrie et al., 1991). Binding of laci-GFP to 
the lacop array results in a bright focal spot, 
detected readily by fluorescence microscopy 
within the nucleoplasm. Confirmed 
transformants with bright signals should be 
frozen and stored immediately as individual 
colony isolates. When strains are recovered 
from frozen stocks, they should be grown 
on selective medium to avoid further 
excision events.

Note: Other GFP fusions, optimised forms of 
CFP or YFP (or ECFP and EYFP), have also been 
used successfully in yeast (Lisby et al., 2003). 
The lac repressor used is also modified to pre-
vent tetramerisation, thus minimising artefac-
tual higher order interactions between lacop sites 
(Straight et al., 1996).

5. Double tagging. If the position or mobility 
of two genomic loci is to be compared, one 
should avoid tagging both with the same 

repeats. It has been shown that identical 
arrays can undergo a pairing event that, at 
least in the case of the tet system, depends 
on the expression of the repressor (tetR; 
Fuchs et al., 2002). By using tetop for one site, 
and lacop for the second, the risk of spurious 
pairing is eliminated. Useful pairs of GFP 
derivatives are CFP and YFP, or GFP and 
the new monomeric mRFP (Campbell et al., 
2002).

6. In contrast to the laci–GFP fusion (Figs. 
17.1A and 17.1B), the tetR–GFP gives a 
high and generally diffuse nucleoplasmic 
background in yeast, both in the presence 
and in the absence of tetop repeats 
(Figs. 17.1C and 17.1D).

7. Dynamics. If movement analysis is to be 
pursued, it is important to differentiate 
the movement of the nucleus itself or that 
induced by mechanical vibrations from 
the dynamics of the chromosome. Nuclear 
movement must be determined and then 
subtracted from that of a specifically tagged 
site, using any of the following methods.
a. Visualisation of the nuclear envelope 

with Nup49–GFP (Belgareh et al., 1997; 
Heun et al., 2001a). In this case the 
nuclear center can be interpolated from 
the oval or circular pore signal in an 
automated fashion by software such as 
ImageJ or Metamorph (Figs. 17.1A and 
17.1B). The DNA locus position is then 
determined relative to the nuclear center 
for each frame.

b. Diffuse nucleoplasmic signal of tetR–GFP 
(Figs. 17.1C and 17.1D). The center of the 
nucleus is defined by interpolation frame 
by frame and locus movement is calcu-
lated relative to this.

c. By comparing the motion of two tagged 
loci, one can calculate average movement 
without concern for nuclear drift. The 
fact that both loci are moving has to be 
taken into account for movement quanti-
tation (see later).
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2. Growth and Cell Preparation

1. All yeast strains to be analysed should 
be cultured identically and preferably 
to an early exponential phase of growth 
(�0.5 � 107 cells/ml) in synthetic or YPD 
medium, starting from a fresh overnight 
culture. Depletion of glucose or growth 
on alternative carbon sources can alter 
chromatin dynamics. Wash cells once before 
observation to avoid YPD autofluorescence. 
We recommend two mounting techniques 
for living cell visualisation.

2a. SD–agarose-filled slides (Fig. 17.2A): 
Immobilised cells between an agarose patch 
on a depression slide and a coverslip to 
avoid flattening or distortion of the yeast 
by coverslip pressure on a normal glass 
slide. Cells sealed in this way are in a 
closed environment in which the depletion 
of O2 and production of CO2 bubbles can 

influence growth and impair visualization. 
Optimally this technique is used for 
imaging periods limited to �60 min.
i. Melt an aliquot of SD/agarose at 95ºC 

until the agarose has completely melted, 
but not longer.

ii. Vortex briefly and transfer 150 μl into the 
well of a depression slide that is preheated 
either by a heating block or by passage 
through the flame of a Bunsen burner.

iii. Immediately pass a normal microscope 
slide over the depression to remove 
excess agarose as depicted in Fig. 17.2A.

iv. While the agarose solidifies, recover the 
cells from 1 ml of culture by centrifugation 
for 1 min at �10,000 g.

v. Resuspend the cells in �20 μl of appropri-
ate medium.

vi. Once the agarose has solidified, remove the 
upper slide by sliding along the depression 

(A)

(B)

(C)

(D)

FIGURE 17.1 (A and C) An overlay 
of the phase image and the fluores-
cence image of a GFP-tagged yeast 
cell in G1 phase. (B and D) The cor-
responding fluorescence image. The 
lacop array is integrated at the LYS2 
locus; the nucleus is visualised by 
the tagged nuclear pore component 
Nup49-GFP (A,B) or by using the 
diffuse staining of nucleoplasm by 
tetR-GFP (C,D). Bar: 1 μm.
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slide surface and place �5 μl of concen-
trated cells on the agarose patch.

vii.  Close with a coverslip, eliminate even-
tual air bubbles, and seal with nail polish. 

Note: Monitor bud emergence and cell divi-
sion carefully, as some brands of nail polish 
contain solvents that influence yeast cell physi-
ology negatively.

2b. Cell observation chamber (Ludin chamber, 
Fig. 17.2B): The second technique uses a 
Ludin chamber in which cells are attached 
noncovalently to a coverslip by a lectin. 
The medium-filled chamber is assembled 
as shown in Fig. 17.2B. A flow of fresh 
medium can be applied.

i. Coat 18-mm coverslips with 10 μl Con 
A (1 mg/ml in H2O) and let them air 
dry for �20 min. Coated slides can be 
kept for weeks at room temperature.

ii. Adhere cells to the Con A-coated cover-
slip by sedimenting 1 ml of the culture at 
1 g for 3 min at room temperature.

iii. Remove excess culture and add �1 ml 
fresh preheated medium before closing 
the chamber.

3. Temperature Control

In order to have a stable condition for micro-
scopic observation, the temperature of the 

microscope and room should be controlled 
carefully (�2ºC). Two mechanisms are used 
standardly. The first is to enclose the entire 
imaging part of the microscope in a commer-
cially available temperature-regulated box (e.g., 
Life Imaging Services or Zeiss). A second, less 
precise method is to regulate the temperature of 
the slide through a heated stage.

B. Image Acquisition

1. General

The choice of imaging technique depends on 
the question being asked. To derive  quantitative 
information on the position of a given locus 
 relative to a fixed structure (e.g., the spindle 
pole body, nucleolus, or nuclear envelope), 
three-dimensional (3D) stacks and detection 
of different wavelengths may be necessary. 
An analysis of fine movement and chroma-
tin dynamics, however, requires the rapid and 
extended capture of one or more fluorochromes. 
Bleaching of the signal is often a major limiting 
factor in time-lapse imaging. One should note 
that chromatin movement is very fast [move-
ments �0.5 μm in less than 10s (Heun et al., 
2001a)], making it necessary to have rapid 
image acquisition with a minimal interval 
between sequential images. To optimise acqui-
sition, parameters such as image resolution, the 
number of z frames, intervals between frames, 
light intensity, and exposure time can be varied. 
In all cases, it is of utmost importance to mini-
mise and monitor laser- or light-induced dam-
age to the organism during imaging, in part by 
comparing the time required for one division 
cycle in imaged and nonimaged cells.

Cell Cycle Determination

As position and mobility of a chromosomal 
locus can vary with stages of the cell cycle, it is 
crucial to determine precisely what stage each 
imaged cell is in. This is done by monitoring 

(A) (B)

FIGURE 17.2 Yeast cells can be immobilised for imag-
ing either using an agarose patch on a depression slide 
(A) or using a cell observation chamber (e.g., Ludin 
 chamber; B).
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bud presence and bud size, as well as the shape 
and position of the nucleus, as visualised by 
the Nup49-GFP fusion and a transmission or 
phase image. Figure 17.3 summarises the mor-
phologies that characterise each stage of the cell 
cycle.

2.  Wide-Field Microscopy and 
Deconvolution

For the imaging of large fields of cells, best 
results are obtained with a wide-field micro-
scope equipped with a PIFOC, Xenon light 
source, and monochromator that allows a 
broad and continuous range of incident light 
 wavelengths, as well as rapid switching 
between these values. Images are acquired by 

a high-speed monochrome CCD camera run by 
a rapid imaging software, such as Metamorph. 
The limiting step is often the speed of signal 
transfer from the CCD chip to the RAM and/or 
hard disk of your computer.

z-Stacks

Wide-field microscopy is well adapted to 
experiments in which a large number of cells 
(200–300) need to be scored, e.g., when deter-
mining the subnuclear position of a given locus 
relative to the nuclear envelope or another 
tagged locus or landmark (e.g., spindle pole 
body or nucleolus). The reference point should 
optimally be tagged with a different fluorescent 
protein. If two loci bind the same fluorescent 
fusion proteins, then their intensities should 
be significantly different. Rapid through-focus 
stacks of images using the full chip capacity of 
the camera are taken of cells growing on agar 
or in a Ludin chamber (such that 20–30 indi-
vidual cells are resolved per field). Optimal 
parameters for GFP are as follows: exposure 
time, 100–200 ms; z spacing of 200 nm for 18 focal 
planes, excitation wavelength 475 nm. For dual-
wavelength capture, images of both wavelengths 
(CFP: 432 nm, �300 ms; YFP: 514 nm, �150 ms) 
must be acquired before the focal plane 
changes. A phase image is taken after every 
stack of fluorescence images. Wide-field images 
have out-of-focus haze and deconvolution of 
the z stack is often necessary to reassign blurred 
intensities back to their original source. Use 
Metamorph software or other available decon-
volution packages.

Three-Dimensional Time Lapse

The conditions for capturing 3D time-lapse 
series are as follows: 5–11 optical z slices taken 
every 1 to 4 min, z sections are 200 to 400 nm in 
depth, and the exposure time is �50 ms. Using 
these settings, up to 300 stacks of five sections 
each (1500 frames) at 1-min intervals can be 

G1 eS mlS

G2 M T

FIGURE 17.3 Diagrams of a budding yeast cell at 
 different characteristic points in the cell division cycle. The 
following criteria are used to identify the indicated stage. 
G1 phase, unbudded cells with round nuclei or attached 
pairs of posttelophase cells that have two round, clearly 
separated nuclei; early S, with initial bud emergence, cells 
are in early S; mid-to-late S, cells with a bud big enough to 
form a ring at the bud neck, in which nuclei are still round 
and centred in the mother cell; G2 phase, large budded cells 
(bud � two-thirds of mother) with the nucleus at the bud 
neck; mitosis (M), large budded cells in which the nucleus 
extends into the daughter cell due to spindle extension; 
telophase (T), two globular cells with two distinct nuclei that 
remain connected by residual NE structures.
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 captured without affecting cell cycle  progression. 
More rapid sampling with this system, how-
ever, leads to bleaching and potential cellular 
damage. Until this can be remedied by more 
rapid and more sensitive CCD cameras, wide-
field microscopy is recommended for less rapid 
time-lapse imaging (intervals �60s) on larger 
fields and confocal microscopy (see later) for 
very rapid time-lapse imaging (intervals 2s) 
on small regions of interest (typically one yeast 
nucleus).

For very long imaging times (�1 h), stray 
light should be suppressed by inserting an 
additional shutter. Deconvolution is performed 
using the Metamorph fast algorithm with five 
iterations, a sigma parameter of 0.7, and a 
 frequency of 4.

3. Confocal Microscopy

To follow chromatin dynamics in individ-
ual cells with rapid time-lapse microscopy, the 
Zeiss LSM510 scanning confocal microscope is 
particularly well adapted, although the laser 
and acousto-optic tuneable filter (AOTF) system 
is limited in activation wavelengths. Its posi-
tive attributes are an ability to limit scanhead 
motion to a minimal region of interest (ROI), 
rapid and well-regulated scanning speeds, and 
the possibility to adjust pinhole aperture and 
laser intensities to very low levels, while main-
taining maximal sensitivity.

General Settings

To reduce the risk of damage by illumination, 
the laser transmission is kept as low as possible, 
and the cells are imaged as rapidly as possible 
within a minimal ROI. Useful settings for the 
Zeiss LSM510 are as follows.

Laser: argon/2 458, 488, or 514 nm tube current 
4,7 amp. Output 25%.

Filters: Channel 1: Lp 505 for GFP alone; 
 channel 1 Lp 530, channel 3 Bp 470–500 for 
YFP/CFP single track acquisition.

Channel setting: Pinhole 1–1.2 airy unit (cor-
responding to optical slice of 700 to 900 nm); 
detector gain: 930 to 999; amplifier gain: 1–
1.5; amplifier offset: 0.2–0.1V; laser transmis-
sion AOTF � 0.1–1% for GFP alone, 1–15% 
for YFP, and 10–50% for CFP in single track 
acquisition. In order to use minimal laser 
transmission the pinhole must be aligned 
regularly.

Scan setting: Speed 10 (0.88 μs/pixel); 8 bits one 
scan direction; 4 average/mean/line; zoom 
1.8 (pixel size: 100 � 100 nm)

Imaging intervals: 1.5s

Note: If CFP and YFP signals are very weak, 
images can be acquired sequentially using the 
more sensitive LSM 510 channel 1 in multi-
track mode. This allows the use of broader fil-
ters: long-pass filter Lp 475 for CFP and Lp 530 
for YFP. Alternatively, and to avoid any cross 
talk, recover the YFP signal as before and use 
Bp 470–500 on channel 3 for CFP. These latter 
parameters will slow the imaging process.

Two- or Three-Dimensional Time Lapse

If maximal capture speed is desired, only one 
image per time point can be taken, as long as 
the GFP spot stays in the imaged plane of focus 
(called 2D time lapse). Often the plane of focus 
has to be changed manually to follow the spot. 
Image acquisition in 3D has two main advan-
tages. (1) The GFP spot does not have to be fol-
lowed manually as it is always present in one 
of the focal planes. A subsequent maximal pro-
jection along the z axis produces a complete 2D 
time sequence without loss of focus on the GFP 
spot. (2) After image reconstruction, one can 
visualise the nucleus and calculate distances in 
3D. Such measurements are nonetheless com-
promised by the reduced optical resolution in z 
(�0.5 μm for 488-nm light).

Specific 3D time-lapse settings are as follows: 
six to eight optical slices in z, 300- to 450-nm 
spacing in z with Hyperfine HRZ 200 motor 
using a ROI of 3 � 3 to 4 � 4 μm and time 
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 intervals of 1.5s. A 12-min time-lapse series at 
0.2% laser transmission did not influence cell 
cycle progression.

C. Image Analysis

1. z Stacks

Determination of the subnuclear position of 
a GFP-tagged locus is monitored relative to the 
centre of the Nup49-GFP ring. Nuclei in which 
the tagged locus is at the very top or bottom of 
the nucleus are not scored because the pore sig-
nal no longer forms a ring but a surface and a 
peripheral spot will appear internal.

1. Measure the distance from the centre of 
intensity of the GFP spot to the nearest pore 
signal along the nuclear diameter, as well as 
the nuclear diameter itself, using the middle 
of the GFP-Nup49 ring as the periphery 
(Fig. 17.4). Several programs can export 
coordinates of points of interest, and the 

publicly available point picker plug in for 
ImageJ (Rasband) is useful.

2. Calculate the distances/diameter ratio, e.g., 
using Excel. Determine the precise relative 
radial position by dividing the distance 
between pore and the spot by half of the 
calculated diameter, thus normalising 
distances.

3. Classify the position of each spot with 
respect to three concentric zones of equal 
surface (Fig. 17.4). The peripheral zone (zone 
I) is a ring of width � 0.184 � the nuclear 
radius (r). Zone II lies between 0.184 and 
0.422r and zone III is the core of the nucleus 
with radius � 0.578r. The three zones are of 
equal surface no matter where the nuclear 
cross section is taken.

4. Compare the measured distribution to 
another (e.g., other cell cycle phase, another 
condition or a random distribution) with a 
χ2 analysis. If only percentages of one zone 
(e.g., the outermost zone) are compared 
for different conditions (or to a random 
distribution), a proportional test should 
be applied. Statistical significance is 
determined using a 95% confidence interval.

2. Three-Dimensional Time Lapse

Locus Tracking

A prerequisite for the precise description of 
chromatin movement is the knowledge of the 
coordinates of the locus and of the nuclear cen-
tre for each frame of a time-lapse movie. In col-
laboration with D. Sage and M. Unser (Swiss 
Federal Institute of Technology, Lausanne), a 
best-fit algorithm has been developed that relia-
bly tracks a moving spot in 2D time-lapse mov-
ies or in maximal projections of z stacks in 3D 
time lapse using nuclei carrying Nup49-GFP or 
expressing tetR-GFP to detect the nucleoplasmic 
signal. This system is complete and dramati-
cally improves reproducibility and the speed 
of analysis, while allowing user intervention at 

p < 0.184
0.184 < p < 0.422
p > 0.422

� zone I
� zone II
� zone III

x = spot-pore distance 
y = diameter (2 x radius)
p = x / radius

I II III

y

x

+

FIGURE 17.4 Analysis of DNA locus position. Relative 
locus position is calculated by normalising measured dis-
tance x by the radius (0.5 � measured distance y). The 
relative radial distances can then be classified and attrib-
uted to three groups of equal surface. The peripheral zone 
(zone I) is a ring of width � 0.184 � the nuclear radius (r). 
Zone II lies between 0.184 and 0.422r, and zone III is the 
centre of the nucleus with radius � 0.578r. In a predicted 
random distribution every group would contain one-third 
of the cells.
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several stages. The algorithm has been imple-
mented as a Java plug in for the public domain 
ImageJ software (Rasband; Sage et al., 2003). 
The spatiotemporal trajectory is exported as 
x,y coordinates for each time point in a spread-
sheet. An implementation for 3D image stacks 
over time is also available (Sage et al., 2005). 
Automated image analysis requires three steps.

a. Alignment phase. The first step is an 
alignment module that compensates 
for the translational movement of the 
nucleus, cell, or microscope stage. This is 
achieved by a modifiable threshold on the 
image. The extracted points are then fitted 
within an ellipse using the least-squares 
method. Finally, each image is realigned 
automatically with respect to the centre of 
the ellipse.

b. Preprocessing phase. To facilitate the 
detection of the tagged locus, the images are 
convolved with a Mexican-hat filter. This 
preprocessing compensates for background 
variations and enhances small spot-like 
structures.

c. Tracking phase. The final step is the tracking 
algorithm. Using dynamic programming, 
which takes advantage of the strong 
dependency of the spot position in one 
frame on its position in the next, the optimal 
trajectory over the entire period of the 
movie is determined. The following three 
criteria influence spot recognition: 
(1) maximum intensity (i.e., the tagged DNA 
is usually brighter than the pore signal), 
(2) smoothness of trajectory, and (3) position 
relative to the nuclear centre. This latter 
criterion is necessary because Nup49-GFP 
staining can be confused with a weak 
perinuclear locus. All three parameters 
can be modulated individually in order to 
optimise the tracking for different situations 
(loci that are more mobile, more peripheral, 
of variable intensity, etc). Most importantly, 
the program has the option of further 

constraining the optimisation by forcing 
the trajectory to pass through a manually 
defined pixel. In that way mistracked 
spots can again be added manually to the 
correct trajectory, which is recalculated 
quasi-instantaneously. This tracking 
method proves to be extremely robust and 
reproducible due to its global approach.

Note: Some commercially available soft-
ware are also able to track objects [e.g., Imaris 
(Bitplane), Volocity (Improvision)], although 
tracking efficiency is variable and usually 
requires uniformly high-quality images. The 
algorithms are mostly based on threshold prin-
ciples, which are rarely modifiable or interac-
tive, and which are ill-suited for noisy images.

Characterisation of Movement

Because each time-lapse series represents a 
single cell, it is indispensable to average 8–10 
movies over a total time �40 min for a given 
strain or condition. Subtle differences require a 
larger data source. Useful parameters for quan-
titative analysis include the following.

a. Track length. The projected track of the 
tagged locus can be visualised using LSM 
software, ImageJ, Excel, or other programs 
(Fig. 17.5A). The sum of all 1.5-s step 
lengths within a time-lapse series yields the 
total track length of that movie. From this, 
average track length and velocity (μm/min) 
can be calculated, but often this parameter is 
not very revealing.

b. Step size. A histogram of step size 
distribution describes the nature of the 
movement more precisely. Statistical 
parameters such as mean, median, and 
standard deviation of individual and groups 
of movies can be calculated and compared 
with statistical tests (e.g., ANOVA). 
Even small but reproducible significant 
differences can be documented due to the 
large number of measurements.
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c. Large movements. Often differences in 
mobility are not obvious by comparing 
average speed, yet the frequency of large 
steps �500 nm will vary significantly. 
These indicate transient high velocity 
movements. We generally score for steps 
larger than 500 nm during seven frames 
(10.5s), an interval that has proven useful for 
distinguishing patterns of mobility between 
different physiological states and stages 
of the cell cycle (Heun et al., 2001b). These 
are reported as the number of large steps 
per 10 min, averaged over at least 50 min 
of time-lapse imaging. Although a 500 nm 
is a meaningful cutoff, any threshold over 
300 nm can be used.

d. Mean square displacement (MSD). Observing 
the movement of a DNA locus over time 
not only gives information about its 
velocity, but also about the subvolume 
of the nucleus that it occupies during a 
given period of time. It has been shown for 
several chromosomal loci that chromosomal 
domains are able to move apparently 
randomly in a given subvolume (Gasser, 
2002). This constraint can be quantified by 
MSD analysis, assuming that the movement 
of the spot follows a random walk. Ideally 
it describes a linear relationship between 

different time intervals and the square of the 
distance travelled by a particle during this 
period of time (MSD or 〈Δd2〉, where Δd2 
� {d(t) � d(t � Δt)}2 (Berg, 1993; Marshall 
et al., 1997; Vazquez et al., 2001). In order 
to get the numbers, one must calculate 
the distances traveled by the spot for each 
time interval (1.5, 3, 4.5s…) and plot the 
square of the mean against increasing 
time intervals. These calculations and the 
corresponding graphs can be performed 
easily in Excel (Microsoft) or Mathematica 
(Wolfram Research). A representative 
MSD graph is shown in Fig. 17.5B. In these 
curves, the slope reflects the diffusion 
coefficient of the particle, and the linearity 
of the curve is usually lost at larger time 
intervals due to spatial constraint on the 
freedom of movement of the locus, i.e., the 
random walk of the particle is obstructed 
by the nuclear envelope or other subnuclear 
constraints, leading to a plateau (horizontal 
dashed line in Fig. 17.5B). The height of this 
plateau is related to the volume in which 
the particle is restricted. The slope of the 
MSD relation is directly correlated with 
diffusion coefficient. As explained earlier, in 
enclosed systems, the diffusion coefficient 
decreases with increasing Δt due to space 
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FIGURE 17.5 Analysis of DNA locus dynamics. (A) The projected trace of 300 images of a movie of the LYS2 locus. The 
average track length in 5 min is 37.4 μm. Bar: 1 μm. (B) A mean square displacement (MSD, 〈Δd2〉 in [μm2]) analysis on an 
average of 8 movies of the LYS2 locus. All cells were observed in G1 phase.
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constraints exerted on the particle dynamics. 
Nevertheless, the maximal diffusion 
coefficient can be calculated for very short 
time intervals and reflects the intrinsic 
mobility of particles (see sloping dashed line 
in Fig. 17.5B). For chromosomal loci in yeast, 
we observed a maximal diffusion coefficient 
in the range of 1 � 10�4 to 1 � 10�3μm2/s 
based on short time intervals. If distances 
are measured between two separate moving 
loci, 〈Δd2〉 reflects two times the MSD of an 
individual spot or locus moving relative to 
a fixed point (Vazquez et al., 2001). A more 
theoretical discussion of these parameters is 
found in Berg (1993).

IV. COMMENTS

It is very difficult to accurately quantify the 
intensity of a small, mobile GFP-laci focus. Even 
in deconvolved images it can differ by twofold 
in sequential images.

This protocol shows the optimal method for 
the described microscope setups. For different 
microscopes, the values and methods of this 
protocol are simply a starting point for further 
optimisation. As improvements in technology 
(e.g., more sensitive and rapid CCD cameras) 
and reagents (e.g., more stable or more intense 
GFP variants) evolve, future adjustments of this 
protocol will be indispensable.

The method described here can also be 
applied to Schizosaccharomyces pombe with a few 
changes, one being immobilisation on a cover-
slip with isolectin B (1 mg/ml) (Williams et al., 
2002) or lectin from Bandeiraea simplicifolia 
(lyophilized powder, Sigma Cat. No. L2380).

V. PITFALLS

1. To ensure that DNA movements are not 
the result of nuclear rotation, fluorescence 

recovery after photobleaching of GFP 
nuclear pore components should be 
performed over the same time intervals 
used to monitor DNA movement.

2. To increase oxygen concentration and to 
prevent massive production of CO2 under 
the cover slide, vortex the agarose/medium 
before making the patch.

3. Growth conditions must be standardised 
thoroughly, because both choice of carbon 
source and its concentration significantly 
influence subnuclear position and dynamics 
of tagged loci.

4. Cells grown in minimal medium may 
not pellet as well as cells grown in YPD. 
Concentrate cells by centrifuging 2 volumes 
of culture in the same 1.5-ml tube.

5. In the Ludin chamber yeast cells often bud 
upwards into the medium (i.e., parallel to 
the optical axis). Thus it is important to scan 
the entire cell in transmission mode not to 
miss the presence of a bud.

