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Electric Field-induced Redistribution and Postfield Relaxation
of Epidermal Growth Factor Receptors on A431 Cells

Terrence D. Giugni, Daniel L. Braslau, and Harry T. Haigler
Department of Physiology and Biophysics, University of California, Irvine, California 92717

Abstract. The lateral mobility of the epidermal
growth factor (EGF) receptor in the plane of the
plasma membrane of cultured A431 cells was inves-
tigated using direct and indirect fluorescent probes to
measure the generation and relaxation of electric
field-induced receptor asymmetry. A steady electric
field of 15 V/cm for 30 min at 23°C induced a redis-
tribution of the unoccupied EGF receptor such that
there was approximately a three-fold higher concentra-
tion of receptors at the cathode-facing pole. After ter-
mination of the field, the unoccupied receptors back
diffused at 37°C with a rate corresponding to a diffu-
sion coefficient of 2.6-3.5 X 107 cm?/s. No diffusion
was detected at 4°C. Formation of the hormone-recep-

tor complex is known to induce receptor clustering
and internalization. By inhibiting internalization with
metabolic poisons, we were able to study the cell sur-
face mobility of clusters of the hormone-receptor
complex. The same degree of asymmetry was induced
when the occupied receptor was exposed to an electric
field and the rate of back diffusion of clusters of the
hormone-receptor complex corresponded to a diffusion
coefficient of 0.68-0.95 X 107 cm?/s. Although the
unoccupied receptor is somewhat more mobile than
the hormone-receptor complex, it was still far less
mobile than one would predict for an unconstrained
protein imbedded in a phospholipid bilayer.

membrane proteins must diffuse within the plane of

the membrane to interact with other macromolecules.
An accurate determination of the lateral diffusion rate of
these proteins is important to understand these interactions.
Most information gathered to date has used the technique of
fluorescence photobleaching recovery (FPR)' to study cell
surface receptors occupied with fluorescently labeled li-
gands. A small spot is bleached by an intense beam from a
laser and the diffusion coefficient (D) is calculated from the
rate of recovery of fluorescence as the unbleached recep-
tor-ligand complex from adjacent areas diffuses into the
bleached spot. D values determined by FPR for a number of
receptors were in the order of 107"-107° cm?/s. These diffu-
sion rates are ~100-fold slower than one might expect from
theoretical calculations (Saffman and Delbruk, 1975; Saff-
man, 1976) and measured values for integral membrane pro-
teins reconstituted into phospholipid bilayers (Peters, 1981;
Tank et al., 1982). Artifacts of the FPR method have been
considered as a possible explanation of this discrepancy, but,
at least in certain model systems, the results of FPR experi-
ments have been verified by independent methods (Koppel
and Sheetz, 1981).

To perform their physiological tasks, many integral

Address reprint requests to Harry T. Haigler.

1. Abbreviations used in this paper: B-EGF, biotin-conjugated epidermal
growth factor; D, lateral diffusion coefficient; EGF, epidermal growth fac-
tor; FI-EGF; fluorescein-conjugated EGF; FPR, fluorescence photobleach-
ing recovery; TXR-avidin, Texas red—conjugated streptavidin.
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One possible explanation for the unexpectedly slow D
values determined in cells is that, by binding, the ligand in-
duces interactions between its receptor and other cellular
macromolecules that impede movement of the ligand-recep-
tor complex. Unfortunately, the FPR method does not permit
measurement of the D of unoccupied receptors. One method
to study the rate of diffusion of unoccupied receptors uses
in situ electrophoresis to induce an asymmetric distribution
of the membrane components in intact cells followed by
measuring the postfield relaxation of asymmetry of the
receptor in question (Poo, 1981). Using this method, the un-
occupied low density lipoprotein receptor was determined to
have a D of 1.1 X 107° cm?/s at 22°C (Tank et al., 1985),
while D for the occupied receptor as determined by FPR was
1.4 X 107" cm?/s (Barak and Webb, 1982). It is not known
if the occupied receptor diffused slower because of direct
effects of the large low density lipoprotein particle or because
of ligand-induced interactions of the receptor with cellular
components. In studies of other receptors, the D values mea-
sured by postfield relaxation were both larger (Poo et al.,
1979) and approximately the same (McCloskey et al., 1984)
as the D values for the occupied receptors determined by
FPR (Schlessinger et al., 1976; Axelrod et al., 1978; Wolf et
al., 1980).