6. Observations made on individual cells 
are often not representative of entire 
populations. It is crucial to verify observed 
differences with the appropriate statistical 
tests.
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I. INTRODUCTION

As the pivotal role of microtubule (MT) 
motors in the cell cycle becomes more widely 
recognized, so the demand for motility assays 
will increase. This article presents a robust 

and straightforward set of protocols based on 
experience gained in our laboratory. Readers 
seeking to set up more specialised assays 
should refer to one of the excellent methodo-
logical compendia that are available (Inoue and 
Spring, 1997; Cross and Kendrick Jones, 1991; 
Scholey, 1993).
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II. MATERIALS AND 
INSTRUMENTATION

A. Hardware

1. Microscope

Unstained MTs are visualized most conven-
iently by video microscopy using computer-
enhanced differential interference contrast (DIC). 
MTs assembled from fluorescently labeled tubu-
lin can be visualized using epifluorescence. This 
article concentrates on these two contrast modes. 
It is also possible to visualise microtubules by 
dark field, which gives a high contrast image of 
unstained microtubules, or by phase contrast, 
but both modes are susceptible to dirt in the 
solutions and so may be inconvenient for routine 
work. Interference reflection produces higher 
contrast than DIC and gives information in the Z 
direction, but again is susceptible to dirt.

For all modes of contrast the main require-
ment of the microscope is that it should be as 
simple as possible. It should also be big and 
heavy to give it some vibration resistance. 
Uprights are less expensive, optically straight-
forward, and more convenient if the bathing 
solution is to be exchanged during observation 
(which is often the case). Inverted scopes are 
more stable and provide much better access to 
the specimen if other inputs (micromanipulators, 
flash-photolytic lasers, evanescence prisms) are 
envisioned.

Human eyes work in colour and have a 
higher dynamic range, better spatial resolution, 
and a bigger view field than a video camera. 
It is very useful to be able to use them to find 
focus. To do this the microscope needs to incor-
porate some sort of device to switch the light 
between the eyepieces and the camera.

2. Illumination

One hundred Watt Hg lamps generate large 
amounts of heat and it is necessary to remove 

this heat from the illuminating light. Glass heat 
filters may be used, but the best way to filter 
out heat is to use a hot mirror, a mirror that 
transmits infrared but reflects visible light.

DIC optics are optimised for visible wave-
lengths, and it is conventional to use a green 
interference filter to give narrow band illumi-
nation. In practice the improvement this brings 
is often too slight to be obvious by eye, and 
removing the green filter can be a convenient 
way to brighter illumination. The UV emitted 
by Hg lamps is removed substantially removed 
by optical (lead) glass, but for DIC an in-line 
UV filter is nonetheless a sensible precaution.

A useful improvement in both fluorescence 
and DIC image quality can be achieved by 
sending the illuminating light through a fibre-
optic light scrambler (Technical Video). Light 
from the lamp is focussed into one end of the 
fibre (Fig. 18.1), and the other end emits a uni-
form disc of light (of Gaussian intensity profile), 
which is used to illuminate the microscope.

3. Optical Train

For maximum image quality in all contrast 
modes, it is advisable to reduce the number 
of optical components between the objective 
and the camera to a minimum. The most criti-
cal component is the objective. The light inten-
sity transmitted by a lens is proportional to the 
square of its numerical aperture (NA), whilst 
resolution rises linearly with the NA. It is 
important therefore to use a 1.4 NA (therefore 
oil immersion) 60 or 100� planapo objective in 
order to maximise light-gathering power and 
resolution, particularly so in epifluorescence, 
where the objective doubles as the condensor.

We use a novel configuration that replaces 
the condensor on a Zeiss Axiovert with a 
home-built fitting that improves light collec-
tion from the Zeiss tungsten lamp and mounts 
a second objective in place of the condensor. 
This arrangement (Fig. 18.1) gives good DIC 
of microtubules with a field about 40 μm and 
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brings the considerable advantages of the tung-
sten lamp, which is much more stable than the 
Hg lamp. For smaller view fields, the higher 
radiant intensity of the Hg lamp is necessary.

4. Antivibration Hardware

Vibration will degrade the highly magnified 
image. Low frequencies (people walking across 
the floor) will cause the image to bounce around, 
whilst high frequencies will be averaged out 
by the video framing rate and cause the image 
to blur. The extent of this problem is, how-
ever, often overemphasized. Before purchasing 
an expensive and awkward vibration-damping 

equipment, try placing a few layers of bubble 
wrap under the microscope baseplate.

5. Temperature Control Hardware

Motility rates for several microtubules motors 
are extremely temperature sensitive in the range 
of room temperature, and temperature control 
is consequently important if measurements 
taken at different times are to be compared. 
The best way is to temperature clamp the entire 
microscope. If you have air conditioning this 
will already be happening. To warm specimens 
above ambient temperature, we use a home-
made plexiglass box with a warm-air blower 

HM

B

A

VCR PC DIP

OF

CCD

ICCD

Hg

FIGURE 18.1 Video microscope. An inverted microscope set up for both fluorescence and DIC microscopy. Hg, mercury 
lamp; HM, hot mirror; OF, optical fibre; CCD charge-coupled device camera (for DIC); ICCD, intensified CCD (for fluores-
cence); DIP, digital image processor; PC, personal computer; VCR, video cassette recorder.
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coupled to the side. Another option is to use 
water jackets for the objective and stage. These 
are readily fashioned by wrapping flexible, nar-
row-bore copper tubing around several times 
and connecting the ends to a water bath with a 
circulator (e.g., Techne) using silicon tubing. If 
cooling is necessary, we find it useful to wrap 
the microscope in a tent made of cling film, 
reducing condensation.

6. Camera

For fluorescence of moving objects, two types 
of low-light level / high-contrast / high-framing 
rate cameras are suitable: intensified charge-
coupled device (ICCD) and intensified silicon-
intensified tube (ISIT) cameras. ICCD cameras 
are better for current purposes because ISIT 
cameras, although more sensitive, introduce 
spatial and intensity distortions across the 
view field that are tedious to correct for. All the 
aforementioned produce an analogue video 
signal, e.g., ISIT Hamamatsu C2400-08 and 
ICCD Hamamatsu C2400-97E. An alternative 
approach that is becoming feasible uses a digital 
camera to record direct to computer hard disc 
in time lapse. A cooled CCD camera coupled to 
a generation 4 intensifier gives excellent sensi-
tivity for fluorescence work, but is limited by 
the quantum efficiency of the intensifier (about 
30%) and is currently very expensive and the 
digital data can be awkward to archive. If con-
sidering this route, be sure to test the software, 
which in our experience can place more severe 
limits on performance than the specifications of 
the hardware.

For DIC, a nonintensified scientific grade 
CCD is fine, e.g., grey-scale CCD camera 
Hamamatsu C2400 77e.

7. Camera Coupling/Magnification

The ideal magnification sets four or more 
camera pixels across the width of the MT. For a 
512 � 512 pixels (2/3 in.) CCD, this corresponds 
to a square field with sides of 20–25 μm. Zoom 

couplings are wonderfully convenient but are 
not always a good idea because they absorb a 
lot of light. Magnification must be calibrated 
using a stage micrometer.

8. Image Processor

CCD cameras are often offered with a 
hardware box providing real time analogue 
enhancement of the video signal (any or all of 
gain, back-off and shading correction). A dig-
ital video processor is better, which is able to 
digitise incoming video frames, perform frame 
averaging, contrast enhancement, background 
subtraction, and caption overlay and then 
re-encode the image as an analogue video sig-
nal, all in real time. The Hamamatsu Argus 20 
is so well thought out that it is virtually stand-
ard equipment for video microscopy laborato-
ries. The best and most flexible arrangement is 
to adjust the gain and backoff on an Argus 20 or 
similar processor controls such that there are no 
areas in the image that are completely saturated 
and then apply further digital enhancement. 
The resulting signal is displayed on a monitor 
and is fed to the PC for direct grabbing of video 
clips and to the VCR for archiving.

9. Monitor

It is worth investing in a high-quality 14-in. 
multiformat monitor. Larger monitors look 
impressive but are only helpful if they have to 
be placed a long distance from the operator.

10. Video Recording

At the time of writing, the most conven-
ient and practical way to store large amounts 
of video is still to use video tape. Recording to 
VCRs inevitably involves some degradation of 
the image (loss of spatial resolution, noise, con-
trast effects). For practical purposes the resolu-
tion loss is potentially the most serious problem. 
The effective resolution following recording 
can be visualised by recording and replaying a 
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test card image having black and white lines at 
various spatial frequencies. Currently the best 
option is digital recording to video tape. Digital 
video tape recorders input and output an ana-
logue signal, but encode data digitally to tape. 
The digitization involves some compression of 
the incoming video signal, but most of the com-
pression is on the chrominance rather than the 
luminance, with the result that spatial informa-
tion is relatively well preserved, particularly for 
grey-scale signals. Unlike other compression 
schemes such as DVD, there is no compression 
along the temporal axis. There are currently two 
sizes of tape: digital video (DV) and mini-DV. 
There are also two different formats: DVCAM 
(Sony) and DVCPRO (Panasonic). These two 
formats use the same compression scheme but 
DVCPRO spaces the tracks further apart on the 
tape, giving (arguably) better reliability and 
accuracy for editing, but with correspondingly 
less recording time on the tapes. Digital video 
recorders tend to be built for the pro market 
and are more robustly engineered than con-
sumer machines, but are also more expensive.

We have evolved a video-recording strategy 
that offers maximum flexibility: Time-lapse dig-
ital recording of grabbed video frames to com-
puter hard disc (with no resolution loss) and 
simultaneous real-time recording to digital VCR. 
The VCR runs uninterrupted in the background 
and generates an archive. The operator is free to 
go back to this archive at a later date and transfer 
interesting sequences to the computer for analy-
sis. Captured digital sequences can be archived 
to external hard discs. We now have a fast dig-
ital capture and analysis application RETRAC 
II, which allows batch digitisation of video clips 
from tape for subsequent analysis. RETRAC II 
can be downloaded from our website (http://
mc11.mcri.ac.uk/Retrac/index.html).

Analogue video recording is still in wide-
spread use. Different video formats unfortunately 
operate in different countries. In the United 
States and Japan, NTSC format applies (525 lines 
per frame; 30 frames/s, typically captured at 

640 � 480 pixels). European countries use PAL, 
which has higher spatial resolution but lower 
time resolution (625 lines per frame, 25 frames 
per sec, typically captured at 768 � 576 pixels).

11. Computing

The most convenient way to analyse motility 
is to capture a sequence of frames into compu-
ter memory and to track objects using a mouse-
driven cursor. It helps to have a hard disc big 
enough to hold 2 day’s work (more is danger-
ous because of the temptation not to back up) 
and enough hard memory to hold the stack 
of captured frames. A typical 20 frame stack 
uses about 8 Mb of application memory; if you 
want to use larger stacks then you need more 
memory. Processed stacks can conveniently be 
archived to removable discs. We use 100-Mb 
zip discs or 230-Mb magneto-optical discs. CD 
writers are getting less expensive and are worth 
considering if a permanent archive is required. 
Video compression protocols (JPEG, MPEG) are 
best avoided, as all involve some data loss. That 
said, Quicktime has become a standard for dig-
ital video and can use a variety of compressors, 
some of which are lossless.

12. Frame Grabber Card

Large numbers of video grabbing cards are 
available. Only a few are supported by Retrac 
and NIH Image, the freeware software packages 
that are recommend later. Because the situation 
is fluid, please check the software documenta-
tion for a list of supported cards.

13. Software

On the Mac, the best route for analysis is NIH 
Image, which can be customised using macros 
to track objects and output data in spreadsheet-
compatible format. Macros for basic tracking 
through NIH Image stacks are available for 
download from our web page http://mc11.
mcri.ac.uk/retrac.html. NIH Image runs on 
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system 9 macs, with support for the Scion LG3 
frame capture board, or in classic in OSX but 
without the Scion support. Wayne Rasband is 
continuing development of ImageJ, an NIH 
image—inspired java programme that runs in 
OSX and currently has partial support for the 
LG3 board (http://rsb.info.nih.gov/ij/). NIH 
Image and ImageJ are both available for the PC.

RETRAC 2 for Windows is purpose-written 
for the analysis of motility assay data. The latest 
version supports time-lapse frame grabbing from 
either VCR or live video, autofocus, autocontrast, 
tracking (including drift correction) spatial filtra-
tion, and magnification. The programme now 
incorporates a powerful file manager. Figure 18.2 
shows a screenshot during tracking.

14. Glassware

The type of slide used does not matter. The 
type of coverslip does. The thickness of the 

coverslip should be matched to the objective. 
The objective will be marked appropriately 
[e.g., 60/planapo DIC 1.4 0.17/160 means a 
60� objective selected as strain free for DIC, 
aplanatic (flat field); apochromatic (low chro-
matic aberration for blue yellow and green); 
optimised for cover glasses 0.17 mm thick and 
with a 160-mm focal length]. We use Chance 
22 � 22-mm No.1.5 coverslips. In the past we 
have used these without any special cleaning 
treatment and rejected “bad” batches of cover-
slips that show poor binding of motor and/or 
a poor image because of surface contamination. 
This is still a workable approach, but we have 
begun to use a cleaning procedure that appears 
effective in removing contamination and mak-
ing the coverslip reproducibly hydrophilic, as 
evidenced by the spreading of a drop of buffer 
placed on the surface so that it wets the entire 
surface. This coverslip cleaning procedure is 
based heavily on that given on the Technical 

FIGURE 18.2 A screenshot from RETRAC 2.
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Video website (http://www.technicalvideo.
com/Products/CCP.html). Our localized vari-
ant is on our website (http://mc11.mcri.ac.uk/
protocols.html).

III. PROCEDURES

A. Taxol-Stabilised Microtubules

Solutions

1. 1M K–PIPES: PIPES dissolves around its 
isoelectric point of about pH 6.5. Take 500 ml 
water, add 65 g solid KOH, and then, after 
cooling if necessary, slowly add 302 g PIPES 
buffer (Sigma P-6757). Once everything is 
dissolved, monitor pH and roughly adjust 
by adding more KOH pellets as necessary. 
Allow the warm solution to cool and then 
fine-adjust pH using 5M KOH. Be careful 
not to overshoot, as there is no way back.

2. 100 mM NaGTP stock solution: Because 
nucleoside triphosphates such as GTP and 
ATP undergo rapid hydrolysis at acidic 
pH, efforts should be made to control pH 
when dissolving and storing them. Dissolve 
1 g NaGTP (Sigma G8877) in 15 ml 10 mM 
Na-PIPES, pH 6.9, monitoring pH. Rapidly 
reneutralise pH by titrating in 5M KOH. 
Fine adjust pH and then make volume up 
to 19.11 ml. Store frozen at �20ºC in aliquots 
of 5–2000 μl. Do not add MgCl2 to the stock 
solution (it precipitates).

3. 100 mM MgATP stock solution: Dissolve 
5.87 g NaATP (Sigma A7699 ATP ultra or 
Boehringer 519 987) in 60 ml 10 mM K-
PIPES, pH 6.9, monitoring pH continuously 
and holding as close as possible to neutral 
using concentrated KOH. Once the ATP 
is dissolved, add 10 ml of 1M MgCl2 and 
readjust pH to 6.9. Adjust volume to 100.0 ml 
and freeze in aliquots of 5–5000 μl.

4. Taxol stock solution: Wear gloves and work 
in the fume hood. Inject 2.93 ml anhydrous 
dimethyl sulfoxide (DMSO, Aldrich 27685-5) 

into a 25-mg bottle of taxol (Sigma T 7402). 
Dissolve by vortexing and store as 2- to 
20-μl aliquots at �20ºC. Taxol is stable in 
DMSO but unstable in water. It is insoluble 
in aqueous buffers above about 18 μM. 
DMSO is explosive if it gets wet. Store small 
volumes at room temperature over beds of 
Sephadex G-50.

5. 0.2M NaEGTA: Dissolve 15.2 g EGTA (Sigma 
E 4378) in 190 ml water. Adjust pH to neutral 
by adding concentrated NaOH and then 
make volume to 200.0 ml. Store at room 
temperature.

6. 1M MgCl2: 20.33 g MgCl2�6H2O to 100 ml 
water. Sterile filter and store at room 
temperature.

7. BRB 80 (Brinkley reassembly buffer): 80 mM 
K-PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.9. 
Make up as a 10� stock, store at 4ºC, and 
dilute freshly for use.

Purified tubulin at about 100 μM (protocol for 
tubulin preparation on our web page) in BRB80 
should be flash frozen in 10- to 25-μl aliquots in 
the presence of 30% glycerol by immersion in 
liquid nitrogen and stored either at �70ºC or 
preferably in liquid nitrogen.

Steps

1. Thaw an aliquot of tubulin (typically 
200 μM) and add stock 100 mM NaGTP to 
1 mM and MgCl2 to 2 mM. Warm to 37ºC 
and incubate for 20 min.

2. After 20 min, add taxol from a 10 mM stock 
in DMSO to 20 μM final. Dilute microtubules 
1000-fold for use using BRB80 buffer 
supplemented with 20 μM taxol.

B. Preparation of Flow Cells

Steps

1. Apply single-sided Scotch tape to the long 
edges of a microscope slide such that the 
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strip of glass surface between the two 
pieces of tape is 8–10 mm wide. Trim away 
overhangs with a razor blade.

2. Extrude two parallel stripes of Apiezon M 
grease from a syringe with a squared-off 
wide-bore needle along the inner edges of 
the tape strips.

3. Press a clean coverslip onto the grease. The 
volume of the flow cell can be adjusted by 
spacing the grease strips apart and/or by 
placing spacers between the coverslip and 
the slide. Single-sided Scotch magic tape is 
about 50 μm thick, giving a flow cell of about 
10 mm � 5 mm � 50 μm, or 25 μl. Thinner 
metal or cellophane foils can be used to 
make a shallower flow cell and conserve 
sample. It is helpful to make the flow cell 
shallow because the microtubules below the 
top surface scatter light and reduce contrast. 
For inverted microscopes, it is convenient to 
arrange flow crosswise. The inset to Fig. 18.1 
illustrates flow cells for inverted (A) and 
upright (B) microscopes.

C. Surface Adsorption of Motor

Solutions

1. Motility buffer: BRB 80 plus 1 mM MgATP. 
For fluorescence work only, degas and add 
1% of 100� antibleach mix (GOC), which is 
100 mg/ml glucose oxidase (Sigma G7016), 
18 mg/ml catalase (Sigma C100), and 
300 mg/ml glucose (Sigma G7528) in BRB80 
plus 50% glycerol. When aliquoting, fill tubes 
to exclude oxygen, cap, and store at �20ºC.

2. 100� diluted MTs: either motility buffer or 
motility buffer plus GOC.

Steps

1. Place the flow cell flat. Using a Gilson, 
inject into the cell 1 chamber volume of 
motor solution. The solution is drawn into 
the cell by capillarity. Incubate the slide in 

a moisture chamber for 2–5 min at 20ºC to 
allow the motor to adsorb to the glass.

2. Wash the cell with 2 chamber volumes of 
assay buffer, applying the solution to one 
side of the chamber using a micropipette 
and drawing the solution gently through 
the cell using the capillary action of the torn 
edge of a strip of Whatman 3MM, placed at 
the exit of the chamber.

3. Flow in 1 volume of MTs in motility buffer � 
taxol and mount the slide on the microscope 
stage, oiling the condensor to the bottom 
of the slide (it may be possible to use a dry 
condensor for quick-and-dirty assays).

4. Extra for fluorescence work 1. Degas some 
BRB80. To 10 ml, add 100 μl of 100� GOC. 
Take another 3 ml and add MgATP to 2 mM. 
Fill and cap tubes to exclude oxygen and 
hold buffers on ice. Add taxol to 20 μM 
freshly before use.

D. Microscope Setup

1. DIC

Before the day’s work, align the microscope 
roughly using a test specimen (a slide made 
using a suspension of plastic beads provides a 
stable and realistic test specimen). Switch on the 
lamp and allow a few minutes for the arc to sta-
bilise. Rack down the objective and oil it to the 
slide. Insert some neutral density filtration to 
protect your eyes from the intensely bright light, 
focus roughly on the top surface of the grease at 
the edge of the chamber, and then drive the stage 
to centre the sample below the objective. Find 
some beads attached to the undersurface of the 
coverslip. Open the condensor aperture and close 
the field aperture. Obtain Koehler illumination 
by focussing and centring the condensor so that 
a sharp image of the field diaphragm appears in 
the view field. Open the field diaphragm again 
and adjust DIC sliders close to extinction.

Focussing on MTs in the experimental flow 
cell is also best done using the grease surface 
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as a guide. Focus as described earlier and then 
remove neutral density filters and switch in the 
video system. Adjust fine focus to image the sur-
face. Adjust light intensity to almost saturate the 
camera (this is the point where signal to noise is 
maximal). With the contrast on the Argus set to 
maximum, microtubules should be visible with-
out background subtraction. Defocus slightly, 
collect a background image, and subtract. 
Microtubules should now be clearly visible.

2. Epifluorescence

A test sample of multispectral fluorescent 
beads is very useful (Molecular Probes mul-
tispeck M-7900). Switch on the arc lamp and 
allow a few minutes for the arc to stabilise. 
Once the lamp is stable, align the microscope 
for epifluorescence: Remove an objective and 
place a piece of paper on the stage. Inset some 
neutral density filtration. Close the field dia-
phragm slightly and focus and centre the image 
of the lamp filament that appears on the paper. 
Replace the objective.

Focussing on microtubules in the experimen-
tal cell is much easier with dark-adapted eyes. 
Using the full intensity of the mercury lamp, 
rack the objective down until MTs are visible, 
first as a dim red glow, and then as sharply 
defined bright red lines on a black background. 
Immediately reduce the illumination intensity 
to protect against photobleaching, switch in the 
intensified camera, and start recording.

E. Recording Data

The most flexible arrangement for data 
recording is to set up time-lapse digital record-
ing of video frames to a computer hard disc 
(with no resolution loss) and simultaneous 
recording to VCR. The VCR runs uninterupted 
in the background for 3 h per tape and gener-
ates an archive. The operator is free to go back 
to this archive at a later date and recapture 
interesting sequences for analysis.

F. Analysing Data Calibration

Image a stage graticule, a slide with etched 
lines at 1- or 10-μm intervals (from microscope 
manufacturers). It is important to calibrate both 
in X and Y; simply rotate the camera 90º. Most 
systems will give a different number of pixels 
per micrometer in X and Y. Tracking software 
compensates for this effect.

The best way to track is to follow the tip of 
a moving microtubule: tracking the centro-
ids, as common in cell tracking, for example, 
will give you the wrong answer as soon as the 
microtubule bends. For maximum accuracy, the 
time lapse between frames should be adjusted 
to minimise the effects of operator error when 
tracking using the mouse. In practice we try to 
collect 20 frames and adjust the time lapse so 
that the microtubules move across the full field 
(22 μm) during this time.

IV. COMMENTS

A. Archiving Data

It is very important to have a formal system 
for identifying every video frame on every tape. 
In this way there is no possibility of confusing 
data sets. The simplest way to do this is to time 
and date stamp the frames as they are generated, 
using the overlay feature of the Argus. As ever, 
keeping careful written notes also helps a lot. For 
complex experiments it can be useful to speak 
notes onto the audio track of the tape. Digital 
clips are archived most conveniently on external.

B. Imminent Technology

As computers get quicker, it is realistic to start 
recalculating images in real time. Autocontrast 
is one interesting possibility, whereby the pix-
els of each incoming frame are parsed and the 
look-up table is stretched to optimise contrast. It 
will be some time before we can dispense with 
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the VCR. Real-time recording of uncompressed 
grey-scale video to disc is pushing the limits 
at present, but sufficiently fast sustained data 
transfer rates will soon be available. This is not 
the real problem, however. One frame of PAL 
video is 768 � 512 pixels, which, with 8 bit (256 
greys) data, means that each frame is 384 kb. 
Real-time recording to hard disc fills the disc up 
at about 0.5 Gb per minute, and it soon becomes 
necessary to archive data to video tape.

C. Workstation Ergonomics

It is worth paying some attention to the 
ergonomics of your microscope workstation. 
Microscope focus, mouse, keyboard video, and 
contrast-adjustment electronics all need to be 
within easy reach of a seated operator. Screens 
should be visible with only a slight turn of the 
head. It is very helpful to have a foot switch to 
dim the room lights and blinds on windows.

D. Best Practice

Because of inherent uncertainties about the 
way a particular protein attaches to a particu-
lar glass, motility assays are at their strongest 
when used to measure the relative motility in 
different treatments of samples. It is commonly 
assumed that motility assays measure motor-
driven microtubule sliding under zero load. 
It is probably more correct to assume that an 
unspecified, variable, (but low) load applies.

V. PITFALLS

A. Computerphilia

The most common fault in video microscopy 
is to overprocess an indifferent optical image. 
Too much processing can seriously degrade the 
amount of information in the image. A good pri-
mary image has high spatial resolution (sharp-
ness), high contrast, and low background noise. 

Obtaining one is partly a function of specimen 
preparation and partly of microscope setup.

B. Lamp Intensity Fluctuates

In DIC, a troublesome problem is sudden 
variations in light intensity caused by the arc 
of the mercury lamp wandering. These are not 
noticeable in normal modes of microscopy, 
but with electronic amplification of contrast 
they become annoying. The only solution is to 
change the lamp. Cooling the lamp using a fan 
may help. Mercury lamps typically need chang-
ing after 100 h, because after that their intensity 
drops fairly rapidly.

C.  Microtubules Fishtail or Do Not 
Move At All

Some motor proteins bind better to the glass 
surface than others. Erratic motility may be 
due to your protein denaturing on the glass or 
binding in such a way that its force-generating 
conformational change is inhibited. Areas of 
uncoated glass can also bind microtubules and 
inhibit sliding. Increase motor concentration if 
possible or try infusing the motor twice over 
and/or reducing or eliminating the wash step 
prior to infusing microtubules. Including casein 
at 0.1–1 mgml in the assay buffer efficiently pro-
tein coats glass. Because motor activity can also 
be sensitive to thiol oxidation, try including 
5 mM DTT in your motility buffer.
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I. INTRODUCTION

During the past two decades, cell biology 
has entered a phase in which technology is so 
powerful that fundamental questions concern-
ing the morphogenesis and function of cellular 
organelles can be addressed. One essential and 
beautiful structure is the mitotic spindle. The 
work of Lohka and Maller (1985), followed by 
that of a few other laboratories (Murray and 

Kirschner, 1989; Sawin and Mitchison, 1991; 
Shamu and Murray, 1992), opened up a novel 
approach to studying such a complex and 
dynamic structure. The idea is not to purify 
individual spindle components and put them 
back together hoping that a spindle will assem-
ble, it is rather to open up the cell and prepare 
a cytoplasmic extract as crude and concentrated 
as possible to keep the conditions close to the 
in vivo situation. At first sight, this approach 
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seems uninformative: one merely mimics in 
vitro what happens in vivo. However, several 
methods have been developed to manipulate 
the system, such as the addition of reagents and 
depletion of proteins. Also the microscopy tech-
niques have evolved and now allow the study 
of different aspects of spindle formation and 
function (Desai et al., 1998; Kalab et al., 2002). 
Thus, this system can be used both to analyze 
the mechanism of spindle assembly and func-
tion and to evaluate the role of individual mol-
ecules in the process. More methods are still 
being developed or improved that will increase 
the usage and the utility of these extracts 
even more.

II. MATERIALS AND 
INSTRUMENTATION

A.  Preparation of Xenopus laevis 
Egg Extracts

Incubator at 16ºC, clinical centrifuge, DuPont 
Sorvall RC-5 centrifuge, HB-4 or HB-6 rotor 
with rubber adaptors (Sorvall Cat. No. 00363), 
Beckman ultraclear SW50 tubes (Cat. No. 
344057), Sarstedt 13-ml adaptor tubes (Cat. No. 
55.518), 1-ml syringes, 18- and 27-gauge needles, 
glass pasteur pipettes.

Mature female frogs are from African Reptile 
Park. Pregnant mare serum gonadotropin 
(Intergonan) is from Intervet. Human chorionic 
gonadotropin (HCG, Cat. No. CG-10), cyto-
chalasin D (Cat. No. C-8273), EGTA (Cat. No. 
E-4378), 4.9M MgCl2 (Cat. No. 104.20), and ATP 
(Cat. No. A-2383) are from Sigma. CaCl2 (Cat. 
No. 2383), KCl (Cat. No. 1.04936.1000), NaCl 
(Cat. No. 1.06404.1000), and l-cysteine (Cat. No. 
1.02838.1000) are from Merck. Leupeptin (Cat. 
No. E18) and pepstatin (Cat. No. E19) are from 
Chemicon. Aprotinin (Cat. No. 981532) and 
creatine phosphate (Cat. No. 0621714) are from 

Roche. HEPES is from Biomol. Sucrose is from 
USB (Cat. No. 21938).

B. Preparation of DNA Beads

Biotin-21-dUTP (Cat. No. 5201-1) is from 
Clontech. Biotin-14-dATP (Cat. No. 19524-
016) is from Invitrogen. Thio-dCTP (Cat. No. 
27-7360-02), thio-dGTP (27-7370-04), and G-50 
gel-filtration (NICK) columns (17-0855-01) are 
from Amersham Pharmacia Biotech. Restriction 
enzymes and Klenow (Cat. No. M02125) are 
from New England Biolabs. The magnetic par-
ticle concentrator (MPC) and Kilobase BINDER 
kit containing Dynabeads M-280 Streptavidin, 
washing, and binding solutions can be obtained 
from Dynal. Trizma base (Cat. No. T-1503) is 
purchased from Sigma, and EDTA (Cat. No. 
1.08418.1000) is from Merck.

C. Spindle and Aster Assays

Freshly prepared CSF extract, sperm nuclei 
(3000/μl)(Murray, 1991), rhodamine-labelled 
tubulin (2–3 mg/ml) (Hyman et al., 1991), 76 � 
26-mm microscope slides, 22 � 22-mm cover-
slips, fluorescence microscope. PIPES (Cat. No. 
P-6757), Triton X-100 (Cat. No. T-8787), glutar-
aldehyde (Cat. No. G-5882), NaHB4 (Cat. No. 
S-9125), GTP (Cat. No. G-8877), and Hoechst 
dye (bisbenzimide, Cat. No. H33342) are from 
Sigma. Glycerol (Cat. No. 1.04093.2500) and 
formaldehyde (Cat. No. 1.04003) are from 
Merck. Protein A dynabeads (Cat. No. 100.02) 
are from Dynal. Dimethyl sulfoxide (DMSO, 
Cat. No. 27,685-5) is from Sigma-Aldrich, and 
Paclitaxel (taxol equivalent) (Cat. No. P-3456) 
is from Molecular Probes. For sedimentation 
and immunofluorescence experiments, corex 
tubes (15 ml) are equipped with plastic adap-
tors (home-made, see Evans et al., 1985) to sup-
port 12-mm round coverslips. The tubes are 
centrifuged in an HB-4 rotor containing rubber 
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adaptors. pGEX expression vectors are from 
Amersham Pharmacia Biotech.

III. PROCEDURES

A.  Preparation of X. laevis CSF Egg 
Extracts

Good protocols detailing the preparation of 
Xenopus egg extracts and sperm nuclei have 
already been published (Murray, 1991). We 
describe here only the preparation of metaphase 
cytostatic factor-arrested “CSF” extracts as opti-
mized in our laboratory for spindle assembly 
reactions.

Solutions

1. Pregnant mare serum gonadotropin (PMSG): 
Dissolve in sterile water to a final 
concentration of 200 units/ml. Store at 4ºC

2. Human chorionic gonadotropin (HCG): 
Dissolve in sterile water to a final 
concentration of 2000 units/ml. Store at 4ºC.

3. MMR: 100 mM NaCl, 2 mM KCl, 1 mM 
MgCl2, 2 mM CaCl2, 0.1 mM EDTA, 5 mM 
HEPES, pH 7.8. Prepare a 20X MMR stock 
solution. Adjust pH with NaOH, autoclave, 
and store at room temperature. Before use 
make 1X MMR from the 20X stock solution 
and adjust pH again if necessary.

4. Dejellying solution: 2% l-cysteine, pH 7.8. 
Prepare in water and adjust pH with NaOH. 
Make fresh just before use.

5. LP: dissolve leupeptin and pepstatin in 
DMSO to a final concentration of 10 mg/ml. 
Store in 50-μl aliquots at �20ºC.

6. Aprotinin: Dissolve in sterile water to a final 
concentration of 10 mg/ml. Store in 50-μl 
aliquots at �20ºC.

7. Cytochalasin D: Dissolve in DMSO to a final 
concentration of 10 mg/ml. Store in 50-μl 
aliquots at �20ºC.

 8.  20X XB salts: 2M KCl, 20 mM MgCl2, 2 mM 
CaCl2. Filter sterilize and store at 4ºC.

 9.  XB: 1X XB salts containing 50 mM sucrose 
and 10 mM HEPES. Adjust pH to 7.7 with 
KOH. Prepare fresh before use.

10.  CSF-XB: Prepare from XB buffer by 
adjusting MgCl2 to 2 mM and adding 
5 mM EGTA. To prepare CSF-XB with 
protease inhibitors (CSF-XB with PI), add 
LP stock solutions and aprotinin to a final 
concentration of 10 μg/ml.

11.  Energy Mix: 20X stock contains 150 mM 
creatine phosphate, 20 mM ATP, 2 mM 
EGTA, 20 mM MgCl2. Store in 100-μl 
aliquots at �20ºC.

Steps

1. Inject four to six frogs subcutaneously with 
0.5 ml (1000 units) PMSG each using 1-ml 
syringes and a 27-gauge needle at least 4 
days before planning to make an extract. 
They should be used within 2 weeks after 
the priming injection. The number of frogs 
required depends on the quantity and 
quality of eggs. Five milliliters of eggs (one 
SW50 tube) gives approximately 1 ml of 
extract.

2. Sixteen to 18 h before use, inject frogs 
subcutaneously with 0.25–0.5 ml (500–1000 
units) HCG. Place the frogs in individual 
boxes containing 500 ml MMR at 16ºC.

3. Prepare all solutions before starting 
collecting the eggs: 2 liters MMR, 500 ml 
XB, 400 ml CSF-XB, 100 ml CSF-XB with PI, 
and 500 ml of dejellying solution. Rinse all 
glassware with distilled water (eggs stick 
to plastic dishes). Cut off the end of a glass 
pasteur pipette and fire polish it to make a 
wide-mouth pipette.

4. Collect laid eggs in MMR. Frogs can also 
be squeezed, which often gives the highest 
quality eggs. Keep eggs from different frogs 
in separate batches. Discard batches of eggs 
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  containing more than 5% of lysed, ugly, or 
stringy eggs.

 5.  Wash a few times with MMR to take 
away skin and other detritus and remove 
bad eggs. Pour off MMR and add 250 ml 
dejellying solution. When laid, eggs are 
enveloped in a transparent jelly coat and 
do not pack closely together. Swirl the 
beaker frequently and change the dejellying 
solution. After removal of the jelly coat, 
eggs pack together. This takes about 5 min. 
Eggs left for too long in cysteine will lyse.

 6.  Pour off the dejellying solution and add 
500 ml MMR. Repeat the rinse one more 
time. After removal of the jelly coat, the 
eggs become fragile. They lyse easily and 
can activate if in contact with air. They 
must always remain immersed in buffer. 
Remove all bad-looking eggs: white and 
puffy, flattened, or activated ones (darker 
pole retracted), and those with mottled 
pigmentation.

 7.  Wash three times with 100–200 ml XB.
 8.  Remove as much buffer as possible, 

keeping all eggs immersed. Wash three 
times with 100–200 ml CSF-XB and finally 
keep eggs in CSF-XB with PI.

 9.  Transfer eggs using the cut glass Pasteur 
pipette to SW50 tubes containing 1 ml 
CSF-XB with PI plus 3 μl cytochalasin 
D (30 μg/ml). Always immerse the pipette 
tip in solution before expelling eggs to 
prevent contact with air. Transfer the SW50 
tubes to 13-ml Sarstedt adaptor tubes, 
which contain 0.5 ml of water to prevent the 
tubes from collapsing.

10.  Centrifuge in a clinical centrifuge at 16ºC 
at 600 g for 1 minute and then immediately 
increase the speed to 1200 g for an 
additional 30s. After centrifugation, remove 
all excess buffer from the top of the packed 
eggs. Removal of buffer is critical to obtain 
a concentrated cytoplasm.

11.  Place the tubes in an HB-4 or HB-6 rotor 
containing rubber adaptors. Centrifuge at 

10,500 rpm for 15 min at 16ºC to crush the 
eggs.

12.  Place the tubes on ice. A yellow lipid layer 
is at the top of the tube. Underneath is the 
cytoplasmic layer, then heavy membranes, 
and yolk particles at the bottom of the tube. 
Wipe the sides of the tubes with a tissue 
before piercing with a 18-gauge needle at 
the bottom of the cytoplasmic layer. Slowly 
and carefully aspirate the cytoplasm using 
a 1-ml syringe with the needle opening 
facing upward. Remove needle from 
syringe and carefully expel the cytoplasm 
into a 1.5-ml tube. Place on ice.

13.  Add LP and aprotinin to 10 μg/ml (1:1000 
dilution of stocks) and cytochalasin D to 
20 μg/ml (1:500 dilution of stock). Add 
energy mix (1:20 dilution of stock) and mix 
gently.

Comments on Sperm Nucleus Preparation

Based on Gurdon (1976) and modified by 
Murray (1991), our only modification is to mash 
fragments of testes between two frosted (rough) 
slides before filtering through a cheesecloth 
mesh.

B. Preparation of DNA Beads

For preparation of DNA beads, linearize plas-
mid DNA and fill in with nucleotides so that one 
end contains biotinylated bases and the other 
thio-nucleotides to inhibit exonuclease activity 
and the formation of large aggregates of beads. 
Couple the DNA to 2.8 μm magnetic beads. 
Incubation in the extract will allow the associa-
tion of chromatin proteins and the consequent 
formation of chromatin (Heald et al., 1996).

Solutions

1. TE: 10 mM Tris, 1 mM EDTA, pH 8. Adjust 
pH with HCl, autoclave, and store at room 
temperature.
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2. Washing and binding solutions: Included with 
Kilobase BINDER kit.

3. Bead buffer: 2M NaCl, 10 mM Tris, 1 mM 
EDTA, pH 7.6. Adjust pH with HCl and 
store at room temperature.

4. Hoechst dye solution: Dissolve bisbenzimide 
in water to a final concentration of 10 mg/
ml. Store in the dark at 4ºC.

Steps

1. Prepare plasmid DNA by Qiagen column 
purification. While the sequence of the 
DNA is not important, the plasmid should 
be more than 5 kb to effectively induce 
chromatin assembly. Cut 50 μg of the DNA 
with two restriction enzymes that have 
unique sites in the polylinker to produce one 
short and one long DNA fragment. One end 
of the long fragment should terminate in 
an overhang containing Gs and Cs and the 
other should contain only As and Ts 
(e.g., Not1, BamH1). See Fig. 19.1.

2. Ethanol precipitate the DNA and resuspend 
in 25 μl TE. Quantify recovery by OD260 
measurement.

3. Prepare fill-in reaction in 70 μl containing 
1X Klenow buffer, 30 μg DNA, 50 μM 
nucleotides (biotin-dATP, biotin-dUTP, thio-
dCTP, and thio-dGTP) and 20 units Klenow. 
Incubate for 2 h at 37ºC.

4. Remove unincorporated nucleotides, 
following instructions supplied with the 
Sephadex G-50 gel filtration column (NICK 
column). The DNA is eluted in a large 
volume (400 μl), but the recovery is better 
than with spin columns. Quantify recovery 
by OD260 measurement.

5. Prepare coupling mix by combining 400 μl 
biotinylated DNA and 400 μl binding 
solution. Set aside 25 μl of the coupling mix 
for later evaluation of coupling efficiency.

6. Prepare 3 μl of streptavidin-conjugated 
dynabeads for each microgram of DNA 
recovered, so 120 μl for 30 μg. Retrieve beads 

using the MPC (magnet) and wash once 
with 5 volumes of binding solution (600 μl 
for 120-μl beads). Retrieve the beads and 
resuspend them in coupling mix 
containing DNA.

7. Incubate bead/coupling mixture for several 
hours (or overnight) on a rotating wheel 
at 4ºC.

8. Retrieve the beads and save the supernatant. 
Compare the OD260 of the supernatant to the 
sample taken before coupling to determine 
the amount of DNA immobilized. Typically 
two-thirds of the DNA is coupled. Stain 
1 μl of beads with 5 μg/ml Hoechst dye and 
observe them by fluorescence microcopy. 
The beads should appear as very bright dots 
with no dark patches. If the amount of DNA 
coupled in the first round does not seem 
sufficient, incubate the beads a second time 
with biotinylated DNA.

FIGURE 19.1 Steps in preparation of DNA beads.
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9. Wash beads twice with washing solution and 
then twice with bead buffer. After the last 
wash, resuspend the beads in bead buffer so 
that the final concentration of immobilized 
DNA is 1 μg/5 μl of beads. Store at 4ºC.

C. Spindle and Aster Assembly in vitro

Chromatin triggers spindle assembly in CSF 
Xenopus egg extract. Experimentally there 
are two ways to induce formation of the spin-
dle: by the addition of sperm nuclei (Desai 
et al., 1999) or DNA beads to the extract (Heald 
et al., 1996). To decide on which method to use 
it is important to understand the characteris-
tics of the two systems. Each sperm nucleus is 
tightly associated to a centriole. In a very sim-
ple process, half spindles can assemble around 
sperm nuclei just by incubation of the sperm 
nuclei in extract. Over time these half spindles 
fuse to form bipolar spindles. If the extract is 
cycled through interphase the DNA replicates 
and each centrosome duplicates. The addition 
of fresh CSF extract sends the extract back into 
mitosis,  chromosomes with their paired kine-
tochores condense, the duplicated centrosomes 
move apart, and a bipolar spindle assembles. 
Anaphase can be induced at this point by the 
addition of calcium to the system.

DNA beads are made from any kind of plas-
mid DNA that is long enough to induce chro-
matin assembly. They are unlikely to assemble 
kinetochores, as centromere sequences are not 
present. Spindle assembly around DNA beads 
is achieved by first assembling chromatin on 
the beads in an extract that is cycled through 
interphase. The beads are then retrieved and 
resuspended in fresh CSF extract. Using this 
method, spindles assemble in the absence of 
kinetochores and centrosomes. It is then ideal 
to study certain processes of spindle assembly 
that are independent of these structures.

A simplified method to study microtubule 
dynamics and focusing of microtubule minus 

ends is the assembly of asters in CSF extract. 
Asters can be assembled by the addition of 
human centrosomes purified from KE37 lym-
phoid cells (Bornens et al., 1987), DMSO, or 
taxol to the extract (Wittmann et al., 1998).

Solutions

 1.  10X calcium solution: 4 mM CaCl2, 100 mM 
KCl, 1 mM MgCl2. Store in aliquots at �20ºC.

 2.  4.9M MgCl2 stock solution (Sigma)
 3.  10X MMR: See Section III,A.
 4.  Hoechst dye solution: See Section III,B.
 5.  Spindle fix: 48% glycerol, 11.1% 

formaldehyde, 5 μg/ml Hoechst dye in 1X 
MMR. Always prepare fresh on day of use.

 6.  BRB80: 80 mM PIPES, 1 mM MgCl2, 1 mM 
EGTA, pH 6.8. Prepare a 5X BRB80 solution. 
Dissolve components in sterile water and, 
while stirring, add KOH pellets until the 
PIPES dissolves. Adjust to pH 6.8 with 
KOH solution. Sterilize by filtration and 
store at 4ºC.

 7.  Dilution buffer: 1X BRB80 containing 30% 
glycerol and 1% Triton X-100. Store at room 
temperature. Better preservation of the 
spindles can be achieved by adding 0.25% 
glutaraldehyde to the dilution buffer. Use 
a full vial of glutaraldehyde and store in 
aliquots at �20ºC.

 8.  Aster dilution buffer: BRB80 containing 
10% glycerol, 0.25% glutaraldehyde, 1 mM 
GTP, 0.1% Triton X-100. Use a fresh vial of 
glutaraldehyde to prepare buffer and store 
in aliquots at �20ºC.

 9.  Cushion: 40% glycerol, BRB80. Store at 4ºC.
10.  Aster cushion: 25% glycerol, BRB80. Store 

at 4ºC.
11.  PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.4 KH2PO4 mM, pH 7.4. 
Sterilize by autoclaving and store at room 
temperature.

12.  Immunofluorescence buffer (IF buffer): PBS 
containing 2% BSA and 0.1% Triton X-100. 
Add azide and store at 4ºC.



VI. CYTOSKELETON ASSAYS

13.  Mowiol: 10% Mowiol 4–88, 25% glycerol, 
and 0.1M Tris, pH 8.5. To prepare, mix 6 g 
Mowiol with 6 g glycerol. Add 6 ml sterile 
water and stir for several hours at room 
temperature. Add 12 ml 0.2M Tris, pH 8.5, 
and place the mixture in a heating plate 
at 50ºC for 10 min with continues stirring. 
After the Mowiol dissolves, centrifuge at 
5000 g for 15 min. Store in aliquots at �20ºC.

Steps for Spindle Assembly around Sperm 
Nuclei (see Fig. 19.2)

1. Before using an extract to assemble spindles, 
its quality should be tested by setting up a 
“half spindle” reaction. Combine 20 μl CSF 
extract, 0.2 μl rhodamine-labeled tubulin 
and 0.8 μl sperm nuclei (about 75 nuclei/μl 
extract) in a 1.5-ml tube and mix. The extract 
can be mixed by gently moving the pipette 
in circles or by pipetting up and down, 
always avoiding making bubbles. Incubate 
the reaction mixture at 20ºC and take a 
squash at 30–40 min. To make a squash, 
using a cut-off tip, transfer 1 μl of reaction 
mixture to a microscope slide, carefully 
place 5 μl of spindle fix solution on top, and 
gently place a 18 � 18-mm coverslip on 
top. Analysis of the squash by fluorescence 
microscopy should reveal half spindles with 
condensed chromosomes and occasionally 
also spindles. There should be no free 
microtubule nucleation.

2. If the extract is good, proceed with the 
spindle assembly protocol. For each reaction 
add on ice 0.2 μl rhodamine-labeled tubulin 
and 0.8 μl sperm nuclei to 20 μl CSF extract in 
a 1.5-ml tube and mix. Incubate for 10 min at 
20ºC and then release extract into interphase 
by the addition of 2 μl 10X calcium solution. 
Mix gently.

3. Incubate for 80 min at 20ºC. Check that the 
extract is in interphase by taking a squash 
as described in step 1. If the sample is to be 
saved, seal the coverslip to the slide with 

nail polish. At this stage, nuclei should 
appear large, round, and uniform, and 
microtubules should be long and abundant.

4. At 90 min postcalcium addition, add 
20 μl of fresh CSF extract containing 0.2 μl 
rhodamine-labeled tubulin to the reaction.

5. Incubate further at 20ºC. Take squashes 
(step 1) at different time points to assess 
the stage of spindle formation. During the 
incubation, prepare 15 ml Corex tubes with 
plastic adapters, a round 12-mm coverslip, 
and 5 ml of cushion.

6. Forty-five to 60 min after mitosis reentry 
(step 4), quickly add 1 ml dilution buffer and 
mix by gently inverting the tube a couple of 
times. Carefully layer the mixture over the 
cushion using a cut pipette tip. Centrifuge at 
16ºC for 12 min at 12,000 rpm in an HB-4 
or HB-6 rotor. Aspirate supernatant and 
cushion before removing the coverslip. 
Fix coverslips in �20ºC methanol for 5 
minutes. Rehydrate samples by placing the 
coverslips in PBS. If dilution buffer contains 
glutaraldehyde, incubate the coverslips 
twice for 10 min in 0.1% NaHB4 in PBS and 
wash with PBS.

7. To perform immunofluorescence, place 
the coverslip face up on a surface covered 
with parafilm. Incubate the coverslips with 
primary antibodies diluted in IF buffer for 
20–30 min. Wash the coverslips two times 
for 5 min with PBS and incubate with IF 
buffer containing the secondary antibody 
and 5 μg/ml Hoechst for 20–30 min. Wash 
three times for 5 min with PBS and carefully 
place the coverslips upside down on a 3- to 
4-μl drop of Mowiol on a microscope slide, 
avoiding air bubbles. Prior to observation, 
allow the Mowiol to set for 15 min at 37ºC or 
at room temperature for several hours.

8. To visualize the early steps of anaphase, add 
4 μl 10X calcium solution to the metaphase 
spindles before step 6. Take samples before 
calcium addition and every 5 min after 
calcium addition for 20–30 min and process 
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them as described earlier. It is not always 
possible to visualize separation of the sister 
chromatids and only high-quality extracts 
can be used successfully to study anaphase.

Steps for Spindle Assembly around 
Chromatin Beads (see Fig. 19.2)

1. Transfer 3 μl of DNA beads (about 0.5 μg 
DNA) to a 0.5-ml Eppendorf tube and 
place on a magnet. Remove supernatant, 
and wash beads by resuspending them in 
20 μl of extract.

2. Retrieve beads and resuspend in 100 μl CSF 
extract. Transfer to a 1.5-ml Eppendorf tube 
and incubate at 20ºC.

3. After 10 min, release the CSF extract into 
interphase by adding 10 μl of calcium 
solution. Incubate for 2 h at 20ºC.

4. Return the extract containing the beads 
to mitosis by adding 50 μl of fresh CSF 
extract. Incubate for 30 more min at 20ºC. 
The procedure can be continued or stopped 
at this point by freezing the beads in the 
extract using liquid ethane and storing them 
in liquid nitrogen.

HCG
PMSG

10 500rpm
CSF-extract

+ sperm nuclei + Ca
2+

+ DNA coated 
beads

+ CSF-extract

+ centrosomes, 
DMSO or taxol

+ Ca
2+

DNA replication and 
centrosome duplication

+ CSF-extract

1) half spindle pathway 2) cycled spindle pathway 3) bead spindle 4) aster

FIGURE 19.2 Preparation of CSF Xenopus egg extract and structures that assemble after addition of different compo-
nents. (1) Addition of sperm nuclei to the CSF extract leads to the formation of half spindles that can fuse to form bipolar 
spindles. (2) Addition of calcium together with sperm nuclei sends the system into interphase, allowing DNA replication 
and centrosome duplication to occur. Addition of fresh CSF extract sends the system back to mitosis and bipolar spindles 
form. Calcium addition at this point induces chromosome segregation and entry into interphase. (3) Bead spindle: addition 
of DNA-coated beads and calcium to an extract leads to the formation of chromatin and nuclei around beads. Addition of 
CSF extract followed by incubation in fresh CSF extract allows the formation of bipolar spindle. (4) Asters: Addition of puri-
fied centrosomes or DMSO or taxol leads to the formation of microtubule asters with microtubule minus ends focused at the 
centrosome or at the center of the aster.
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5. Incubate the bead mixture on ice for several 
minutes. Retrieve the beads on ice over 
10–15 minutes. Due to the viscosity of the 
extract, bead retrieval is slow. Pipette the 
mixture every several minutes, keeping the 
tube on the magnet.

6. Remove the supernatant and resuspend 
the beads in 150 μl of fresh CSF extract 
containing 1.5 μl rhodamine-labeled tubulin.

7. Incubate at 20ºC. Monitor the spindle 
assembly by taking 1-μl samples and 
squashing with fixative as described earlier. 
Spindle assembly requires between 30 
and 90 min, depending on the extract. For 
immunofluorescence studies, spin the bead 
spindles through a cushion onto a coverslip 
and perform immunofluorescence as 
described previously for spindle assembled 
around sperm nuclei.

Steps for Aster Formation (see Fig. 19.2)

1. For each reaction, add on ice 0.2 μl rhodamine-
labeled tubulin to 20 μl CSF extract in a 1.5-ml 
tube. To assemble asters, add either purified 
human centrosomes (Bornens et al., 1987) or 
5% DMSO or 1 μM taxol.

2. Incubate the reaction for 30–60 min in a 20ºC 
water bath. During this incubation, prepare 
as before 15-ml Corex tubes with plastic 
adapters, round 12-mm coverslip, and 5 ml 
aster cushion.

3. At the end of the incubation time, dilute 
the reactions with aster dilution buffer 
and carefully layer them on top of the 
cushion using a pipette with a cut tip and 
subsequently centrifuge onto the coverslips 
in a HB4 or HB6 rotor at 12,000 rpm for 
12 min at 16ºC.

4. As before, remove the cushion with a 
vacuum pump and postfix the coverslips 
in �20ºC methanol for 5 min. To quench the 
glutaraldehyde, incubate twice for 10 min 
in 0.1% NaHB4 in PBS and process for 
immunofluorescence.

D.  Functional Studies of Proteins 
Involved in Spindle Assembly

The Xenopus egg extract system is a power-
ful tool to assess the involvement of individual 
proteins in the process of spindle assembly. 
Different methods have been developed to 
address specific questions.

Localization studies can be performed by 
classical immunofluorescence methods or by 
direct visualization of GFP-tagged proteins 
added to the reaction mixture or by a combina-
tion of both by adding GST-tagged proteins fol-
lowed by immunofluorescence with anti-GST 
antibodies.

Functional studies can be performed by add-
ing dominant-negative constructs to the reac-
tion mixture or by depleting the protein or 
antibodies under study from the extracts before 
use (Antonio et al., 2000; Boleti et al., 1996). 
Depletion experiments should be comple-
mented by “add back” or rescue experiments 
in which a recombinant protein is added to the 
depleted extracts (Fig. 19.3). In all three cases, a 
careful quantification of the structures found in 
control or treated samples has to be performed.

Solutions

1. CSF-XB with PI: See Section III,A.
2. PBS-TX: PBS containing 0.1% Triton X-100. 

Store at 4ºC.

Steps for Immunodepletion

1. Usually around 10 μg of specific antibody 
is needed to deplete 150 μl of extract. The 
amount of antibody has to be adjusted for 
each case depending on the antibody itself 
and on the abundance of the protein in the 
extract. Prepare a control mock-depleted 
extract using the same amount of unspecific 
purified IgG.

2. Transfer 40 μl of Dynal beads coupled to 
protein A to a 1.5-ml tube and retrieve 
them using a magnet. Wash them twice by 
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resuspending the beads in 500 μl PBS-TX and 
retrieving them with the magnet.

3. Incubate the beads with 10 μg of antibody 
diluted in 200 μl of PBS-TX for 1 h on a 
rotating wheel at 4ºC

4. Wash twice as just described with PBS-
TX and once with CSF-XB containing PI. 
Remove as much wash buffer as possible 
and carefully resuspend the beads in 150 μl 
of extract by pipetting up and down. Keep 
the extract (containing the beads) on ice for 
90 min with occasional mixing by pipetting 
up and down.

5. Retrieve the beads by placing the tube 
on the magnet for 5 min on ice. Collect 
the extract into a new tube and keep 
it on ice. To remove the beads more 
efficiently, repeat this procedure once 
more. Check the efficiency of depletion 

by Western blot analysis of mock and 
protein-depleted extracts. To visualize the 
immunoprecipitated protein, wash the 
beads once with CSF-XB containing PI 
and three times with PBS-TX. Resuspend 
the beads in Laemmli sample buffer and 
incubate at room temperature for 5 min. 
Retrieve the beads on a magnet and boil the 
supernatant before loading on SDS–PAGE.

6. An important control to include in depletion 
experiments is the add back of the purified 
recombinant protein to the depleted extract 
in a range of concentrations close to that 
of the endogenous protein. In case the 
protein is degraded during interphase, the 
recombinant protein should be added only 
at mitosis reentry.

7. The depleted, the control mock depleted, and 
add-back extracts can now be used in parallel 
to assemble asters and spindles following the 
methods described in Section III,C.

6. Compare the spindles or asters formed 
in each reaction either by taking samples 
and squashing them in a slide with 
fixative solution or by centrifuging 
them onto coverslips and performing 
immunofluorescence.

Steps for Specific Antibodies or Dominant-
Negative Protein Addition

1. In the case of addition of specific antibodies, 
prepare a concentrated solution (at least 
2 mg/ml) of an affinity-purified polyclonal 
or monoclonal antibody in PBS or CSF-XB. It 
is a good idea to try different concentrations 
of antibody (ranging from 200 to 400 μg/ml). 
For dominant-negative addition, prepare 
constructs expressing different fragments 
of the protein under study fused to GFP or 
GST. Purify the fusion proteins and dialyze 
them extensively against CSF-XB.

2. Add the antibodies or dominant-negative 
protein to the extract in a volume 
corresponding to one-tenth of the total 

FIGURE 19.3 Spindles assembled in CSF Xenopus egg 
extract following the cycled spindle pathway. The extract 
was mock depleted, Xkid depleted, or Xkid depleted sup-
plemented with recombinant Xkid protein (add back). 
When Xkid was depleted, mitotic chromosomes failed to 
align at the metaphase plate. Alignment of chromosomes 
was rescued by the addition of recombinant protein to the 
extract. Scale bar: 10 μm.
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volume and follow the protocol for spindle 
assembly or aster formation as described in 
Section III,C. The antibodies or dominant 
negative can be added at the beginning of 
the spindle assembly procedure or at 
mitosis reentry.

3. When adding antibodies, two control 
samples should be run in parallel: one 
containing a similar amount of a control 
antibody and another containing the same 
volume of buffer. In the case of dominant-
negative addition, include also the same 
volume of buffer as control and a sample 
containing GST or GFP protein.

4. Samples taken at different time points are 
fixed and analyzed as before. To examine 
the localization of the antibody, process 
the samples by immunofluorescence using 
a fluorochrome-conjugated secondary 
antibody. Localization of the dominant 
negative can be observed directly if the tag 
is GFP or by using an anti-GST antibody.

IV. PITFALLS

The biggest pitfall in studying spindle assem-
bly with this system is the problem of reproduc-
ibility in Xenopus egg extracts. To obtain good 
eggs, the frog colony must be healthy and well 
cared for. This requires a substantial commit-
ment on the part of the laboratory. Even with 
healthy frogs, there is seasonal variation in the 
quality of eggs, with summer being the off sea-
son. Furthermore, even experienced extract 
makers do not manage to prepare functional 
extracts every time, which can be frustrating. 
Therefore, experiments must be repeated sev-
eral times to ensure a valid interpretation.
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I. INTRODUCTION

The interaction between actin and myosin 
has been studied for years using a variety of 
techniques, including ultracentrifugation, light 
scattering, chemical cross-linking, fluorescence, 
and measurement of the effect of actin on the 
MgATPase activity of myosin. The sliding actin in 
vitro motility assay constitutes a relatively recent 
technique for studying actin–myosin interac-
tion. This assay, developed by Kron and Spudich 
(1986), takes advantage of the ability to image 
rhodamine–phalloidin-labeled actin filaments 

by fluorescence microscopy as they interact with 
and are translocated by myosin bound to a cov-
erslip surface. The sliding actin in vitro motility 
assay is among the most elegant biochemical 
assays, reproducing the most fundamental prop-
erty of a muscle, the ability of myosin to trans-
locate actin using only the two highly purified 
proteins. It is a close in vitro correlate of the max-
imum unloaded shortening velocity of muscle 
fibers (Homsher et al., 1992). As shown here, it is 
simple to set up, reproducible, quantitative, and 
utilizes as little as 1 μg of myosin per assay. The 
assay is now used routinely in a large number of 
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laboratories studying myosin and actin biochem-
istry. Although originally developed for study-
ing the conventional class II myosin, it can be 
adapted to study unconventional myosins also.

This article discusses the design of the assay, 
describes the equipment required for its setup, 
and deals with methods for quantification and 
presentation of the results. Because different 
myosins exhibit a range of actin translocation 
speeds from 0.02 to 60 μm/s (Sellers, 1999), it 
will be necessary to discuss modification of the 
experimental setup for fast and slow myosins. 
Also, differences between low- and high-duty 
cycle myosins are discussed. We will describe the 
instrumentation that we use in our system and 
elaborate on other options where applicable.

II. MATERIALS AND 
INSTRUMENTATION

The following reagents are from Sigma 
Chemical Company (www.sigmaaldrich.com): 
MOPS (Cat. No. M-5162), EGTA (Cat. No. E-
4378), ATP (Cat. No. A-5394), glucose (Cat. No. G-
7528), glucose oxidase (Cat. No. G-6891), catalase 
(Cat. No. C-3155), and methylcellulose (Cat. No. 
M-0512). Rhodamine–phalloidin (Cat. No. R415) 
is from Molecular Probes, Inc. (www.probes.
com). Nitrocellulose (superclean grade, Cat. No. 
11180) is from Ernest F. Fullam, Inc. (www.fullam.
com). Bovine serum albumin (BSA, Cat. No. 
160069) and dithiothreitol (DTT, Cat. No. 856126) 
are from ICN (www.icnbiomed.com). The fol-
lowing items are from Thomas Scientific (www.
thomassci.com): microscope slides (Cat. No. 
6684-H30) and microscope 18-mm2 No. 1 thick-
ness coverslips (Cat. No. 6667-F24). Double sticky 
cellophane tape (Scotch Brand) and Sony sVHS 
videotapes (ST120) are from local suppliers.

The following instrumentation is used in our 
laboratory for the following procedures. Zeiss 
Axioplan microscope and objectives (www.
zeiss.com), Air Therm Heater (www.wpiinc.

com), intensified CCD camera from Videoscope, 
International (www.videoscopeintl.com), TR 
black-and-white videomonitor and sVHS vide-
otape recorder (Model AG7350) from Panasonic 
(www.panasonic.com), Argus 10 image processor 
from Hamamatsu Photonics (www.hamamatsu.
com), and VP110 digitizer from Motion Analysis 
(www.motionanalysis.com).

III. PROCEDURES

A. Construction of Flow Cells

Steps

1. Prepare nitrocellulose-coated coverslips 
by first placing 3 μl of a 1% solution of 
nitrocellulose in isoamylacetate directly 
on a No. 1 thickness 18-mm2 coverslip 
and spreading with the broad side of the 
micropipette tip. Dry the coverslip to 
create the film and use within 1 day. Some 
investigators use silicon coating of the 
coverslips (Fraser and Marston, 1995)

2. Place two 5 � 25-mm strips of double sticky 
Scotch cellophane tape about 10 mm apart 
on a 25 � 75-mm glass microscope slide. 
Place a nitrocellulose-coated coverslip with 
the coated side down onto the tracks. Press 
gently to create a tight seal.

B.  Preparation of Rhodamine–Phalloidin-
Labeled Actin

1. Place 60 μl of 3.3 μM rhodamine–phalloidin 
(in methanol) into an Eppendorf tube and 
dry using a Speed-Vac concentrator.

2. Redissolve the rhodamine–phalloidin 
powder in 3–5 μl of methanol.

3. Add 85 μl of 20 mM KCl, 20 mM MOPS (pH 
7.4), 5 mM MgCl2, 0.1 mM EGTA, and 10 mM 
DTT (buffer A). To make 100 ml of buffer A, 
add 1 ml of 2M KCl, 1 ml of 2M MOPS (pH 
7.4), 0.5 ml of 1M MgCl2, 0.02 ml of 0.5M 
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EGTA, and 154 mg DTT. Bring to 100 ml with 
H2O and adjust pH to 7.4.

4. Add 10 μl of a freshly diluted 20 μM F-actin 
solution (in buffer A) and incubate for an 
hour on ice. The rhodamine–phalloidin actin 
can routinely be used as is at this stage.

5. If a lower background fluorescence is 
desired, centrifuge for 15 min at 435,000 g 
in a TL-100 ultracentrifuge (Beckman 
Instruments), remove the supernatant, and 
gently resuspend the pink rhodamine–
phalloidin-labeled actin pellet in buffer 
A using a pipettor tip that has been cut to 
widen the bore size.

6. The rhodamine–phalloidin-labeled actin 
solution is stable for several weeks.

C.  Preparation of Sample for Motility 
Assay

Solutions

1. Wash solution: 50 mM KCl, 20 mM MOPS (pH 
7.4), 5 mM MgCl2, 0.1 mM EGTA, and 5 mM 
DTT; to make 100 ml, add 2.5 ml of 2M KCl, 
1 ml of 2M MOPS, (pH 7.4), 0.5 ml of 1M 
MgCl2, 0.02 ml of 0.5M EGTA, and 77 mg of 
DTT. Bring volume to 100 ml with H2O and 
pH to 7.4.

2. Blocking solution: 1 mg/ml BSA in 0.5M 
NaCl, 20 mM MOPS (pH 7.0), 0.1 mM EGTA, 
and 1 mM DTT solution. To make 100 ml of 
blocking solution, add 10 ml of 5M NaCl, 
1 ml of 2M MOPS (pH 7.4), 0.02 ml of 0.5M 
EGTA, 15.4 mg of DTT, and 100 mg of BSA. 
Bring to 100 ml with H2O and pH to 7.0.

3. Rhodamine–phalloidin-labeled actin solution: 
20 nM rhodamine–phalloidin-labeled actin. 
To make 1 ml, take 10 μl of 2 μM rhodamine–
phalloidin-labeled actin, 10 μl of 500 mM 
DTT, and 980 μl of wash solution.

4. ATP–actin wash: 1 mM ATP and 5 μM F-actin 
(unlabeled) in wash solution. To make 1 ml, 
add 10 μl of 0.1M ATP and 50 μl of 100 μM 
F-actin to 940 μl of wash solution.

5. 4X stock solution: 80 mM MOPS (pH 7.4), 
20 mM MgCl2, and 0.4 mM EGTA. To make 
100 ml, add 4 ml of 2M MOPS (pH 7.4), 2 ml of 
1M MgCl2, and 0.08 ml of 0.5M EGTA. Bring 
volume to 100 ml with H2O and pH to 7.4.

6. 1.4% methycellulose solution: Dissolve 1.4 g of 
methylcellulose in a final volume of 100 ml 
of H2O by stirring overnight. Occasionally 
it is necessary to homogenize the solution 
with a glass–Teflon homogenizer to aid 
in solubilization. Dialyze the dissoved 
methylcellulose against 4 liters of H2O 
overnight. Divide into 10-ml aliquots and 
freeze at �20ºC.

7. Motility buffer: 50 mM KCl, 20 mM MOPS (pH 
7.4), 5 mM MgCl2, 0.1 mM EGTA, 1 mM ATP, 
50 mM DTT, 2.5 mg/ml glucose, 0.1 mg/ml 
glucose oxidase, and 0.02 mg/ml catalase. To 
make 1 ml, add 250 μl of 4X stock solution, 
10 μl of 0.1M ATP, 25 μl of 2M KCl, 100 μl of 
0.5M DTT (prepare fresh each day by adding 
77 mg DTT to 1 ml of H2O), 20 μl of 125 mg/
ml glucose, 20 μl of 5 mg/mol glucose 
oxidase, 1 μl of 20 mg/ml catalase, and 573 μl 
of H2O. If methylcellulose is to be used in the 
motility buffer (see later), then add 500 μl of 
1.4% methylcellulose and 73 μl of H2O.

Steps

1. Apply 0.2 mg/ml myosin in 0.5M NaCl, 
20 mM MOPS (pH 7.0), 0.1 mM EGTA, and 
1 mM DTT to fill the flow chamber. Wait 
1 min.

2. Wash with 75 μl of blocking buffer. Wait 
1 min.

3. Wash with 75 μl of wash solution, followed 
by 75 μl of ATP–actin wash solution. Wait 
1 min. This step is optional.

4. Wash with 75 μl of wash solution, followed 
by 75 μl of rhodamine–phalloidin-labeled 
actin solution. Wait 1 min.

5. Initiate reaction by the addition of 75 μl of 
motility buffer.

6. Place slide on microscope stage and image.
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Comments

In the protocol just described, myosin is 
bound to the surface as monomers. If myosin is 
to be bound as filaments, it is necessary to block 
with BSA that is in a low ionic strength solution, 
such as the wash solution. Alternatively, heavy 
meromyosin or a soluble unconventional myosin 
can be applied to the flow chamber at either low 
or high ionic strength. In some cases, myosin 
or HMM can be attached to the surface via spe-
cific antibodies against their carboxyl-terminal 
sequence (Winkelmann et al., 1995; Cuda et al., 
1993; Reck-Peterson et al., 2001), which may also 
serve the purpose of further purifying the desired 
isoform of myosin. If actin filaments are binding 
poorly to the surface, the motility buffer can be 
augmented with 0.7% methlycellulose (modify 
motility buffer preparation to add 0.5 ml of 1.4% 
methylcellulose and add less water to bring the 
final volume to 1 ml. Note that this solution is 
very viscous and must be mixed well).

Although each myosin has its own charac-
teristic velocity, the velocity of a given myosin 
can vary with ionic and assay conditions. In 
general the velocity tends to increase as the 
ionic strength is raised from 20 to 100 mM and 
increases with temperature. At higher ionic 
strengths the actin filaments typically begin to 
become weakly associated with the myosin-
coated surface and move erratically. The velocity 
of actin filament translocation by some myosins, 
such as vertebrate smooth muscle myosin and 
Limulus-striated muscle myosin, is increased 
markedly (two to four times) by the inclusion 
of 200 nM tropomyosin in the motility buffer 
(Wang et al., 1993; Umemoto and Sellers, 1990). 
However, tropomyosin inhibits the movement 
of brush border myosin I (Collins et al., 1990).

Step 3 is optional. It is often included to 
improve the “quality” of movement by bind-
ing unlabeled actin to noncycling myosin 
heads that would otherwise bind and tether the 
labeled actin added subsequently. This step can 
be omitted if the myosin is capable of moving 

actin filaments smoothly. For myosin V, bet-
ter quality movement can be obtained by first 
blocking the surface with 0.1–1.0 mg/ml of BSA 
before adding the myosin.

D.  Recording and Quantifying Data 
Steps and Equipment

A schematic diagram of the equipment setup 
is shown in Fig. 20.1. The following describes 
the equipment used in our laboratory. There is a 
wide selection of video microscopy equipment 
represented by many manufacturers.

1. Place the microscope slide under a 100X, 
1.4 NA Plan-Neofluor objective in an 
Axioplan microscope (both from Carl Zeiss, 
Germany) equipped for epifluorescence. 
Other microscopes, including ones with 
an inverted format, are also suitable and a 
variety of objectives can be used, but note 
that high numerical apertures are required 
for maximal brightness. Illumination is via a 
100-W mercury lamp. An IR filter should be 
placed between the source and the sample 
to attenuate heat; neutral density filters are 
useful to attenuate light intensity if needed. A 
filter set designed for rhodamine fluorescence 

FIGURE 20.1 Schematic diagram of equipment setup.
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measurements should be utilized in the filter 
cube. For quantitative work it is necessary 
to control the temperature of the assay. This 
can be accomplished in several ways. The 
most inexpensive way is to create an air 
curtain using a hair dryer. Other methods 
include fabricating a water jacket for the 
objective and to use a circulating water 
bath to regulate temperature or creating an 
environmental box heated with an Airtherm 
heater (World Precision Instruments). In our 
experience, commercial stage heaters are not 
sufficient as oil immersion objectives act as 
large heat sinks.

2. Image actin filaments using an ICCD 
350F intensified CDD camera (Videoscope 
International). Other low-light systems are 
possible, such as an SIT camera or intensified 
SIT camera. Several manufacturers sell this 
equipment. These camera systems produce 
an analog output that can be viewed on a 
standard black-and-white video monitor 
(TR Panasonic) and recorded on an AG7350 
sVHS recorder (Panasonic). It is also possible 
to collect data digitally using a cooled CCD 
camera linked to a computer.

3. It is useful to process the raw image using 
an image processor such as the Argus 
10 or Argus 20 (Hamamatsu Photonics) 
to perform frame averaging and/or 
background subtraction. There are several 
commercial software packages that can do 
this also. Display the processed image on 
another video monitor.

4. Determine the movement of individual 
actin filaments using an automated tracking 
system equipped with a VP110 digitizer from 
Motion Analysis. Many investigators have 
created their own software routines to track 
actin filaments in a semiautomated manner.

Comments

Given the range of motility rates of different 
myosins, there is no standard number of frames 

to average in order to get a good image. If the 
myosin is moving at 5 μm/s, a 2 or 4 frame 
average is used along with high illumination 
levels that can be tolerated because of the short 
exposure time needed to define a filament path. 
With slow myosins that may move at rates of 
less than 0.1 μm/s, it is possible to average 64 
frames and to reduce the light intensity so that 
longer recording periods are possible.

The quantification of the rate of actin fila-
ment sliding is perhaps the most difficult part 
of the motility assay. The method just described 
requires a fairly expensive apparatus that is 
accurate, very fast, and can give unbiased results 
(for an extensive discussion of quantification of 
data, see Homsher et al., 1992). The user inputs 
the desired sampling rate and sampling time to 
collect data from either the live image or a pre-
recorded image. The computer determines the 
centroid position of each actin filament in each 
frame, connects the centroids to form paths, cal-
culates the incremental velocity between each 
successive data point in a path, and, finally, 
calculates a mean � SD for each filament path. 
This process takes only seconds for a field of 
25–30 actin filaments. Several investigators use 
commercial frame grabbers and write their own 
software for semiautomated tracking of actin 
filaments (Work and Warshaw, 1992; Marston 
et al., 1996). There is at least one free download-
able source of semiautomatic tracking software 
available (http://mc11.mcri.ac.uk/retrac/).

E. Presentation of Data

Figure 20.2 shows three frames taken at 1-s 
intervals of actin filaments moving over a 
myosin-coated surface as it would appear on the 
video monitor. Data from such an experiment are 
presented most commonly as the mean 6 SD of 
the velocity of the population of actin filaments. 
In general, the SD is typically 10–20% of the 
mean. There are two cases where merely report-
ing this number does not always accurately 
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describe what is occurring in the assay. One such 
case is when something (perhaps a regulatory 
protein) is affecting the number of filaments that 
are moving. If, in the absence of the regulatory 
protein, 95% of the actin filaments are moving at 
1 μm/s whereas only 5% of the filaments move 
at any velocity in the presence of the regulatory 
protein, reporting only the mean value for the 
velocity in each case does not reflect the differ-
ence that is observed in the assay between the 
two conditions. A better method for data display 
for this example is to display all data in the form 
of a histogram so that one can see that most of 
the actin filaments are not moving in the pres-
ence of the regulatory protein. This display also 
allows the reader to see whether the regulatory 
protein affects the speed of movement of the few 
actin filaments that remain moving. The other 
case where more complex data display is nec-
essary is if the filaments are moving erratically. 
Here the mean velocity will underestimate the 
“instantaneous” velocity and will have a con-
siderably larger standard deviation than that of 
smoothly moving filaments. One way to display 
these data graphically is to show a path plot in 
which the centroid position of the moving actin 
filaments is plotted in two-dimensional space as 
a function of time (Fig. 20.3).

IV. PITFALLS

1. Actin filaments are moving erratically or 
only a fraction of the actin filaments are 

moving. The cause of this phenomena is 
usually noncycling heads in the preparation. 
Using the actin–ATP wash solution 
described in Section III,C,3 usually helps 
or eliminates the problem, but if erratic 
motility persists, do the following. Bring the 
myosin solution to 0.5M in NaCl and add 
actin to a final concentration of 10 μM, ATP 
to 2 mM, and MgCl2 to 5 mM. Immediately 
sediment at 435,000 g for 15 mn in a Beckman 
TL-100 ultracentrifuge. Remove the 
supernatant and use it for the motility assay.

2. Actin filaments shear quickly into small 
dots. Several things can contribute to 
this phenomenon. Poor-quality myosin 
containing a significant number of 
noncycling heads might be a problem. See 
Pitfall 1 for advice on how to remove these. 
Decreasing the density of myosin heads 
on the surface and/or increasing the ionic 
strength of the assay solution also sometimes 
helps, as does decreasing the light intensity. 
In general, myosin bound to the surface as 
monomers tend to shear less than myosin 
bound as filaments.

3. Actin filaments appear wobbly when they 
move or are moving in a back and forward 
type manner. If the assay does not contain 
methylcellulose, any portion of the actin 
filament that is not bound along its length 
by myosin will experience Brownian motion 
and appear very wobbly. Even though these 
filaments may be moving, their movement 
will be erratic and difficult to quantify. 

FIGURE 20.2 One-second intervals of actin filaments moving over a myosin-coated surface.
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Increasing the density of myosin on the 
surface, decreasing the ionic strength of 
the assay, or using methylcellulose in the 
assay buffer usually helps. The back and 
forward motion of the actin filaments seen 
in the presence of methylcellulose is merely 
Brownian motion in the presence of the 
viscous solution where the actin filament 
is restricted to move mostly along its long 
axis. If the actin filament is not bound it 
will move back and forward. Increasing the 
density of myosin or decreasing the ionic 
strength of the solution should help.

4. Actin filaments photobleach rapidly. Decrease 
the light intensity if possible and use image 
processing to do frame averaging to improve 
the signal-to-noise ratio. Degas the solutions. 

Make sure the glucose, glucose oxidase, and 
catalase components of the motility buffer are 
good. The presence of 50 mM DTT also aids 
in preventing photobleaching.

5. Actin filaments leave comet tail-like images 
as they move. If you are frame averaging, 
merely decrease the number of frames 
averaged. If not, the problem is likely to be 
encountered when the actin filaments are 
moving fast and a non-CCD type camera 
is used. The streaking or persistence in 
this case is related to the fact that the tube 
cameras effectively average about four 
frames in producing their image. The 
persistence can be attenuated by increasing 
the light level or by switching to a lower 
magnification objective.

FIGURE 20.3 Actin filaments 
plotted in two-dimensional space 
as a function of time. A) smoothly 
moving actin filaments; B) actin fil-
aments moving more erratically; C) 
a mixture of moving and nonmov-
ing actin filaments; D) nonmoving 
actin filaments.
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I. INTRODUCTION

Cell motility is essential for numerous biologi-
cal events. Unicellular organisms, for instance, 
use directed movement to find and ingest food. In 
multicellular organisms, cell motility is required 
for the morphogenetic movements that accom-
pany embryogenesis, fibroblast migration during 
wound healing, and the chemotactic movement 

of immune cells during an immune response. 
Cell motility is characterised by the formation of 
cellular extensions that, depending on their mor-
phology and cellular context, are called lamel-
lipodia, ruffles, or filopodia. In recent decades 
many cell biological, biochemical, and biophysi-
cal studies have established that the formation 
of these structures depends on the activity of the 
actin cytoskeleton and its associated proteins. 
More specifically, the assembly of a network of 
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actin filaments at the leading edge of motile cells 
provides the propulsive force for the extension 
of these structures (see Small et al., 2002). Despite 
much effort, however, the complexity of cell 
motility has precluded the detailed analysis of 
the molecular mechanisms and components that 
govern this process.

Since the mid-1980s, much work focused 
on the intracellular actin-based motility of the 
Gram-positive bacterium Listeria monocytogenes. 
Listeria can induce its own uptake by phago-
cytic and nonphagocytic cells and, once free 
in the cytoplasm, recruits host cell cytoskeletal 
components, which are then rearranged into 
phase-dense actin tails. The assembly of actin 
monomers at the actin filament (�) ends abut-
ting the bacterial surface provides the propul-
sive force that allows Listeria to move within 
the infected cells and spread to adjacent cells 
while avoiding exposure to the host’s humoral 
immune system. As these bacteria imitate the 
protrusive behavior of lamellipodial edges, 
Listeria motility is considered a simplified model 
system for actin filament dynamics during cell 
motility (Cossart and Bierne, 2001; Frischknecht 
and Way, 2001). As one approach towards defin-
ing the molecular basis of bacterial motility, we 
and others have developed simple in vitro sys-
tems that support actin-based Listeria motility 
based on Xenopus, platelets, and mouse brain 
extracts (Theriot et al., 1994; Marchand et al., 
1995; Laurent and Carlier, 1998; Laurent et al., 
1999; May et al., 1999). These cell-free systems 
in combination with bacterial genetics and cell 
biological studies have been essential for the 
characterisation of two key regulators of actin 
cytoskeleton dynamics: Ena/VASP proteins and 
the Arp2/3 complex (Pistor et al., 1995, 2000; 
Smith et al., 1996; Niebuhr et al., 1997; May et al., 
1999; Skoble et al., 2000, 2001; Geese et al., 2002). 
They also provided the basis for further devel-
opment of in vitro motility systems that culmi-
nated in the reconstruction of bacterial motility 
using a limited set of purified proteins (Loisel 

et al., 1999). This article describes procedures for 
the preparation and use of mouse brain extracts 
for studying Listeria motility.

II. MATERIALS AND 
INSTRUMENTATION

Calcium chloride (Cat. No. 102378), magne-
sium chloride hexahydrate (Cat. No. 105832), 
potassium chloride (Cat. No. 4936), HEPES (Cat. 
No. 10110), sucrose (Cat. No. 1.07654), sodium 
chloride (Cat. No. 1.06404), disodium hydrogen 
phosphate dihydrate (Cat. No. 1.06580), sodium 
dihydrogen phosphate hydrate (Cat. No. 6346), 
and paraffin (Cat. No. 1.07160) are from Merck. 
EGTA (Cat. No. E-3889), methylcellulose (Cat. 
No. M-0555), ATP (Cat. No. A-2383), eryth-
romycin (Cat. No. E-6376), and lanoline (Cat. 
No. L-7387) are from Sigma. Chymostatin (Cat. 
No. 17158), leupeptin (Cat. No. 51867), pepsta-
tin (Cat. No. 52682), PEFABLOCK (Cat. No. 
31682), aprotinin (Cat. No. 13178), and creatine 
kinase (Cat. No. 127566) are from Boehringer-
Ingelheim. Dithiothreitol (DTT, Cat. No. 43815), 
Tris–HCl (Cat. No. 93363), and glycerol (Cat. No. 
49770) are from Fluka. Cell-Tak (Cat. No. 354241) 
is from BD Biosciences. Creatine phosphate 
(Cat. No. 621714) is from Roche. Vaseline (Cat. 
No. 16415) is from Riedel-de Haen. Brain heart 
infusion (BHI) culture medium and Bacto agar 
are from Difco Laboratories. Rhodamine-labeled 
actin (Cat. No. AR05) is from Cytoskeleton. 
A glass homogeniser equipped with a Teflon 
piston, glass slides (76 � 26 mm), glass cover-
slips (22 � 22 mm), forceps, scissors, and razor 
blades are from local suppliers. Bacterial motil-
ity is observed using an Axiovert 135TV micro-
scope (Zeiss) equipped with a Plan-Apochromat 
100�/1.4 NA oil immersion objective. Images 
can be acquired with a cooled, back-illuminated 
CCD camera (TE/CCD-1000 TKB; Roper 
Scientific) driven by IPLab Spectrum software 
(Scanalitics).
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III. PROCEDURES

A. Explantation of Mouse Brains

Solution

Phosphate-buffered saline (PBS): 130 mM NaCl, 
1.5 mM NaH2PO4 �H2O, and 4 mM Na2HPO4 
�2H2O, pH 7.4. For 1 litre, weigh out 7.65 g 
NaCl, 0.21 g NaH2PO4 �H2O, and 0.72 g 
Na2HPO4 �2H2O. Dissolve in 900 ml H2O, 
adjust pH to 7.4 with 1N NaOH, and bring 
volume to 1 litre. Store at 4ºC.

Steps

1. Kill mice using CO2 or by cervical 
dislocation.

2. Remove skin and fur from the head using 
thin-tipped scissors and discard.

3. Cut the skull bone by sliding the scissors 
along the sagittal suture (Fig. 21.1a, dashed 
red line).

4. Cut the frontal, parietal, and interparietal 
bones along their sutures and remove them 
(Fig. 21.1a, dashed line).

1

2

3

4
5

6

7

8

brain
(dorsal view)

sagittal suture
explanted brain

store at –80 C or
homogenise

(a) (b) (c)

FIGURE 21.1 Diagram of the explantation of mouse brains. (a) Dorsal view of mouse skull showing the nasal bone (1), 
eye socket (2), nasal process of incisive bone (3), zygomatic process (4), frontal bone (5), parietal bone (6), interparietal bone 
(7), and zygomatic bone (8). (b) Dorsal view of skull after cutting (along the dashed green and red lines) and removing the 
frontal, parietal, and interparietal bones. (c) Dorsal view of explanted brain.

5. Gently pinch the surface of the brain to lift 
the meninges up and gently ease the brain 
out of the skull.

6. Put explanted brains in ice-cold PBS.
7. Wash brains three times in ice-cold PBS to 

remove tissue debris and blood residues.
8. Proceed to Section III,B or flash freeze the 

brains in liquid nitrogen. Store frozen brains 
at �80ºC.

B. Preparation of Cytosolic Extracts

Solutions

1. Homogenisation buffer (HB): 20 mM HEPES, 
pH 7.5, 100 mM KCl, 1 mM MgCl2�H2O, 
1 mM EGTA, and 0.2 mM CaCl2. For 1 litre, 
weigh out 4.76 g HEPES, 7.45 g KCl, 0.2 g 
MgCl2 �H2O, 0.38 g EGTA, and 0.02 g MgCl2. 
Dissolve in 900 ml H2O, adjust pH to 7.5 
with 1N NaOH, and bring volume to 1 litre. 
Store at 4ºC.

2. Protease inhibitors: 20 mg/ml chymostatin, 
1 mg/ml leupeptin, 1 mg/ml pepstatin, 
167 mM Pefabloc, and 10 mg/ml aprotinin. 
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To prepare stock solutions, dissolve 1 mg 
chymostatin in 50 μl dimethyl sulfoxide, 
0.5 mg leupeptin in 500 μl H2O, 0.5 mg 
pepstatin in 500 μl methanol, 20 mg Pefabloc 
in 500 μl H2O, and 0.5 mg aprotinin in 50 μl 
H2O. Aliquot and store at �20ºC.

3. 0.1 M ATP: For 50 ml, weigh out 2.75 g ATP. 
Dissolve in H2O, aliquot, and store at �20ºC.

4. 0.1 M DTT: For 50 ml, weigh out 0.77 g DTT. 
Dissolve in H2O, aliquot, and store at �20ºC.

5. 2 M sucrose: For 20 ml, weigh out 13.69 g 
sucrose. Dissolve in H2O, aliquot, and store 
at �20ºC.

6. Homogenisation buffer supplemented with 
protease inhibitors (HBI): HB containing 
60 μg/ml chymostatin, 5 μg/ml leupeptin, 
10 μg/ml pepstatin, 4 mM Pefabloc, 2 μg/ml 
aprotinin, 0.5 mM ATP, and 1 mM DTT. 
Shortly before use add to 20 ml of HB 60 μl 
of 20 mg/ml chymostatin, 100 μl of 1 mg/
ml leupeptin, 200 μl of 1 mg/ml pepstatin, 
476 μl of 167 mM Pefabloc, 4 μl of 10 mg/ml 
aprotinin, 200 μl of 0.1 M DTT, and 50 μl of 
0.1 M ATP.

Steps

1. After the last wash in PBS (see Section III,A, 
step 7) remove PBS and weigh the brains.

2. Cut the brains into small pieces using a 
razor blade (keep brains on ice).

3. Add 0.75 ml of HBI per gram of wet tissue 
(keep brain suspension on ice).

4.  Transfer brain suspension into a glass 
homogeniser on ice.

5. Grind brain tissue for 20 passages of the 
pestle on ice.

6. Centrifuge crude extract at 15,000 g for 1 h at 
4ºC.

7. Recover clarified supernatant (cytosolic 
brain extract) and supplement it with 
150 mM sucrose, 50 mg/ml creatine kinase, 
30 mM creatine phosphate, and 0.5 mM ATP.

8. Aliquot and flash freeze in liquid nitrogen. 
Store frozen aliquots at �80ºC.

C. Preparation of Bacteria

Solutions

1. Brain heart infusion (BHI) broth: Prepare liquid 
medium according to the manufacturer’s 
instruction, autoclave, filter, and store at 4ºC. 
For agar plates, add Bacto-agar (15 g/liter of 
BHI broth), autoclave, and pour 30 ml in a 
10-cm petri dish. Store plates at 4ºC.

2. Erythromycin stock solution: Dissolve 50 mg of 
erythromycin in 10 ml of pure ethanol. Store 
at 4ºC.

Bacterial Culture

1. Streak the bacteria onto BHI agar plates. 
Incubate at 37ºC for 24 h.

2. Put 5 ml of BHI (supplemented with 50 μg/ml 
erythromycin) in a 15-ml sterile Falcon 
tube. Scrape a few colonies off the BHI 
plate using a sterile pipette tip or a flamed 
bacteriological loop. Inoculate the broth 
and grow bacteria overnight at 37ºC with 
vigorous shaking.

3. Transfer bacterial culture to a centrifuge tube 
and pellet the bacteria at 10,000 g for 3 min.

4. Wash bacterial pellet three times in 
homogenisation buffer. After the final 
washing step, resuspend pellet in a 
final volume of homogenisation buffer 
corresponding to the initial volume of 
bacterial culture.

5. Alternatively, supplement the overnight 
culture with 20% glycerol, aliquot, and store 
at �80ºC.

D. Listeria Motility Assay

Solutions

1. 2% methycellulose in homogenisation buffer 
(stock solution): Heat 100 ml of HB to 60ºC 
and then add 2 g of methylcellulose. 
Stir vigorously until the methycellulose 
dissolves. Cool down and store at room 
temperature.
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2. 0.5% methycellulose in homogenisation buffer 
(working solution): To make 10 ml, mix 7.5 ml 
of HB with 2.5 ml of 2% methycellulose. 
Store at 4ºC.

3. VALAP: Mix vaseline, lanoline, and paraffin 
in a 1:1:1 ratio (w/w/w) and homogenise at 
75ºC. Store at room temperature.

4. G buffer: 5 mM Tris–HCl, pH 7.6, 0.5 mM 
ATP, 0.1 mM CaCl2, and 0.5 mM DTT. For 1 
litre, weigh out 0.8 g Tris–HCl, 0.01 g CaCl2, 
and then add 5 μl of 0.1 M ATP and 5 μl of 
0.1 M DTT. Dissolve in 900 ml H2O, adjust 
pH to 7.6 with 1N NaOH, and bring volume 
to 1 litre. Store at 4ºC.

5. Rhodamine-labeled actin: Add 6 μl of G buffer 
to one aliquot of rhodamine-labeled actin. 
Mix gently and store on ice.

Steps

1. Wash bacteria three times in homogenisation 
buffer. Resuspend pellet in 20 μl 
homogenisation buffer.

2. In a small Eppendorf tube, mix 4 μl brain 
extract, 4 μl of 0.5% methycellulose, 0.5 μl 
bacteria suspension, and 0.2 μl rhodamine-
labeled actin. Mix by pipetting up and down 
gently. Do not vortex. Incubate mixture at 
room temperature for 10 min.

3. Remove 1.7 μl of motility mixture and spot 
it onto a glass slide. Gently place a 22 � 22-
mm glass coverslip over the drop and press 
down until the drop spreads to the edges. 
Seal the coverslip edges with VALAP.

4. Observe slide with an upright or inverted 
microscope. Actin comet tails can be observed 
easily by phase contrast or epifluorescence 
using a Plan-Apochromat 100�/1.4   NA oil 
immersion objective (Figs 21.2 and 21.3).

IV. COMMENTS AND PITFALLS

Although cell-free systems based on egg 
extracts of Xenopus laevis or human platelet 

extracts provide excellent in vitro systems for 
supporting actin-based bacterial motility, their 
ability to do so can be affected negatively by 
various factors, such as health of eggs or qual-
ity and age of platelet preparations. In this con-
text, mouse brain extracts offer a more “robust” 
in vitro system that does not seem to be influ-
enced by external factors such as mouse strain 
and age.

The reconstitution of Listeria motility using 
mouse brain extracts can have a variety of uses. 
For instance, it can be used to study the role of 
actin cytoskeletal components involved in Listeria 
motility by interfering with their function using 
specific inhibitors or antibodies, as described 
in May et al. (1999). Moreover, the procedure 
described here may be further developed and 
adapted to obtain cell-free extracts from nor-
mal cultured cells or cells that lack or express 
mutated versions of the actin cytoskeletal proteins 

FIGURE 21.2 Immunofluorescence microscopy show-
ing Listeria actin tails formed in mouse brain extracts. 
Bacteria were incubated in mouse brain extract for 30 min 
at room temperature and then 5 μl of motility mixture was 
applied onto Cell Tak-coated cover slips (the coating pro-
cedure was done according to the manufacturer’s instruc-
tions) and incubated for 5 min on ice. Afterwards, bacteria 
were fixed with 4% PFA for 20 min at room temperature. 
Immunolabeling was done according to Geese et al. (2002) 
using the affinity-purified polyclonal antibody K52 to label 
bacterial surface, the monoclonal antibody 84H1 to label 
EVL, and Texas red-labeled phalloidin to label the actin 
tails. Primary antibodies were detected using Alexa 488-
conjugated secondary antibodies. Scale bar: 5 μm.

EVL actin merged

actin mergedK52
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FIGURE 21.3 Dynamics of Listeria motility in mouse brain extracts. Bacteria were mixed with 4 μl brain extract, 4 μl of 
0.5% methycellulose, and 0.2 μl rhodamine-labeled actin and were incubated at room temperature for 10   min. Thereafter, 
1.7 μl of motility mixture was spotted onto a glass slide and a 22 � 22-mm glass coverslip overlaid on it. Bacterial motility 
was observed using a Axiovert 135 TV inverted microscopy equipped with phase-contrast and epifluorescence optics using 
a Plan-Apochromat 100�/1.4 NA oil immersion objective. Images were acquired using a cooled, back-illuminated CCD 
camera (TE/CCD-1000 TKB; Roper Scientific) driven by IPLab Spectrum software (Scanalitics). (Top) Rhodamine-labeled 
actin and (bottom) the corresponding phase-contrast images. Scale bar: 10 μm.

of interest, thus widening the spectrum of in vitro 
systems available for studying bacterial motility.

Three main parameters have to be considered 
to achieve optimal Listeria motility with mouse 
brain extracts. First, the protein ActA must be 
expressed at high levels on the bacterial surface. 
As most wild-type strains express low levels 
of this protein under standard culture condi-
tions, a Listeria strain (see Lingnau et al., 1996) 
that constitutively expresses high levels of this 
protein must be used in this assay. The second 
critical parameter is the total protein concen-
tration of the brain extract, which must be at 
least 10 mg/ml. The total protein concentration 
can be increased by reducing the amount of 
homogenisation buffer per gram of wet tissue. 
Moreover, mouse brain extracts should not be 
diluted more than fourfold as further dilution 
leads to loss of activity in the motility assay. 

Finally, the high amount of actin present in 
these extracts induces its spontaneous polymer-
isation, characterised by the formation of short 
actin bundles. As this actin network may affect 
bacterial motility, mouse brain extracts must be 
kept on ice to reduce the tendency of actin to 
polymerise.
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O U T L I N E

I. INTRODUCTION

Dynamic rearrangement of the actin cytoskel-
eton in response to signal transduction plays a 

fundamental role in the regulation of cellular 
functions. Understanding actin dynamics there-
fore represents one of the challenges of modern 
cell biology. Several pathogens have evolved 
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diverse strategies to trigger rearrangement of the 
host actin cytoskeleton to facilitate and enhance 
their infection processes. By manipulating the 
actin assembly machinery or signaling routes 
leading to its activation, pathogens can either 
block or induce phagocytosis, drive intracellu-
lar motility, and exploit their host cells in other 
ways. Analyses of host pathogen interactions 
have not only broadened our knowledge of 
how these pathogens cause disease, but have 
also emerged as model systems in the study 
of cellular actin dynamics (for examples, see 
Frischknecht and Way, 2001). The focus of this 
article is on the formation of cytoskeletal rear-
rangements called actin pedestals induced by 
the diarrhoeagenic extracellular bacterial patho-
gens enteropathogenic Escherichia coli (EPEC) 
and enterohaemorrhagic E. coli (EHEC) as sys-
tems to study signaling and actin assembly at 
the plasma membrane.

During infection of the intestinal mucosa, EPEC 
and EHEC induce specific, so-called attaching 
and effacing (A/E) lesions on intestinal epithelial 

cells (for review, see Nataro and Kaper, 1998). 
A/E lesions are characterized by a localized loss 
of microvilli and intimate adherence of bacteria 
to the cell surface followed by recruitment of the 
cellular actin assembly machinery to sites of bac-
terial attachment, resulting in the formation of 
actin-rich pseudopod-like structures termed ped-
estals to which the bacteria intimately adhere.

Importantly, the histopathological changes 
associated with the A/E phenotype in vivo can 
be mimicked in cell culture [(Knutton et al., 
1987), see Fig. 22.1], which allows to define the 
molecular mechanisms employed by EPEC and 
EHEC to induce cytoskeletal rearrangements. 
The ability to form actin pedestals on cultured 
cells furthermore correlates with the ability of 
EPEC and EHEC to colonize the intestine and 
cause disease in human and other animal hosts 
(e.g., Donnenberg et al., 1993).

The genes necessary for A/E lesion forma-
tion in EPEC map to an about 35-kb chromo-
somal pathogenicity island, designated the 
locus of enterocyte effacement (LEE), which is 

FIGURE 22.1 Actin pedestal formation induced by EHEC and EPEC in vivo and on the surface of cultured cells. (A) 
Transmission electron micrograph showing the characteristic attaching and effacing (A/E) lesion formation of the entero-
haemorrhagic Escherichia coli (EHEC) O157:H7 strain 86/24 observed in piglet colon. Note the intimate attachment, local-
ized loss of microvilli, and formation of a raised, pedestal-like structure beneath the bacterium that characterizes this lesion 
(courtesy of Florian Gunzer, Institute of Medical Microbiology, Hannover Medical School, Germany). (B) Scanning electron 
micrograph of enteropathogenic E. coli (EPEC) O127:H6 strain E2348/69 sitting on top of pedestals induced on the surface 
of cultured murine embryonic fibroblast cells upon infection that resemble A/E lesions formed by EPEC in vivo. (C) EHEC 
O157:H7 strain 86/24-induced actin pedestal formation as visualized by fluorescence actin staining using AlexaFluor 594 
phalloidin to specifically label F-actin. EHEC bacteria were detected with monoclonal antibodies against EspE (Deibel et al., 
1998) and AlexaFluor 488-conjugated goat antimouse secondary antibodies. Bars: 1 μm.
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highly conserved in EHEC. Although EPEC and 
EHEC produce highly similar lesions, EPEC in 
the small intestine and EHEC in the large intes-
tine, the molecular mechanisms of pedestal for-
mation employed by EPEC versus EHEC differ 
(for review, see Campellone and Leong, 2003).

Both pathogens translocate their own recep-
tor, the translocated intimin receptor (Tir, EspE), 
which binds to the bacterial surface protein 
intimin, via a type III secretion system into the 
underlying host cell. EPEC Tir becomes tyrosine 
phosphorylated upon insertion, into the host cell 
membrane and binding to intimin. This phospho-
rylation is critical for actin pedestal formation by 
EPEC (Kenny, 1999), as it allows recruitment of 
the cellular signaling adaptor protein Nck to bac-
terial attachment sites. Nck, in turn, triggers by 
a so far unknown mechanism recruitment and 
activation of N-WASP. Both Nck and N-WASP 
are essential host proteins for pedestal forma-
tion induced by EPEC, as cells lacking either 
Nck or N-WASP are resistant to actin pedestal 

formation by EPEC (Gruenheid et al., 2001; 
Lommel et al., 2001) (for N-WASP, see Fig. 22.2). 
N-WASP is a member of the WASP/Scar family 
of cellular nucleation-promoting factors and has 
emerged as a central node protein that regulates 
actin polymerization by activating the Arp2/3 
complex, a main factor for nucleation of actin fil-
aments in response to multiple upstream signals.

In contrast, EHEC Tir is not tyrosine phospho-
rylated and pedestals are formed independently 
of Nck. Despite that, EHEC-induced pedes-
tal formation still depends on N-WASP func-
tion (Lommel et al., 2004) to promote Arp2/3 
complex-mediated actin polymerization. Thus, 
EPEC and EHEC have evolved different strate-
gies to trigger cellular signaling routes leading 
to actin assembly, which converge in recruit-
ment and activation of N-WASP to promote 
Arp2/3-mediated actin polymerization.

The aim of this article is to outline a method-
ology for the analysis of actin pedestal forma-
tion by EPEC and EHEC using cultured cells as 

FIGURE 22.2 EGFP-tagging and knockout cell lines as tools for analysis of the molecular mechanism of actin pedestal 
formation induced by EPEC. Cultured murine embryonic fibroblasts expressing (�/�, A) or lacking N-WASP (�/�, B and 
C) were infected with EPEC and examined by immunofluorescence microscopy. F-actin is shown as detected by fluorescence 
actin staining with AlexaFluor 594 phalloidin, bacteria are shown as detected with anti-EspE monoclonal antibodies in com-
bination with AlexaFluor 350-conjugated goat antimouse secondary antibodies, and the host proteins Nck2 (A and B) and N-
WASP (C) expressed ectopically with an EGFP tag are shown. Whereas EPEC induced the formation of prominent pedestals 
in N-WASP-expressing cells (�/�, A), they were unable to trigger actin accumulation on N-WASP-defective cells (�/�, B). 
The bacterial ability to direct actin reorganization in N-WASP-defective fibroblasts was restored by providing EGFP-tagged 
N-WASP by transient transfection (C). Together, this clearly demonstrates that N-WASP is a host cell protein essential for 
pedestal formation induced by EPEC. Recruitment of the host cell signaling adaptor protein Nck2 is triggered by EPEC inde-
pendently of actin accumulation, as was revealed by ectopic expression of EGFP-tagged Nck2 in either N-WASP-expressing 
(�/�, A) or N-WASP-defective cells (�/�, B). Bar: 2 μm, (valid for A–C).
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model systems to study regulatory mechanisms 
controlling actin assembly at the plasma mem-
brane. This article describes protocols for the 
coculture of bacteria with cell lines and for basic 
immunofluorescence microscopy techniques that 
are used to examine bacterial–host cell interactions 
in terms of bacterial attachment and effects on the 
actin cytoskeleton. These may be combined with 
ectopical expression of host cell proteins tagged 
with green fluorescent protein (GFP) for analysis 
of subcellular localization and dynamic reorganisa-
tion of a protein during the infection process using 
digital fluorescence microscopy (for examples, see 
Fig. 22.2). A further advance to unravel the molec-
ular mechanism of pedestal formation is the use of 
cell lines derived from knockout mice. Cell lines 
derived from such mice can be reconstituted by 
expressing wild-type or mutated proteins tagged 
with GFP, which facilitates the analysis of the con-
tribution of specific protein domains to actin ped-
estal formation (for examples, see Fig. 22.2).

II. MATERIALS AND 
INSTRUMENTATION

A  Cell Lines, Bacterial Pathogen Strains, 
and Culture Media Reagents

1. Cells

Epithelial cell lines used commonly for EPEC 
and EHEC infection experiments are HeLa 
and HEp-2 cells, as well as the intestinal epi-
thelial cell lines T84 or Caco-2 (available from 
American Type Culture Collection). EPEC and 
EHEC will also adhere and induce the forma-
tion of actin pedestals on mouse embryonic 
fibroblast cell lines (MEFs), which are used rou-
tinely in our laboratory. Embryonic fibroblast 
cell lines offer the advantage that such cell lines 
can be established quite easily from conditional 
or conventional knockout mice, thus allowing 
the analysis of specific host proteins in actin ped-
estal formation induced by EPEC and EHEC.

2. Bacterial Pathogen Strains

Prototype enteropathogenic and enterohaem-
orrhagic E. coli strains used in analyses of the 
molecular mechanism of actin pedestal forma-
tion are enteropathogenic E. coli strain E2348/69 
(O127:H6) (Levine et al., 1978), enterohaemor-
rhagic E. coli strain 86/24 (O157:H7) [isolated 
from an outbreak in Walla Walla, WA., U.S.A. 
(Griffin et al., 1988)], and enterohaemorrhagic 
E. coli strain EDL933 (O157:H7) (American Type 
Culture Collection #700927; for genome 
sequence information, see Perna et al., 2001).

3. Cell and Bacterial Culture Reagents

Dulbecco’s modified eagle medium (DMEM), 
low glucose (Invitrogen Corp., GIBCO #31885-
023), fetal bovine serum (Sigma-Aldrich #F 7524), 
l-glutamine (Invitrogen Corp., GIBCO #25030-
024), penicillin/streptomycin (Invitrogen Corp., 
GIBCO #15070-063), Luria-Bertani (LB) broth 
agar (e.g., BD #244520), LB broth (e.g., BD 
#244620), and HEPES (Sigma-Aldrich #H 3375), 
fibronectin (pure) (Roche #1051407).

B.  Constructs and Reagents for Expression 
of GFP-Tagged Host Proteins

1. Transfection reagent, e.g., FuGENE 6 (Roche 
#1 814 443).

2. A set of vectors for construction of EGFP 
fusions is available from Clontech (BD 
Biosciences).

3. EGFP-N-WASP: as described (Lommel et al., 
2001).

4. EGFP-Nck2: as described (Scaplehorn et al., 
2002).

C.  Additionally Needed Reagents and 
Plasticware

1. Basics

General equipment and plasticware for mol-
ecular biology and cell culture techniques.
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2.  Cell Culture and Immunofluorescence 
Microscopy

Twenty-four-well cell culture plates (e.g., 
Corning Inc. #3524), 12-mm round glass cover-
slips (e.g., Assistent #1001, thickness 0.17 mm), 
absolute ethanol (Sigma-Aldrich #E 7023), HCl 
(37%) (Sigma-Aldrich #H 7020), lint-free absorp-
tive paper [e.g., GB002, Schleicher&Schuell 
#10427736 (58 � 68 cm) and #10485285 (22.2 � 
22.2 cm)], large square plastic dish (e.g., 24.5 
� 24.5-cm polystyrene dish with lid, Sigma-
Aldrich #Z37,165-3), Parafilm M (e.g., Fisher 
Scientific #917 00 02), forceps with curved fine 
tips (e.g., coverslip forceps Dumont #11251-33), 
NaCl (Sigma-Aldrich #S 7653), KCl (Sigma-
Aldrich #P 1338), Na2HPO4 (Sigma-Aldrich #S 
7907), KH2PO4 (Sigma-Aldrich #P 0662), para-
formaldehyde (PFA), (Sigma-Aldrich #P 6148), 
NaOH (Merck/VWR International #109913), 
Triton X-100 (Sigma-Aldrich #T 8532), normal 
goat serum (Invitrogen Inc.: GIBCO #16210-064), 
bovine serum albumin (BSA, Sigma-Aldrich 
#A 2153), goat antimouse Alexa Fluor 350- or 
Alexa Fluor 488-conjugated secondary antibodies 
(Molecular Probes #A-11045 and #A-11001), DAPI 
(e.g., Molecular Probes, #D-1306), fluorophore-
coupled phalloidin [e.g., Alexa Fluor 594 phal-
loidin (red fluorescence, Molecular Probes #A-
12381)], glycerol (87%, analytical grade) (e.g., 
Merck/VWR International #104094), Mowiol 4-88 
(Calbiochem #475904), Tris base (e.g., Trizma 
base, Sigma-Aldrich #T 1503), n-propyl gallate 
(Sigma-Aldrich #P 3130), and SuperFrost micro-
scope glass slides (Fisher Scientific #9161161).

D.  Instrumentation and Laboratory 
Equipment

1. Centrifuges

Tabletop centrifuge (e.g., centrifuge 5414D, 
Eppendorf #5425 000.219), centrifuge equipped 
with rotor suitable for microtiter plates, and 15- and 
50-ml polypropylene tubes (e.g., centrifuge 

5810, Eppendorf #5810 000.017 with rotor A-4-81 
and A-4-81-MTP).

2. Clean Benches and Cell Incubators

Clean bench and cell culture incubator suit-
able for work with EPEC and EHEC pathogens 
in accordance with respective national safety 
regulations.

3. Microscope

Inverted microscope (e.g., Axiovert 135TV, 
Carl Zeiss Jena GmbH) equipped for epifluo-
rescence microscopy with 40�/1.3NA and 
100�/1.3NA Plan-NEOFLUAR oil immersion 
objectives, 1.6 and 2.5 optovar magnification, 
electronic shutters (e.g., Uniblitz Electronic 
35-mm shutter including driver Model VMMD-
1, BFI Optilas) to allow for computer-control-
led opening of the light paths, excitation and 
emission filters (Omega Optical Inc. or Chroma 
Technology Corp.) to enable three-colour epiflu-
orescence, and mercury short arc lamp (Osram, 
HBO103W/2) for fluorescence light path.

4. Data Acquisition

Preferably a back-illuminated, cooled charge-
coupled device (CCD) camera (e.g., Princeton 
Research Instruments TKB 1000�800, SN J019820; 
Controller SN J0198609) driven, for instance, by 
IPLab (Scanalytics Inc.) or Metamorph software 
(Universal Imaging Corporation).

III. PROCEDURES

Solutions

 1. Cell culture growth media: Cell culture 
growth medium suitable for the 
propagation of the cell line chosen. We use 
DMEM, low glucose supplemented with 
10% heat-inactivated fetal bovine serum, 
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2 mM L-glutamine, and 50 U/ml each of 
penicillin and streptomycin for propagation 
of our embryonic fibroblast cell lines.

 2. Cell culture growth media for bacterial 
infection experiments: For bacterial 
infection experiments, omit penicillin and 
streptomycin from growth media starting a 
day prior to infection.

 3. Standard bacterial cultures: Prepare LB broth 
and LB agar plates according to standard 
protocols (e.g., Maniatis et al., 1982).

 4. Preactivating culture of EPEC: DMEM, 
low glucose for culturing EPEC prior to 
infection of cell monolayers.

 5. Preactivating culture of EHEC: DMEM, 
low glucose, supplemented with 100 mM 
HEPES, pH 7.4, for culturing EHEC prior 
to infection of cell monolayers.

 6. Phosphate-buffered saline (PBS): 140 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.4

 7. Fixative: Prepare a 4% solution of PFA in 
PBS, pH 7.4. Paraformaldehyde is very 
toxic, work in fumehood when preparing 
stock, do not inhale, and wear gloves. 
To prepare 100 ml, add 4 g PFA to 90 ml 
PBS. In order for the PFA to dissolve, heat 
the solution to 60–65ºC with continuous 
stirring. If necessary, adjust the pH to 7.4 
by adding NaOH (be patient!). Do not heat 
solution above 70ºC, as PFA will degrade. 
Let cool to room temperature, check the 
pH, and adjust with PBS to full volume. 
Filter through paper filter to remove 
insoluble aggregates and store in aliquots 
(e.g., 15 and 50 ml) at �20ºC.

 8. Cell permeabilization: Fixative supplemented 
with 0.1% Triton X-100 just prior to use. 
Make up a 10% stock solution of Triton X-
100 in PBS and store at 4ºC.

 9. Antibody diluent: 1% BSA in PBS. Prepare and 
store in suitable aliquots (1–2 ml) at �20ºC.

10. Blocking solution: 10% normal goat serum in 
PBS. Prepare from frozen aliquots of serum 
just prior to use.

11. Antibody Mixtures: Dilute antibodies 
just prior to use to appropriate working 
concentration in 1% BSA in PBS. The ideal 
concentration will result in a strong signal 
with no or little background staining 
and has to be established experimentally 
for each new antibody. To start, follow 
instructions given by the supplier. When 
using a concentrated primary antibody, 
a 1:100 dilution resulting in about 10 μg/
ml should be a good starting point for 
immunofluorescence microscopy. Secondary 
antibodies conjugated to fluorophores are 
available from numerous suppliers. In our 
hands, secondary reagents coupled to Alexa 
Fluor dyes from Molecular Probes have 
worked very well. Note, however, that most 
polyclonal antisera will exhibit unspecific 
cross-reaction with EPEC and EHEC 
bacteria. A way to avoid problems associated 
with unspecific labeling of bacteria is to use 
monoclonal reagents (see general comment 
in Section IV). We store our antibodies in the 
dark at 4ºC in a refrigerator. For long-term 
storage, antibodies may be stored at �20 or 
�80ºC. Follow the recommendations given 
by the supplier.

12. Mounting medium: Weigh out 6 g glycerol 
and add 2.4 g Mowiol 4-88. Stir thoroughly. 
Add 6 ml aqua dest and mix for several 
hours at room temperature. Add 0.2 ml 
0.2M Tris–Cl, pH 8.5, and heat to 60ºC 
for 10 min. Remove insoluble material by 
centrifugation at 6000 g for 30 min. Store 
in aliquots at �20ºC. In order to reduce 
photobleaching during fluorescence 
microscopy, add 2.5–5 mg/ml n-propyl 
gallate prior to use (Giloh and Sedat, 1982).

A.  Basic Protocol: Infection of Cell 
Monolayers with EPEC or EHEC

EPEC and EHEC pose a significant threat to 
human health, especially EHEC with its low 
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infectious dose of �10–100 cfu. When working 
with EPEC and EHEC, always wear protective 
clothing and work under an appropriate clean 
bench in accordance with national safety regu-
lations. Decontaminate all materials that have 
been in contact with the pathogen.

Steps

1. Pretreat 12-mm round glass coverslips as 
follows: wash coverslips in a mixture of 
60% absolute ethanol and 40% concentrated 
HCl for 30 min and rinse extensively with 
aqua dest (heating in a microwave oven is 
helpful). To dry coverslips, spread on lint-
free absorptive paper. Sterilize for tissue 
culture either by autoclaving on the dry 
cycle at 220ºC or by exposing to ultraviolet 
light for 45 min in a culture dish.

2. On day 1, streak EPEC and EHEC from 
frozen glycerol stocks onto fresh LB agar 
plates and incubate overnight at 37ºC. 
Keep plates in the refrigerator until liquid 
overnight cultures are started.

3. On day 2, seed cells onto 12-mm pretreated 
coverslips in a 24-well tissue culture plate 
in cell culture growth media without 
antibiotics. Incubate overnight in a tissue 
culture incubator supplemented with CO2 
to allow the cells to adhere to the coverslips. 
For MEFs, we find microscopic analysis 
of actin pedestal formation easiest if cells 
have reached about 80% confluency at the 
time of analysis; the number of cells seeded 
should be adjusted accordingly. To reduce 
detachment of MEFs infected with EHEC, 
use fibronectin coated coverslips.

4. Start an overnight liquid culture of EPEC or 
EHEC in 5 ml LB medium with bacteria from 
the streaked plate. In our experience, small 
inoculation loads result in a higher infection 
efficiency. Grow overnight with aeration at 
37ºC on a rotary shaker at 180 rpm.

5. On day 3, collect bacteria from the 0.5-ml 
overnight culture by centrifugation for 3 min 

at 4500 rpm in a tabletop centrifuge. Wash 
bacterial pellet twice in DMEM and inoculate 
25 ml DMEM (EPEC) or 25 ml DMEM 
supplemented with 100 mM HEPES, pH 7.4 
(EHEC). Grow at 37ºC at 180 rpm for 3 h.

Environmental cues such as temperature, pH, 
and osmolarity, as well as growth phase, have 
been described to influence the transcriptional 
regulation of expression of virulence factors, 
e.g., of the type III secretion system. Media con-
ditions that appear to stimulate virulence are 
those considered to mimic the gastrointestinal 
tract (e.g., Beltrametti et al., 1999; Kenny et al., 
1997). In our experience, preactivation of EPEC 
and EHEC by growth for 3 h in DMEM for EPEC 
or DMEM supplemented with 100 mM HEPES, 
pH 7.4, for EHEC is sufficient for reproduc-
ible efficient bacterial infection of cultured cell 
monolayers. In our hands, the morphological 
appearance of preactivated bacterial cultures 
correlates with their infectious capability: After 
3 h, EPEC should be found aggregated to small 
clumps of bacteria but should not grow in long 
rows. Aggregation likely reflects the expres-
sion of type IV bundle-forming pili, rope-like 
appendages that represent an important addi-
tional virulence factor found to enhance initial 
adherence and virulence of EPEC (Bieber et al., 
1998). EHEC, which lack bundle-forming pili, 
should be present as single bacteria in preacti-
vation cultures, but again should not grow in 
long rows.

6. In the meantime, exchange cell culture 
medium of cell monolayers with 1 ml per 
well of fresh cell culture medium without 
antibiotics.

7. Add 10 μl of the bacterial 3-h preactivation 
culture into each well. Initiate infection by 
brief centrifugation for 5 min at 650 g in 
a centrifuge prewarmed to at least room 
temperature, allowing bacteria and cells to 
make contact with each other.

8. Place in an incubator supplemented with 
7.5% CO2 at 37ºC for 1 h. Incubation at lower 
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temperatures results in a reduced infection 
efficiency.

 9. Remove media containing nonattached 
bacteria by aspiration and gently replace 
with 1 ml of fresh prewarmed culture 
medium without antibiotics per well. Be 
careful not to let the cells dry out when 
exchanging the medium.

10. Repeat medium changes every hour until 
a total infection time of 4.5 to 5 h has been 
reached.

In our hands, longer infection times gen-
erally result in pedestals of increased length, 
facilitating analysis of pedestal composition. 
In addition, after short incubation times, EPEC 
bacteria are found mostly adhered in aggre-
gates, which may confound analysis. Later 
during infection, EPEC bacteria will distribute 
from aggregates, making it easier to distinguish 
single pedestals. However, too long incubation 
results in increased cell death and detachment 
of cells, especially when working with EHEC.

11. After the incubation period, remove the 
medium by aspiration and gently wash the 
coverslips twice with PBS prewarmed to 
37ºC to remove unattached bacteria.

12. For fixation, immerse each coverslip with 
500 μl of fixative prewarmed to 37ºC and 
incubate at room temperature for 20 min.

13. After fixation, gently wash twice with PBS 
and store in PBS at 4ºC until proceeding to 
cell permeabilization and immunostaining.

B.  Alternative Protocol: EPEC and 
EHEC Infections of Transiently 
Transfected Cell Monolayers

For experiments involving ectopic expres-
sion of host cell molecules, e.g., tagged with 
GFP, designed to analyse their role in actin 
pedestal formation induced by EPEC or EHEC 
(see general comments, Section IV), follow the 
basic protocol with the exceptions that cells 

are already seeded on day 1, and day 2 will be 
required for transfection of host cell monolayers 
with plasmid DNA in addition to starting bacte-
rial overnight cultures.

Steps

1. On day 1, seed cells in regular cell culture 
growth media on coverslips as described 
in the basic protocol with the modification 
that the number of cells seeded should be 
reduced to allow for the additional day 
needed for transfection. Again, about 80% 
confluency of MEFs should be reached at the 
time of bacterial infection.

2. On day 2, prior to transfection, exchange 
the cell culture growth medium for 0.5 ml 
growth medium without antibiotics. 
Transfect cells growing on coverslips in 24-
well plate 12–24 h overnight according to 
standard protocols, e.g., using FuGENE 6 
transfection reagent. We use 0.2 μg of DNA 
per well of a 24-well plate with a ratio of 
FuGENE 6 to DNA of 3:1. In our hands, 
plasmid DNA prepared with MaxiPrep kits, 
e.g., from Qiagen or Invitrogen Corp. is 
sufficiently pure for cell transfection.

Good transfection efficiency is a prerequisite 
for analyses involving bacterial infections, as 
the number of cells that are both transfected and 
infected may be too low. You may want to con-
sider testing different lots of fetal bovine serum, 
as we have detected great variability in trans-
fection rates using different sera. Alternatively, 
you may have to resort to fluorescence-assisted 
cell sorting to enrich for the population express-
ing the GFP-tagged protein of interest. In this 
case, transfect cells in regular cell culture plates 
and seed onto coverslips after sorting.

C. Immunofluorescence Microscopy

See general comments about immunofluores-
cence microscopy analysis of EPEC- and EHEC-
infected cells.
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Steps

1. Permeablize cells in 0.1% Triton X-100 in 
PBS for 1 min.

2. Gently wash twice with PBS.
3. Prepare a humid chamber: Lay out a large 

square plastic dish (e.g., 24.5 � 24.5-cm 
polystyrene dish with lid) with a moistened 
piece of absorptive filter paper and coat 
with a layer of Parafilm M.

Perform all blocking and immunolabelling 
steps as follows: Using forceps, place coverslips 
with the cell side facing downward onto a drop 
of about 20 μl of blocking or antibody mixture 
spotted onto parafilm in the humid chamber. 
This helps minimize the amount of antibody 
needed without letting the cells dry out. In 
order to minimize the loss of cells when moving 
the coverslips after each incubation step, pipette 
a small amount of PBS right next to the edge of 
each coverslip after each incubation step. This 
will cause the coverslips to float on top of the 
PBS and will allow easy removal of the cover-
slips using forceps. Wash coverslips by carefully 
submerging them successively into three small 
beakers filled with PBS. In between individual 
washing steps, drain residual PBS by carefully 
streaking the edge of the coverslips across thin 
absorptive filter paper without allowing the 
cells to dry out.

4. Block with 10% normal goat serum in PBS 
for 20 min in humid chamber.

5. Stain with primary antibody mixture for 1 h 
at room temperature in humid chamber.

6. Wash three times with PBS. For polyclonal 
primary antibodies, include 0.1% Triton-
X100 during first two washing steps.

7. Stain with secondary antibody mixture for 
1 h at room temperature in humid chamber 
in the dark. To specifically label F-actin, use 
fluorescent dye-coupled phalloidin, e.g., 
Alexa Fluor 594 phalloidin (red fluorescence), 
added at a concentration of 1–2.5 U/ml. To 
detect Leatuis by staining bacterial DNA, 
blue fluorescent DAPI may be added.

 8. Wash three times with PBS. For polyclonal 
primary antibodies, include 0.1% Triton-
X100 during first two washing steps.

 9. To mount coverslips onto microscope glass 
slides, place drops of about 5 μl mounting 
medium on ethanol-wiped slides. Avoid 
air bubbles. Using forceps, gently place 
coverslips on mounting medium with the 
cell side facing downward. Once in contact 
with the mounting medium, avoid moving 
the coverslips as this will cause cells to 
be ripped off. Carefully remove access 
mounting media or residual PBS by placing 
a piece of absorptive filter paper onto the 
glass slides without moving the coverslips.

10. Dry mount coverslips for 3–4 h at room 
temperature in the dark or overnight prior 
to microscopic observation when using oil 
immersion lenses.

11. Store samples in the dark at 4ºC. It is 
advisable to complete photography of 
samples within 1–2 weeks, as background 
fluorescence increases over time.

12. Using epifluorescence and appropriate 
emission filters, infected cells are detected 
readily by fluorescence actin staining (FAS) 
of actin pedestals. Search for interesting cells 
(e.g., both transfected and infected) using 
low magnification (e.g., 40�). To resolve 
subcellular structures such as pedestals, 
switch to higher magnification (100�) with 
or without optovar magnification. Always 
use minimal exposure time required to get a 
good signal-to-noise ratio.

IV. GENERAL COMMENTS ON 
IMMUNOFLUORESCENT ANALYSIS 

OF EPEC- AND EHEC-INFECTED 
CELLS

It is important to consider that polyclonal 
antibodies are likely to exhibit cross-reactivity 
against E. coli, which will lead to unspecific 
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labeling of EPEC or EHEC bacteria and may 
confound the analysis of the role of a specific 
protein in actin pedestal formation by immuno-
fluorescence microscopy. Thus, it may be diffi-
cult to discern between recruitment of a protein 
to the very tips of pedestals or bacterial attach-
ment sites and unspecific labeling of bacte-
ria, especially when using low magnification. 
Always test secondary reagents for unspecific 
labeling of bacteria. Consider using affinity-
purified reagents. For polyclonal primary rea-
gents, try addition of 0.1% Triton-X100 to PBS 
during washing steps. Cross-reaction of poly-
clonal reagents is no problem when immunola-
beling is only performed to detect bacteria, as is 
the case in the examples shown in Fig. 22.2, in 
which EPEC bacteria were detected with mono-
clonal antibodies against bacterial EspE (Deibel 
et al., 1998) and Alexa Fluor 350 fluorescent-
labeled goat antimouse secondary antibodies, 
whereas F-actin was stained with fluorescent 
Alexa Fluor 594 phalloidin, and the host cell 
protein Nck was visualized with the help of 
an EGFP tag. There are reports in the litera-
ture about preabsorption of antibodies against 
fixed bacteria prior to immunolabeling, which 
when tried in our laboratory was of little suc-
cess. Another possible solution to overcome the 
problem may be the use of monoclonal second-
ary reagents (e.g., rat antimouse), which are 
available from various suppliers (e.g., Zymed 
Laboratories), although so far not as conjugates 
with AlexaFluor dyes.

An alternative approach to detect the sub-
cellular localisation of a given protein during 
EPEC- or EHEC-induced pedestal formation 
is the use of the enhanced green fluorescent 
protein (EGFP) as a tag (see Fig. 22.2). It is imp-
ortant to keep in mind that tagging may sig-
nificantly alter folding, activity, and proper 
subcellular localisation of the protein of interest. 
Thus, we recommend testing N- and C-terminal 
fusions and confirming that the localization pat-
tern of an EGFP fusion protein equals the locali-
zation pattern of the untagged protein as detected 

by immunofluorescence microscopy. In addition, 
with the increasing availability and use of knock-
out cell lines, testing an EGFP-tagged protein for 
its ability to complement a null mutation may 
become a feasible possibility to ensure proper 
function of the EGFP-tagged protein.
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I. INTRODUCTION

Listeria monocytogenes is a Gram-positive food-
borne pathogen responsible for listeriosis, a 
human infection with an overall 30% mortality 
rate, ranging from a clinically nonapparent fecal 
carriage to severe gastroenteritis, mother-to-child 
infections, and central nervous system infections 
(Dussurget et al., 2004; Lecuit and Cossart, 2002; 
Vazquez-Boland et al., 2001). At the individual 
level, Listeria has the capability to cross three 

internal barriers: the intestinal barrier, the 
blood–brain barrier, and the feto–placental barrier. 
At the cellular level, Listeria is able to enter mac-
rophages, as well as nonprofessional phagocytes, 
such as epithelial cells. Within infected cells, Listeria 
disrupts its internalisation vacuole and escapes 
the phagocytic cascade by proliferating in the 
cytoplasm. In this environment, Listeria promotes 
actin polymerisation in order to move inside infected 
cells and induces its translocation to neighboring 
cells, where the intracellular infectious cycle starts 
again (Fig. 23.1). Listeria has become a paradigm 
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of bacterial pathogenesis at both cellular and indi-
vidual levels due to the extensive study of the bac-
terial virulence factors and of the cellular machinery 
necessary for the infectious process (Gaillard et al., 
1991; Kocks et al., 1992; Dramsi et al., 1995; Ireton 
et al., 1996; Mengaud et al., 1996; Lecuit et al., 1999; 
Braun et al., 2000; Shen et al., 2000). This article 
describes some basic methods in cellular micro-
biology that have been used routinely to study 
the infection process of Listeria in vitro that can be 
adapted to study the pathogenesis of other intracel-
lular bacteria.

II. MATERIALS AND 
INSTRUMENTATION

Listeria monocytogenes wild-type strain EGD 
(serovar 1/2a) comes from the bacterial collection 

in our laboratory at the Pasteur Institute. Lovo 
cells (Cat. No. CCL-229) are from the American 
Type Culture Collection. F-12K nutrient mixture 
(Kaighn’s modification, Cat. No. 21127-022), 
l-glutamine (200 mM, 100�, Cat. No. 25030-
024), fetal calf serum (Cat. No. 16000-044), 
trypsin/EDTA (1�, Cat. No. 25300-054), trypan 
blue (0.4% solution, Cat. No. 15250-061), and 
phosphate-buffered saline (PBS, pH 7.4, 10�, 
Cat. No. 70011-036) are from Gibco. Gentamicin 
(10 mg/ml, Cat. No. G-1272), bovine serum 
albumin (BSA, Cat. No. A-7030), saponin (Cat. 
No. S-7900), CaCl2 (Cat. No. C-4901), MgCl2 
(Cat. No. M-8266), NaOH (Cat. No. 930-65), 
Tris (Cat. No. T-6066), paraformaldehyde (Cat. 
No. P-6148), and NH4Cl (Cat. No. A-5666) are 
from Sigma. Malassez cell counting cham-
ber (Cat. No. 99501.01), glass slides (Cat. No. 
79703.01), coverslips (Cat. No. 79720.02), plastic 

FIGURE 23.1 Intracellular cycle of Listeria monocytogenes. Listeria induces its own internalisation in nonphagocytic 
cells through interaction of the bacterial invasion proteins InlA and InlB with their cellular receptors E-cadherin and c-Met, 
respectively. Bacteria are initially located in a phagocytic vacuole that is disrupted by the lytic enzyme listeriolysin O (LL0), 
enabling Listeria to reach the cytoplasm and to proliferate in this environment. Intracellular actin-based movement is then 
induced due to the expression of the bacterial product ActA, which recruits several key players involved in actin polym-
erisation. Those Listeria that have reached the plasma membrane can form protrusions that extend to neighboring cells. 
Bacteria are contained in a double-membrane phagosome that is lysed through the action of listeriolysin O and the phos-
phatidylcholine phospholipase C PlcB, allowing the infectious cycle to start again.

Entry: InlA & InlB

Vacuole lysis: LLO

Intracellular movement and
cell-to-cell spread: ActA

Double-membrane 
vacuole lysis:
LLO & PlcB
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boxes (Cat. No. 96496.02), curved forceps (Cat. 
No. 24434.01), Whatmann 3 mm chromatog-
raphy paper (Cat. No. 10343.01), absorbant 
paper (Cat. No. 62908.01), Parafilm (Cat. No. 
97949.01), orbital shaker (Cat. No. 08242.107), 
beakers (Cat. No. 11362.01), and pH meter 
(Cat. No. 71519.01) are from Merck-Eurolab. 
Twenty-four-well plates (Cat. No. 351157), 
15-ml polystyrene conical tubes (Cat. No. 
352099), petri dishes (Cat. No. 343633), 75-cm2 
vented cell culture flasks (Cat. No. 353110), 
brain–heart infusion agar (Cat. No. 241830), and 
brain–heart infusion broth (Cat. No. 299070) 
are from Becton-Dickinson Biosciences. Anti-
Listeria rabbit polyclonal serum was developed 
in our laboratory at the Pasteur Institute (clone 
R69). The mouse monoclonal anti-E cadherin 
BTA-1 antibody is from R&D Systems. Rabbit 
polyclonal antihuman c-Met (Cat. No. C-28) is 
from Santa Cruz Biotechnology. Goat antirab-
bit antibodies coupled with Alexa Fluor 488 
(Cat. No. A-11008) or Alexa Fluor 546 (Cat. No. 
A-11010) and goat antimouse antibodies cou-
pled with Alexa Fluor 488 (Cat. No. A-11001) 
and Alexa Fluor 488 phalloidin (Cat. No. 
A-12379) are from Molecular Probes. Mowiol 4-88 
(Cat. No. 475904) is from Calbiochem. The 
tabletop 5415D centrifuge is from Eppendorf. 
Spectrophotometer Ultrospec 3000Pro is from 
Amersham Pharmacia Biotech. The axiovert 135 
microscope is from Zeiss. Image acquisition is 
performed with a RTE/CDD-1300 camera by 
Princeton Scientific Instruments. Image analysis 
and processing are done with Metamorph soft-
ware from Universal Imaging Corporation.

III. PROCEDURES

A.  Measurement of Bacterial Invasion: 
The Gentamicin Survival Assay

This procedure is a classical method that can 
be adapted to study the intracellular survival 
kinetics of different intracellular pathogens.

Solutions

1. Cell culture medium: F-12K nutrient 
mixture (Kaighn’s modification) without 
supplements. Store at 4ºC. Warm at 37ºC just 
before use.

2. Complete cell culture medium: F-12K 
nutrient mixture (Kaighn’s modification) 
supplemented with 2 mM l-glutamine and 
10% fetal bovine serum. To make 500 ml, 
add 5 ml of a 200 mM l-glutamine stock 
solution and 50 ml of fetal bovine serum to 
445 ml of F-12K nutrient mixture (Kaighn’s 
modification). Store at 4ºC and use within 7 
to 8 weeks. Warm at 37ºC just before use.

3. Complete cell culture medium supplemented 
with gentamicin: Complete cell culture 
medium supplemented with 10 μg/ml 
gentamicin. To make 50 ml, add 50 μl of the 
gentamicin stock solution (at 10 mg/ml) to 
50 ml of F-12K nutrient mixture. Prepare 
fresh and warm at 37ºC just before use.

4. 1� PBS: To make 500 ml, add 50 ml of the 
PBS, pH 7.4, 10� solution to 450 ml of sterile 
distilled water. Store at room temperature. 
Warm at 37ºC just before use.

5. Trypsin/EDTA: Aliquot in 5-ml portions in 
sterile 15-ml tubes. Keep at �20ºC. Warm at 
37ºC just before use.

6. Trypan blue solution: Keep at room 
temperature.

7. Brain–heart infusion agar: Suspend 52 g of the 
powder in 1 liter of water and dissolve by 
frequent agitation. Autoclave at 121ºC for 
15 min, cool down at 50ºC, and distribute in 
petri dishes. Keep at 4ºC.

8. Brain–heart infusion broth: Suspend 37 g of 
the powder in 1 liter of water and dissolve 
by frequent agitation. Autoclave at 121ºC 
for 15 min. Cool down and keep at room 
temperature.

Steps

1. Two days before the invasion assay, wash 
the LoVo cells (grown to 90% confluence in 

 III. PROCEDURES 263



264 23. LISTERIA MONOCYTOGENES: TECHNIQUES TO ANALYZE BACTERIAL INFECTION IN VITRO

VI. CYTOSKELETON ASSAYS

a 75-cm2 flask) by removing the cell culture 
medium and adding 10 ml of PBS. Remove 
the PBS, add 1 ml of trypsin/EDTA, and 
incubate the cells for 5 min at 37ºC in a 10% 
CO2 atmosphere. After this incubation, 
carefully hit the flask to release the cells and 
dilute them in 10 ml of fresh complete cell 
culture medium. Take 10 μl of this solution 
and mix with 90 μl of a 0.4% trypan blue 
solution. With a visible light microscope, 
count viable cells (the ones not stained 
by the dye) on a Malassez cell counting 
chamber (100 squares � 1 μl) and dilute 
them to a final concentration of 105cells/ml 
with complete cell culture medium. Add 
500 μl of this solution to each of three wells 
of a 24-well plate and incubate for 48 h at 
37ºC in a 10% CO2 atmosphere.

2. The evening before the invasion assay, take 
a colony of L. monocytogenes from a brain–
heart infusion agar plate and inoculate in 
5 ml of brain–heart infusion broth contained 
in a 15-ml tube. Incubate overnight on a 
rocking platform at 37ºC.

3. The day of the assay, dilute 400 μl of the 
bacterial overnight culture in 5 ml of fresh 
brain–heart infusion broth contained in 
a 15-ml tube and incubate it on a rocking 
platform at 37ºC to an OD600 of 0.8 
(approximately 8 � 108 bacteria/ml).

4. Centrifuge 1 ml of the bacterial culture for 
2 min at 6000 rpm and resuspend the pellet 
in 1 ml of PBS. Repeat this step twice; the 
second time resuspend the bacterial pellet in 
1 ml of cell culture medium. Measure the OD 
and dilute bacteria to a final solution of 107 
bacteria/ml with cell culture medium.

5. Wash LoVo cells in each well once with 1 ml 
of cell culture medium and add 500 μl of the 
bacterial dilution (MOI of 50, as we assume 
that cells have grown to a final density of 105 
cells/well). Incubate for 1 h at 37ºC in a 10% 
CO2 atmosphere.

6. Make a 10-fold dilution of the initial 
bacterial solution by adding 100 μl of this 

preparation to 900 μl of sterile distilled water 
contained in an Eppendorf tube. Make 
another 10-fold dilution by adding 100 μl of 
the first 10-fold dilution to 900 μl of sterile 
distilled water contained in a different 
Eppendorf tube. Repeat this operation twice. 
Take a brain–heart infusion agar plate, 
divide the surface into four equal parts (by 
tracing a cross on the bottom of the plate), 
and plate 50 μl of each 10-fold dilution on 
each part. Incubate the plate overnight at 
37ºC in order to have an exact record of 
the precise number of bacteria that were 
inoculated on LoVo cells.

7. After 1 h of bacterial inoculation, wash LoVo 
cells carefully three times with 1 ml of PBS 
and then add 1 ml of the cell culture medium 
supplemented with gentamicin. Incubate the 
cells for another hour at 37ºC in a 10% CO2 
atmosphere.

8. Wash the cells twice with 1 ml of PBS and 
add 1 ml of sterile distilled water to each 
well. Disrupt the cells by pipetting up and 
down water several times. Make a 10-fold 
dilution by adding 100 μl of the disrupted 
cell solution contained in each well to a 
different Eppendorf containing 900 μl of 
steriled distilled water. Make another 
10-fold dilution for each tube by adding 
100 μl of the first 10-fold dilution to 900 μl of 
sterile distilled water contained in a different 
Eppendorf tube. Repeat this operation 
once for each individual series of tubes. 
Take three brain–heart infusion agar plates, 
divide their surface in four equal parts (by 
tracing a cross on the bottom of the plate), 
and for each series of tubes, plate 50 μl of 
each 10-fold dilution on a different part of 
the agar plate (also plate 50 μl of the initial 
disrupted cell solution contained on the 
wells). Incubate the plate overnight at 37ºC.

9. The day after the invasion assay, count 
the colony-forming units (CFU) on the 
agar plates at a dilution that allows a clear 
discrimination of individual bacterial 



VI. CYTOSKELETON ASSAYS

colonies. The percentage of Listeria that 
were able to invade the LoVo cells (and 
which survived the gentamicin treatment) is 
evaluated as the ratio of bacteria recovered 
from the disrupted cell solution divided by 
the total number of bacteria added to the 
monolayers (results are expressed as the 
mean of bacterial counts obtained from the 
three different wells � standard deviation).

Comments

1. Cells are grown preferentially without 
antibiotics.

2. Listeria are P2 microorganisms and should 
be manipulated in a microbiological hood.

3. The replication of bacteria inside cells can 
be analysed over time if different subsets 
of cells are infected initially at the same 
time and then each subset of cells is lysed 
at different time points after inoculation. 
This procedure is helpful in order to track 
the proliferation or killing of bacteria in the 
intracellular environment.

B.  Measurement of Bacterial Invasion: 
Differential Immunofluorescence 
Labeling of Intracellular versus 
Extracellular Bacteria

Visualisation of bacteria allows evaluation of 
several parameters, such as the proportion of 
cells in the inoculated monolayer to which bac-
teria attach, as well as the proportion of adher-
ent versus invasive bacteria.

Solutions

 1. Cell culture medium, complete cell culture 
medium, 1� PBS, trypsin/EDTA, trypan blue 
solution, brain–heart infusion agar, and 
brain–heart infusion broth: Prepare as 
described in the Section III,A.

 2. Fixation solution: 3% paraformaldehyde in 
PBS. To prepare 100 ml, heat 80 ml of PBS to 

80ºC and then add 3 g of paraformaldehyde 
while stirring. Mix until clear (add a few 
drops of 1N NaOH to help dissolution if the 
liquid does not become clear after several 
minutes of stirring). Add 100 μl of 100 mM 
CaCl2 and 100 μl of 100 mM MgCl2, cool 
down at room temperature, add PBS up 
to 100 ml, and check pH (should be about 
7.4). Aliquot in 5-ml portions and store at 
�20ºC. Use only freshly thawed solution.

 3. Quenching solution: 50 mM NH4Cl in PBS. 
Prepare 100 ml of a stock solution of 1 M 
NH4Cl in PBS by adding 5.35 g of NH4Cl to 
80 ml of PBS. Mix until clear and add PBS 
up to 100 ml. Keep at room temperature. The 
quenching solution used in the experiment 
will be prepared freshly by diluting 500 μl 
of the 1 M NH4Cl stock solution in 9.5 ml 
of PBS.

 4. Blocking solution: 1% BSA in PBS. To prepare 
200 ml, add 2 g of BSA to 200 ml of PBS. 
Mix until clear. Prepare fresh just before 
performing the experiment.

 5. Permeabilising/blocking solution: 0.05% 
saponin in blocking solution (1% BSA 
in PBS). To prepare 100 ml, add 50 μg of 
saponin to 100 ml of blocking solution. 
Prepare fresh just before performing the 
experiment.

 6. First primary antibody solution: 1/500 
dilution of R11 anti-Listeria rabbit 
polyclonal serum in blocking solution. To 
prepare 500 μl, add 1 μl of the R11 serum 
in 499 μl of blocking solution (1% BSA in 
PBS). Prepare fresh before performing the 
experiment.

 7. First secondary antibody solution: 1/500 
dilution of Alexa 546 antirabbit serum in 
blocking solution. Prepare as in step 6.

 8. Second primary antibody solution: 1/500 
dilution of R11 anti-Listeria rabbit 
polyclonal serum in permeabilising 
solution. Prepare as in step 6, using 
permeabilising/blocking solution instead 
of blocking solution.
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 9. Second secondary antibody solution: 1/500 
dilution of Alexa 488 antirabbit serum in 
permeabilising solution. Prepare as in step 
7, using permeabilising/blocking solution 
instead of blocking solution.

10. Mounting solution: 2.4% Mowiol/6% glycerol 
in 20 mM Tris buffer. To prepare 100 ml, add 
2.4 g of Mowiol and 6 g of glycerol to 6 ml of 
distilled water. Keep at room temperature 
overnight. Add 90 ml of 0.2 M Tris, pH 8.5, 
warm in a water bath at 50ºC, and mix 
regularly until total dissolution. Spin 15 min 
at 4000 rpm and aliquot supernatant in 1-ml 
portions at �20ºC. Once an aliquot is 
thawed, keep at 4ºC.

Steps

 1. Infect LoVo cells following steps 1 to 5 
described in Section III,A, adding 12-mm-
diameter glass coverslips to the wells 
before seeding the cells (step 1).

 2. After 1 h of bacterial inoculation, wash 
LoVo cells carefully three times with 1 ml 
of PBS and then add 500 μl of the fixation 
solution. Incubate for 15 min (all steps are 
now performed at room temperature).

 3. Wash LoVo cells carefully once with 1 ml 
of PBS and add 500 μl of the quenching 
solution in order to block free aldehyde 
groups. Incubate for 10 min.

 4. Prepare a wet incubation chamber by 
humidifying a 10 � 10-cm piece of 
Whatman 3 mm chromatographic paper. 
Add a sheet of Parafilm over the Whatman 
paper and, for each coverslip that is going 
to be labelled, add a drop of 30 μl of the first 
primary antibody solution to the Parafilm 
sheet.

 5. Take carefully each coverslip from the 
wells with the forceps, carefully remove 
the excess of liquid from the coverslip by 
touching gently the tip of the coverslip with 
absorbant paper, and label extracellular 
bacteria by putting the coverslip (cells 

downwards) over the drop of the first 
primary antibody solution. Cover with a 
plastic lid and incubate for 30 min.

 6. Prepare a second wet incubation chamber 
as described in step 4 and add a drop 
of 30 μl of the first secondary antibody 
solution to the Parafilm sheet for each 
coverslip that is going to be labeled.

 7. Take carefully each coverslip with the 
forceps and, in order to wash the first 
primary antibody solution, dip it gently 
10 times in a 50-ml beaker containing 40 ml 
of the blocking solution. Remove excess 
liquid as described in step 5 and label 
the first primary antibody by putting the 
coverslip (cells downwards) over the drop of 
the first secondary antibody solution. Cover 
with the plastic lid and incubate for 25 min.

 8. Prepare a third wet incubation chamber as 
described in step 4 and, for each coverslip 
that is going to be labeled, add a drop 
of 30 μl of the second primary antibody 
solution to the Parafilm sheet.

 9. Take carefully each coverslip with the 
forceps and wash the first secondary 
antibody solution by dipping the coverslip 
10 times in a 50-ml beaker containing 40 ml 
of the blocking solution and then dipping it 
again 10 times in a 50-ml beaker containing 
40 ml of the permeabilising/blocking 
solution. Remove excess liquid from the 
coverslip as described in step 5 and label 
intracellular and extracellular bacteria by 
putting the coverslip (cells downwards) 
over the drop of the second primary 
antibody solution. Cover with the plastic 
lid and incubate for 30 min.

10. Prepare a fourth wet incubation chamber as 
described in step 5 and add a drop of 30 μl 
of the second secondary antibody solution 
to the Parafilm sheet for every coverslip 
that is going to be labeled.

11. Take carefully each coverslip with the 
forceps and wash the second primary 
antibody solution by dipping the coverslip 
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10 times in a 50-ml beaker containing 40 ml 
of the permeabilising/blocking solution. 
Remove excess liquid as described in step 
5 and label the second primary antibody 
by putting the coverslip (cells downwards) 
over the drop of the second secondary 
antibody solution. Cover with the plastic 
lid and incubate for 25 min.

12. Take carefully each coverslip and wash 
the second secondary antibody solution 
by dipping it 10 times in a 50-ml beaker 
containing 40 ml of the permeabilising/
blocking solution, 10 times in a different 50-ml 
beaker containing 40 ml of PBS, and 10 times 
in a third 50-ml beaker containing 40 ml of 
distilled water. Remove excess water and put 
the coverslip carefully over a 10-μl drop of 
mounting medium on top of a glass slide.

13. Visualise the preparation with a 
fluorescence microscope (Fig. 23.2). 
Extracellular bacteria, labeled with the 
first and second primary antibodies and, 
accordingly, also labeled with the first and 
second secondary antibodies, will appear 
yellow (due to the superposition of the 
green signal of the Alexa 488 fluorochrome 
and of the red signal of the Alexa 546 
fluorochrome). Intracellular bacteria, 
however, labeled only with the second 
primary antibody and, consequently, 
labelled only with the second secondary 
antibody, will appear green. Count 
extracellular and intracellular Listeria in at 
least 100 LoVo cells and express the results 
in a histogram standardising the total 
number of bacteria to 100% and expressing 
accordingly the corresponding proportions 
of extracellular and intracellular Listeria.

Comments

1. Never allow cells to dry.
2. As fluorochromes are sensitive to light, 

perform incubations in the dark by covering 
with a plastic lid enveloped in aluminum foil.

Extracellular bacteria

Intracellular and extracellular bacteria

Merge

FIGURE 23.2 Differential immunolabeling of intracel-
lular versus extracellular bacteria. LoVo cells were infected 
with L. monocytogenes as described in the text, and extracel-
lular bacteria were distinguished from intracellular microor-
ganisms by differential immunolabeling. (Top) Extracellular 
bacteria were labeled with an anti-Listeria serum without per-
meabilising LoVo cells. (Middle) The total population of bac-
teria (both extracellular and intracellular) was labeled with 
the same anti-Listeria serum after permeabilising LoVo cells. 
Intracellular bacteria are identified as those bacteria that are 
labeled only after the permeabilisation treatment. (Bottom) 
Phase image of LoVo cells and Listeria. Bar: 5 μm. Arrowheads, 
intracellular bacteria; arrows; extracellular bacteria.
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3. Antibody dilutions are suggested 
accordingly to their use in our own 
laboratory. They could need finer 
adjustment depending on the batch used.

C.  Visualisation of the Interaction 
of Listeria with Its Receptors E-
Cadherin and c-Met

Two bacterial proteins, InlA (internalin) and 
InlB, are known to mediate the internalisation 
process of Listeria into target cells (Gaillard et al., 
1991; Dramsi et al., 1995; Cossart et al., 2003). InlA 
promotes entry into a subset of epithelial cells 
that express its cellular receptor, the adhesion 
molecule E-cadherin (Mengaud et al., 1996; Lecuit 
et al., 1999), a transmembrane protein that is nor-
mally involved in homophilic cell/cell interac-
tions. Two different cellular receptors have been 
identified for InlB: the receptor for the globular 
part of the complement component C1q (gC1q-R) 
(Braun et al., 2000) and c-Met, the receptor for 
the hepatocyte growth factor (Shen et al., 2000). 
Interaction of InlA and InlB with their respective 
cellular receptors induces the recruitment to the 
site of bacterial entry of intracellular molecules 
that mediate cytoskeletal rearrangements nec-
essary to induce bacterial invasion (Ireton et al., 
1996, 1999; Lecuit et al., 2000; Bierne et al., 2001). 
By immunofluorescence it is possible to visualise 
the recruitment of E-cadherin and c-Met at the 
site of bacterial invasion.

Solutions

1. Cell culture medium, complete cell culture 
medium, 1� PBS, trypsin/EDTA, trypan blue 
solution, brain–heart infusion agar, and brain–
heart infusion broth: Prepare as described in 
Section III,A.

2. Fixation solution, quenching solution, 
permeabilising/blocking solution, and mounting 
medium: Prepare as described in Section 
III,B.

3. Primary antibody solution: 1/100 dilution of 
both the anti-E-cadherin mouse monoclonal 
serum BTA-1 and the anti-C-Met polyclonal 
serum C-28. To prepare 500 μl, add 5 μl of 
the anti-E-cadherin BTA-1 serum and 5 μl 
of the anti-C-Met C-28 serum to 490 μl of 
permeabilising/blocking solution. Prepare 
fresh before performing the experiment.

4. Secondary antibody solution: 1/500 dilution of 
both Alexa 488 antimouse serum and Alexa 
546 antirabbit serum in permeabilising/
blocking solution. To prepare 500 μl, add 
1 μl of each secondary antibody to 498 μl of 
permeabilising/blocking solution freshly 
before use.

Steps

1. Infect LoVo cells following step 1 in Section 
III,B.

2. Fix and quench LoVo cells following steps 2 
and 3 in Section III,B.

3. Label LoVo cells following steps 4 to 7 in 
Section III,B, taking into account that in 
the present experiment there is only one 
primary antibody solution (containing 
actually a mix of two different primary 
antibodies) and only one secondary 
antibody solution (containing a mix of two 
different secondary antibodies).

4. Wash and mount the cells following step 12 
in Section III,B.

5. Visualise the preparation with a 
fluorescence microscope (Fig. 23.3). c-Met 
will be recognised by the red signal (from 
the Alexa 546 fluorochrome) and will be 
observed at different locations of the plasma 
membrane of LoVo cells. E-cadherin will 
be detected by the green signal (from the 
Alexa 488 fluorochrome) and will be found 
essentially at adherens junctions located in 
the borderline region between two different 
adjacent cells. Listeria can be visualised by 
phase contrast microscopy. Both receptors 
can also be detected at the site of entry of 
invading Listeria.
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c-Met E-cadherin

Phase

FIGURE 23.3 Interaction of Listeria with its receptors E-cadherin and c-Met. LoVo cells were infected with L. mono-
cytogenes as described in the text, and its receptors E-cadherin and c-Met were immunolabeled. (Top left) c-Met shows a 
diffuse distribution in LoVo cells and is clearly absent at sites of adherens junctions formation, but is clearly recruited at 
sites of bacterial invasion. While some of the invading Listeria colocalise with both E-cadherin and c-Met, one bacterium 
is shown that only colocalises with c-Met and not with E-cadherin (arrowhead), suggesting that the interaction of Listeria 
with each one of their receptors can be uncoupled, as observed in cells lines such as Caco-2 (in which invasion is mediated 
mainly by the InlA/E-cadherin interaction) or Vero (in which invasion is driven exclusively by the InlB/c-Met interaction). 
(Top right) E-cadherin distribution at the plasma membrane of LoVo cells can be clearly seen at sites of adherens junction 
formation as well as at sites of bacterial entry. (Bottom) Phase image of LoVo cells and Listeria. Bar: 5 μm. Opposing arrows, 
adherens junction; large arrows, bacteria that recruit E-cadherin and c-Met at their site of entry; arrowheads, bacterium that 
only recruits c-Met at its site of entry.
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D.  Visualisation of Listeria-Induced 
Actin Comet Tails and Protrusions

A hallmark of Listeria infection is the polym-
erisation of cellular actin: bacteria that have 
escaped their internalisation vacuoles take 
advantage of this actin-based motility mecha-
nism to reach and infect neighboring cells with-
out leaving the intracellular environment. A 
single bacterial product, the protein ActA, is 
responsible for this phenomenon by recruiting 
to the bacterial rear end two cellular key players 
of the actin nucleation process: VASP and the 
Arp2/3 complex (Cossart, 2000). Polymerised 
actin can be visualised as a structure that extends 
from the rear end of the moving Listeria to 
the cell cytoplasm, which has been named the 
actin comet tail. Bacteria that have reached the 
plasma membrane of a primary infected cell 
form protrusions that extend into the cytoplasm 
of neighboring cells (or that extend simply to 
the extracellular space in the case of cells that do 
not have adjacent neighbors). These structures 
can be visualised by labeling the cellular actin 
with the fungal drug phalloidin in cells that 
have been infected with Listeria for at least 5 h.

Solutions

1. Cell culture medium, complete cell culture 
medium, 1� PBS, trypsin/EDTA, trypan blue 
solution, brain–heart infusion agar, and brain–
heart infusion broth: Prepare as described in 
Section III,A.

2. Fixation solution, quenching solution, 
permeabilising/blocking solution, and mounting 
medium: Prepare as described in Section 
III,B.

3. Primary antibody solution: 1/500 dilution of 
R11 anti-Listeria rabbit polyclonal serum 
in permeabilising/blocking solution. To 
prepare 500 μl, add 1 μl of the R11 serum in 
499 μl of permeabilising/blocking solution. 
Prepare fresh before performing the 
experiment.

4. Secondary antibody and probe solution: 1/500 
dilution of Alexa 546 antirabbit serum in 
permeabilising/blocking solution and 1/100 
dilution of phalloidin Alexa 488. To prepare 
500 μl, add 1 μl of the Alexa 546 serum and 
5 μl of the phalloidin Alexa 488 probe to 
496 μl of permeabilising/blocking solution. 
Prepare freshly before use.

Steps

1. Infect LoVo cells following steps 1 to 5 
and step 7 in Section III,A, adding 12-mm-
diameter glass coverslips to the wells before 
seeding the cells (step 1) and incubating 
the LoVo cells in the presence of cell culture 
medium supplemented with gentamicin for 
5 h insted of 1 h (step 7).

2. Fix and quench LoVo cells following steps 2 
and 3 in Section III,B.

3. Label LoVo cells following steps 4 to 7 in 
Section III,B, taking into account that in 
the present experiment there is only one 
primary antibody solution (containing one 
primary antibody) and only one secondary 
antibody solution (containing a mix of one 
secondary antibody and one cytoskeletal 
probe).

4. Wash and mount the cells following step 12 
in Section III,B.

5. Visualise the preparation using a 
fluorescence microscope (Fig. 23.4). Actin 
will be detected by the green signal (from 
the Alexa 488 fluorochrome) and will be 
observed at different cellular locations, such 
as stress fibres or cortical filaments near 
the plasma membrane. Listeria will appear 
as red (due to the signal of the Alexa 546 
fluorochrome). Bacteria that have just lysed 
their phagosomal membrane and that have 
already started to polymerise actin will also 
be surrounded uniformly with the Alexa 488 
fluorochrome. Those Listeria that broke their 
vacuole early will be associated with comet 
tails, which can be visualised starting at 
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FIGURE 23.4 Actin polymerisation and protrusion formation by Listeria. LoVo cells were infected with Listeria as 
described in the text. Both bacteria and the actin cytoskeleton were labeled for immunofluorescence analysis. (Top left) 
Labeling of the total population of bacteria associated to LoVo cells. (Top right) Actin labeling with the fungal drug phal-
loidin. While some bacteria are not associated with actin (small arrowheads), other bacteria are detected at early phases 
of actin polymerisation (small arrows). Bacteria at later stages of their intracellular cycle can be observed at the tip of actin 
comet tails (big arrows). Listeria that have reached the plasma membrane can form protrusions that extend beyond the 
infected cell (big arrowhead). (Bottom) Phase image of LoVo cells and Listeria. Bar: 5 μm.

Listeria Actin

Phase

the rear pole of red bacteria and projecting 
into the cell cytoplasm. In the case of 
those Listeria that have reached the plasma 
membrane of an infected cell, a protrusion 
can be seen as a protruding structure that 
contains a red bacteria at its tip and a green 
actin comet tail following behind.
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I. INTRODUCTION

The adhesive interaction of cells with their 
neighbors and with the extracellular matrix is a 
characteristic feature of all metazoan organisms. 
Cell adhesion is essential for cell migration, tis-
sue assembly, and the direct communication of 
cells with their immediate environment. These 
interactions are mediated via specific cell surface 

receptors that specifically interact with the exter-
nal surface, and link it, across the membrane, 
with the actin cytoskeleton (Geiger et al., 2001). 
These multimolecular complexes are subjected 
to constant mechanical perturbation, generated 
either by the cellular contractile system or by 
changes in the neighborhood of the cell. To list 
just a few examples, in the course of cell migra-
tion, focal adhesions (FA) are formed, where con-
tractile microfilament bundles, consisting of actin 
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and myosin, are anchored. Their pulling on the 
substrate is involved in regulating the adhesion 
itself, as well as in coordinating the persistent for-
ward movement of the cell. Mechanical perturba-
tions are generated by diverse external factors, 
such as muscle contraction, blood flow, gravita-
tional forces, and acoustic waves. Both internal 
and external forces apparently act at adhesion 
sites and modulate their organization and sig-
naling activity (Geiger and Bershadsky, 2001; 
Riveline et al., 2001; Galbraith et al., 2002). In view 
of the major physiological significance of these 
cellular forces, it appears important to develop 
approaches for the accurate measurement of cel-
lular forces with an appropriate sensitivity and 
spatial resolution (Beningo and Wang, 2002; Roy 
et al., 2002). This article describes an approach for 
measuring such forces using the patterned poly-
dimethylsiloxane (PDMS) elastomer as an adhe-
sive substrate and cells expressing fluorescent 
focal adhesion molecules (Balaban et al., 2001). 
These experiments demonstrated that cells main-
tain a constant stress at focal adhesion sites, of the 
order of �5 nN/μm2, and that changes in cellular 
contractility lead rapidly to changes in FA organi-
zation. This article describes the technique used 
for the preparation of the patterned elastomeric 
substrate and for measuring the cellular forces.

II. MATERIALS AND 
EXPERIMENTATION

A. Lithography

Silicone wafer
Photoresist: Microposit S1805 (Shipley, 

Marlborough, MA)
Developer: Microposit MF-319 (Shipley)
HMDS or tridecafluorooctyltrichlorosilane 

(UCT, Bristol, PA)
Acetone, methanol
Spinner (Headway Research, Inc., Garland TX)
Mask aligner (Karl Suss, MJB3, Germany)

Chrome mask with desired pattern, or 
transparency

Digital hot plates
Oven
Scriber

B. Elastomer

PDMS: Sylgard 184, Dow Corning
No. 1 glass coverslips (diameter 25 mm)
Oven

C. Microscopy

The DeltaVision microscopy system (Applied 
Precision Inc., Issaquah, WA) is used in these 
experiments. Similar microscopy systems 
could be used for such purpose, provided that 
they are capable of accurately acquiring high-
 resolution images (512 � 512 pixels or better) at 
a high sensitivity (allowing for low-dose record-
ing) and high dynamic range (12 bit or better).

D. Calibration

Bulk calibration: weights, clamps
Calibrated micropipettes with elastic constants 

10–50 nN μm�1

E. Image Analysis

Image analysis software: Priism (Applied 
Precision Inc.)

Data analysis software: Matlab (The 
Mathworks, Natick, MA) (This software can 
be purchase with image analysis toolbox and 
used to perform the image analysis as well)

F. Calculation of Forces

A detailed description of this calculation is 
provided in a web site established by Dr. Ulrich 
Schwartz (see p. 278 for additional notes/com-
ments on this).
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III. PROCEDURES

A. Lithography

This step provides molds consisting of a pat-
tern of photoresist on silicon wafer that will 
be used for the patterning of elastomer sub-
strates, a technique termed “soft lithography” 
(Whitesides et al., 2001). It relies on access to 
a clean room with basic optical lithography. 
It also assumes the availability of the chrome 
mask with the pattern of interest. For high-
resolution patterns (features below 1 μm), such 
masks are produced by electron beam lithogra-
phy (also available in many clean room facili-
ties). For low-resolution patterns (5 μm features 
and more), transparencies with appropriate res-
olution (5080 dpi) can be used.

 1.  Clean silicon wafer in acetone and then 
immediately wash with methanol and blow 
dry.

 2.  (Optional) Bake for 20 min in a 120ºC oven.
 3.  Dispense HMDS in the middle of the wafer 

until full coverage and spin at 6000 rpm for 
1 min.

 4.  Dispense S1805 photoresist in the middle of 
the wafer covering approximately one-third 
of the wafer and spin at 5000 rpm for 30 s.

 5.  Soft bake on hot plate at 80ºC for 5 min.
 6.  Make sure the wafer and the mask are in 

contact in the mask aligner.
 7.  Expose for 10 s. This number is only an 

estimate; exposure and development 
times have to be adjusted for the specific 
exposure system. Typically an exposure of 
100–140 mJ/cm2 is recommended.

 8.  Develop for 10 s (see aforementioned 
comment).

 9.  Hard bake for 5 min in a 120ºC oven.
10.  In order to prevent sticking between the 

mold and the PDMS, an additional spin 
of HMDS can be performed at this stage. 
Alternatively, overnight exposure to vapors of 
tridecafluorooctyltrichlorosilane can be done.

11.  Dice the wafer with a scriber in small pieces 
of about 5 � 5 mm. Each of these pieces 
can be reused as a mold many times for 
patterning of the PDMS substrates.

B. Elastomer Substrates

 1.  Pour about 30 ml of part A of the Sylgard 
184 kit. Add 1 part of B (cross-linker) for 50 
parts of A (in weight). Mix thoroughly.

 2.  Cover and let stand on bench until bubbles 
are scarce (typically 30 min).

 3.  Coat glass coverslips with the PDMS 
mixture. For large patterns that can be seen 
with low-resolution, long working distance 
objectives, put a few drops of the mixture in 
the middle of the coverslip on a flat surface 
covered with aluminium foil and let flow 
until the whole coverslip is covered. For 
short working distance objectives, a thinner 
layer is needed. This can be achieved by 
spinning No.1 coverslips at 1000 rpm on a 
spinner equipped with a 0.05-in. rotating 
head or “chuck.” Alternatively, coverslips 
coated with PDMS can be put vertically to 
allow the flow of excess PDMS and attain a 
thinner thickness (typically 0.05 mm).

 4.  Place the coated coverslips on aluminium 
foil and bake in an oven at 65ºC for 25 min 
until the top layer of the PDMS has started 
to solidify.

 5.  Place the rest of the PDMS mixture in the 
oven for bulk calibration purposes (see 
Section III,D).

 6.  Place a piece of the mold in the center of 
each coverslip (the patterned side of the 
mold should be in contact with the PDMS) 
and put back in oven overnight.

 7.  Delicately separate the mold from the 
patterned coverslip.

 8.  Glue each patterned coverslip to the botton 
of a 35-mm tissue culture plate with a 
15-mm hole. This step can be done with 
melted paraffin.
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 9.  Wash the coverslip and dish extensively 
with phosphate-buffered saline (PBS).

10.  Incubate at 4ºC overnight with a solution of 
10 μg/ml of fibronectin in PBS.

11.  Before plating the cells, wash the 
fibronectin solution with fresh plating 
medium twice and incubate the substrates 
with medium at 37ºC for 1 h.

12.  Plate cells at appropriate dilution and 
incubate immediately until observation.

C. Microscopy

Images are recorded, using phase-contrast or 
fluorescence optical mode, with a DeltaVision 
system digital microscopy system. This sys-
tem is based on a Zeiss inverted microscope 
equipped with filter sets for multiple color 
microscopy and a high-resolution, scientific-
grade CCD camera. Images are acquired using 
high numerical aperture oil objectives for the 
high-resolution pattern and focal adhesion 
detection (Fig. 24.3); long distance objectives 
are used for semiquantitative estimates of force 
using large patterns (Fig. 24.2). Image process-
ing is conducted primarily using the Prism soft-
ware of the DeltaVision system.

D.  Calibration of Elastic Properties of 
the Elastomer

The aim of this step is to determine whether 
the cured PDMS is an elastomer and to obtain 
the two parameters that characterize its  elasticity, 
namely the Young modulus (Y) and the Poisson 
ratio (σ) (Feynman, 1964).

1. Bulk Calibration

Cut strips of cured elastomer (see Section 
III,B, step 5). Typically a strip of 100 � 30 � 
5 mm can be used. Hold each side with clamps 
wider than the strip. With a marker, draw two 
lines on the elastomer, away from the clips, 

separated by about 50 mm. The distance between 
the lines is marked as L in Fig. 24.1. Add 
increasing masses, m, to the lower clamp and 
measure the total increase in length, dL, until 
dl � L. Plot the relation dl/L(m) with m 
expressed in kilograms. Verify that the relation 
is linear and extract the linear coefficient, α. The 
Young modulus (in Pa) is given by

Y
g

A
�
α

with A � w*h, the cross section of the strip (in 
m2), and g � 9.8 ms�2.

The Poisson ration, σ, is given by measuring 
the contraction in w and h:

dw
w

dh
h

dl
L

� � �σ

The strips should be stretched overnight to 
verify that they relax to their original length, L, 
once the weights are removed.

2. In Situ Calibration

In order to verify that the plating of cells 
does not modify the elastic characteristics of 

FIGURE 24.1 Bulk calibration of the elastomer. 
A stripe of PDMS prepared in parallel to preparation of 
elastomer substrates is checked for its elastic properties. 
The procedure consists of subjecting the stripe to increasing 
masses while measuring the force–extension response.

F=0

F=mg

w

L

w+dw

L+dL
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the surface, in situ calibration of the elasticity 
of the patterned substrate is performed under a 
microscope.

Mount the calibrated micropipette on a micro-
manipulator. Approach the surface slowly, keep-
ing the micropipette parallel to the patterned 
elastomer surface. Once the tip of the micropi-
pette is in contact with the surface, acquire an 
image of the patterned elastomer and of the tip 
of the pipette. Slowly move the stage by 2–3 μm 
in order to create a stress between the micropi-
pette and the surface. Acquire a new image of the 
deformed pattern and of the micropipette bend-
ing. Usually, images at different magnifications 
are necessary in order to visualize the distortions 
of the pattern and of the micropipette. The force 
exerted by the micropipette is measured directly 
by quantifying the deflection of the pipette in the 
image. Verify that the calculation of force using 
the bulk Young modulus agrees with the known 
force exerted by the calibrated micropipette.

E. Image Analysis

Substrates with low resolution patterns such 
as the 30-mm grid shown in Fig. 24.2 can provide 
semiquantitative estimates of the mechanical 
perturbation due to cells and is useful for the 

rapid comparison between different cell types 
or conditions. However, for the quantitative 
measurement of the forces at single adhesion 
sites, high-resolution patterns of dots (Fig. 
24.3a), as well as fluorescence tagging of adhe-
sion sites, are needed (Fig. 24.3b). In this sec-
tion, it is assumed that the following images are 
available for the same field of view.

a. Phase contrast of cells on a high-resolution 
pattern of dots (“dot_force.tif”).

b. Phase contrast of the high-resolution pattern 
of dots, after forces have been relaxed (“dot_
relaxed.tif”), namely after treatment with 
acto-myosin inhibitors or trypsinization. 
Alternatively, locations of the dots in the 
relaxed pattern can be generated directly 
as (“center_relaxed.dat”) by assuming the 
regularity of the pattern.

c. Fluorescence image of adhesion sites 
(“focals.tif”).

Registration of Images

In order to correct for eventual shifts during 
image acquisitions, all three images should be 
aligned using fixed reference points. Typically, 
corrections of a few pixels shift in x or y might 
be needed; angular shift are infrequent.

FIGURE 24.2 Rapid semiquantitative estimate of 
forces (Balaban et al., 2001). A large grid-patterned elas-
tomer is used for the easy visualization of distortions. (a) 
A rat cardiac fibroblast exerts forces on the elastomer sub-
strates, which result in deformations of the grid (marked by 
arrows). (b) Once the forces are relaxed by adding an inhib-
itor of contractility, the grid returns to its original regular 
shape. Grid size: 30 μm.

(a) (b)

FIGURE 24.3 From displacements to forces (Balaban 
et al., 2001). (a) Phase-contrast image of a small part of a 
fibroblast on the high-resolution dot pattern. Arrows denote 
displacements of the center of mass of the dots relative to 
the relaxed image. Pitch size: 2 μm. (b) Fluorescence image 
of the same field of view showing locations of the focal 
adhesions. The length of the arrows here indicates the forces 
at each focal adhesion, calculated from displacement data.

(a) (b)
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The step is performed using the registration 
option of the image analysis software.

Detection of the Pattern

This step automatically detects the dots in 
the two phase-contrast images and outputs their 
center-of-mass coordinates to an ASCII file. It is 
important to use the same parameters for both 
images.

a. Filter “dot_force.tif “ and dot_relaxed.tif” 
with a large kernel in order to correct for 
background unevenness.

b. Depending on the image quality, use a high 
pass filter with a small kernel to enhance the 
dots contrast on both images.

c. Perform segmentation for the detection 
of the dots. Verify that the segmentation 
detected the dots properly. Correct manually 
for eventual defects.

d. Save the center of mass coordinates of the 
dots in each picture in two separate ASCII 
files (“center_relaxed.dat” and “center_
force.dat”).

e. Using Matlab, load the two ASCII files 
and arrange in pairs nearest neighbors 
according to their center of mass coordinates 
to identify equivalent dots between the two 
files. This will work for most of the image 
where there are no displacements. In areas 
where displacements are larger than the 
distance between dots, manual corrections 
might be needed (see Section III,F). Save 
data as an ASCII file (“lines.dat”) whose first 
two columns are the x and y coordinates of 
the dots in “center_relaxed.dat” and the last 
two columns are the x and y coordinates of 
the equivalent dots from “center_force.dat”.

f. Visualization of the displacements: load 
“lines.dat” using a procedure for drawing 
arrows in the image analysis software 
(DrawArrows in Prism) on top of the 
phase-contrast images. Correct for wrong or 
missing arrows. Save corrections.

3. Detection of Focal Adhesions

This step automatically detects focal adhe-
sions in the fluorescence image of cells with 
GFP-tagged focal adhesion protein (Zamir et al., 
1999). (“focals.tif”) and outputs their center-of-
mass coordinates to an ASCII file (“focals.dat”). 
The segmentation procedure is analogous to the 
detection of dots in the pattern.

F. Calculation of Forces

The main advantage of flat elastic substrates 
is that they interfere little with cell adhesion 
as traditionally studied on glass or plastic sur-
faces. In particular, by using transparent elas-
tomers such as PDMS, one can use the normal 
setups for light microscopy. The main disad-
vantage of flat elastic substrates is that a com-
putational technique has to be implemented to 
calculate force from displacement. For the pro-
cedure described here, a package with Matlab 
routines can be downloaded from http://www.
iwr.uni-heidelberg.de/organization/bioms/
schwarz/celladhesion.html. For well-spread 
cells, one can assume that forces are applied to 
the top side of the elastic film mainly in a tan-
gential fashion. Because the PDMS film is much 
thicker than typical displacements on its top 
side, one can moreover assume that displace-
ments follow from forces as in the case of an 
elastic half-space. Because we focus on forces 
from single focal adhesions, where force is local-
ized to a small region of space (namely the focal 
adhesion), we finally assume that each focal 
adhesion corresponds to one point force. Then 
displacement follows from force as described 
by the well-known Boussinesq solution for the 
Green function (Landau and Lifshitz, 1970). 
Since we only consider the case of small defor-
mations (i.e., magnitude of strain tensor |uij| 
� 1), we deal with linear elasticity theory, and 
deformations resulting from different force 
centers can be simply added up to give overall 
deformation at a given point. However, because 
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the Green function of a point force diverges for 
small distance r as 1/r, we first use the Matlab 
program “data.m” to clear the file “lines.dat” 
from all displacement data points, which are 
closer to the positions of the focal adhesions in 
“focals.dat” than a distance of the order of the 
size of focal adhesions [this procedure can be 
justified with the concept of a force multipolar 
expansion (Schwarz et al., 2002)]. This gives a 
new file “newlines.dat”, which together with 
“focals.dat” is used by our main Matlab pro-
gram, “inverse.m”. Since we are interested 
in force as a function of displacement, but the 
Boussinesq solution from linear elasticity theory 
describes deformation as a function of force, we 
now have to solve an inverse problem. Because 
the elastic kernel effectively acts as a smoothing 
operation that removes high-frequency data, 
this inversion is ill posed in presence of noise 
in displacement data: small differences in dis-
placement data can result in large differences 
in the force pattern. Due to the noise problem, 
we only can estimate force through a χ2 mini-
mization. Moreover, the target function has to 
be extended by a so-called regularization term, 
which prevents the program from reproduc-
ing every detail of displacement data through a 
force estimate with unrealistically large forces. 
Therefore, we add a quadratic term in force 
to the target function, which guarantees that 
forces do not become exceedingly large. The 
regularization procedure introduces an addi-
tional variable, the regularization parameter λ, 
whose value is fixed by the program “inverse.
m” with the help of the so-called discrep-
ancy principle, which states that the difference 
between measured displacement and displace-
ment following from the force estimate should 
attain a certain nonvanishing value. Because the 
target function remains quadratic for the sim-
ple regularization term used, it can be inverted 
easily by singular value decomposition. For 
this purpose, the Matlab program “inverse.
m” uses the freely available package of Matlab 
routines Regularization Tools by P. C. Hansen. 

Finally the force estimate is saved in a new 
ASCII file “forces.dat”, which for each entry in 
“focals.dat” gives the corresponding force esti-
mate. Force calibration assumes the value σ � 
0.5 for the Poisson ratio and requires values for 
Young modulus Y and microscope resolution. 
The resolution of this procedure depends on the 
details of the force pattern under consideration, 
but can be estimated by data simulation. Even 
under the most favorable conditions, which can 
be achieved experimentally in regard to quality 
of displacement data, the original force cannot 
be reproduced completely and regularization 
is required to arrive at a reasonable estimate. 
Spatial and force resolutions have been found 
to be better than 4 μm and 4 nN, respectively. 
Therefore the calculated point force should be 
correlated with other properties of a focal adhe-
sion only when no other focal adhesions are 
closer than the spatial resolution of our method.

IV. PITFALLS

1. The mixing of the PDMS should be done in 
many strokes (typically for a few minutes) 
and preferably in plastic dishes with lids.

2. Because of variations between batches, the 
50:1 ratio of the Sylgard kit might need 
adjustment.

3. The first bake of the PDMS layer should be 
fine tuned: too much baking before putting 
the mold will result in a poor pattern, 
whereas insufficient baking will result in 
difficulties separating the mold from the 
PDMS. Baking times can be reduced by 
increasing the temperature.

4. Before dicing the patterned wafer, make sure 
the scriber is good by practicing on a similar 
unpatterned wafer.

5. The choice of the cells to use is important: 
immortalized cell lines often exert forces 
that are below the force resolution of this 
method.

 IV. PITFALLS 279
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6. Focal adhesions formed on PDMS may 
differ, at the molecular level, from those 
formed on other substrates and their 
composition (e.g., type of integrin) should 
be examined.
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