In this study, we have measured the rate of back diffusion
of the occupied and unoccupied epidermal growth factor
(EGF) receptor after inducing asymmetry by application of
a steady electric field. Several considerations make this a
good model system for studying the effects of receptor oc-
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cupancy on diffusion in the plane of the plasma membrane.
EGF is a small univalent polypeptide that binds with high
specificity and affinity to a receptor of known structure. The
mature receptor contains a 621-amino acid extracellular do-
main that is separated by a single 26-amino acid hydropho-
bic transmembrane domain from a 542-amino acid cytosolic
domain (reviewed by Hunter, 1984). The cytosolic domain
contains several phosphorylation sites and a tyrosine protein
kinase activity that is activated when EGF binds to the ex-
tracellular domain. The unoccupied receptor is randomly
distributed on the cell surface, but upon binding EGF the
hormone-receptor complex rapidly forms clusters that are
internalized via coated pits (reviewed by Haigler, 1983). The
internalized hormone-receptor complex is degraded in lyso-
somes. Although the molecular signals that trigger clustering
and internalization are not yet known, experiments with
metabolic inhibitors have established that internalization, but
not clustering, requires cellular energy input (Haigler et al.,
1979; McKanna et al., 1979). The cytosolic region of the
receptor containing the tyrosine kinase activity appears to be
required for receptor internalization (Prywes et al., 1986).
Lateral diffusion of the EGF receptor is required for
clustering and internalization of the hormone. It is also pos-
sible that the hormone-receptor complex must diffuse within
the plane of the membrane to interact with other occupied
receptors in order to activate the kinase activity associated
with the receptor (Zidovetzki et al., 1981). The rapid stimu-
lation of ion flux that is stimulated by EGF could also require
diffusion-dependent interaction of the occupied receptor
with ion channels. D values of 2-8 X 107 cm?/s have been
determined for the occupied EGF receptor by FPR (Shechter
et al., 1978; Hillman and Schlessinger, 1982; Rees et al.,
1984). These values are considerably lower than one would
expect from viscous drag of the membrane lipid on the trans-
membrane segment of the receptor. The low value does not
seem to be the result of the interaction of the cytosolic do-
main of the receptor with cellular structures such as the
cytoskeleton because a mutant form of the receptor lacking
all but nine of the amino acids in the cytoplasmic domain had
approximately the same D value as the intact receptor (Liv-
neh et al., 1986). To determine if the constrained lateral mo-
bility is a ligand-induced property of the receptor, we have
estimated the D value for the occupied and unoccupied EGF
receptor after redistribution of the receptors by an electric
field. The diffusion rate of the EGF receptor decreased when
occupied by EGF but only between three- and fourfold.

Materials and Methods

Synthesis and Characterization of EGF Conjugates

EGF was isolated (Savage and Cohen, 1972) from mouse submaxillary
glands and iodinated (1.8-2.1 X 10° cpm/ng) by published procedures
(Wiley and Cunningham, 1982). Fluorescein-conjugated EGF (FI-EGF)
was prepared as previously described (Haigler et al., 1978).
Biotinylated-EGF (B-EGF) was prepared by reacting EGF (1.0 mg in
0.5 ml sodium bicarbonate, 0.2 M, pH 8.75) with a fivefold molar excess
of N-hydroxysuccinimidobiotin (Pierce Chemical Co., Rockford, IL; 11.3 ul
of a 25-mg/ml solution in dimethylformamide) with gentle stirring for 1 h
at 20°C. The conjugate was separated from unreacted N-hydroxysuccinimi-
dobiotin by gel filtration on a Sephadex G-25 column (0.9 X 25 cm)
equilibrated with water. The protein in the excluded peak gave a single band
that migrated toward the anode more rapidly than unlabeled EGF on native
gel electrophoresis (7% polyacrylamide, pH 9.5) as described (Carpenter
et al., 1975) and indicated that the reaction with the single free amino group
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of EGF went to completion. B-EGF adsorbed to a previously described
DEAE ion exchange column (Carpenter et al., 1975) more tightly than na-
tive EGF and eluted as a single symmetrical peak. However, this purifica-
tion step was not routinely used since the reaction appeared to go to comple-
tion. A fluorescamine assay indicated that B-EGF had <0.05 mol free amine
per mol protein.

The following experiment was performed to determine if B-EGF would
react with avidin. B-EGF was prepared using a tracer amount of '*I-EGF
and the radioactive conjugate was mixed with a 10-fold molar excess of
avidin. The resulting solution was chromatographed on a Sephadex G-100
column and all detectable radioactivity co-migrated with avidin. Aliquots
of the high molecular weight radioactive peak were incubated in the pres-
ence or absence of a 500-fold molar excess of biotin and chromatographed
again on the Sephadex G-100 column. A biotin-dependent shift in the elution
position of the radioactivity from one corresponding to that of avidin to one
corresponding to that of native EGF was observed.

B-EGF was indistinguishable from native EGF in competitive binding as-
says using human fibroblasts and ZI-EGF by previously described meth-
ods (Haigler et al., 1979). Half-maximal stimulation of *H}thymidine incor-
poration by human fibroblasts (Haigler et al., 1979) was elicited by ~0.2 nM
B-EGF compared to ~0.1 mM native EGF.

In Situ Electrophoresis

A431 cells were cultured in Dulbecco's modified Eagle’s medium (DME)
supplemented with 10% calf serum, Hepes buffer (20 mM), penicillin, and
streptomycin. Experimental cultures were plated on glass coverslips at a
density of 7,000 cells/em?. 1 d after plating, the coverslips were rinsed and
incubated in modified Steinberg’s solution (145 mM NaCl, 7 mM KCI,
042 mM Ca(NOs),, 1.3 mM MgSOs, 4.6 mM Tris-HCl, pH 78) in a
0.5-mm deep electrophoresis chamber formed on a microscope slide as de-
scribed (Poo et al., 1978). A current (2.6 mA) was applied through a pair
of agar bridges to produce a steady 15V/cm field that was maintained for 30
min at ~23°C.

Fluorescent Labeling of Cells

Unless otherwise indicated, cultures were labeled at 4°C with either FI-EGF
or B-EGF by removing the coverslips from the electrophoresis chamber and
incubating in 1.0 mi of DME containing Hepes buffer (20 mM, pH 7.4),
BSA (1 mg), and the indicated derivative of EGF (200 ng). At this concen-
tration of EGF, the occupancy of the EGF receptor was essentially 100%
(Haigler et al., 1978). After a 30-min incubation, the cultures were rinsed
five times at 4°C with DME/Hepes/BSA. Cultures labeled with FI-EGF
were fixed by adding cold formaldehyde (3%) in PBS and incubating 10 min
at room temperature. The cultures were rinsed three times with PBS and
mounted in 90% glycerol buffered with Tris-HCI (4 mM, pH 7.2). Before
fixation, cultures labeled with B-EGF were incubated in 1 ml of DME/
Hepes/BSA containing Texas red-conjugated streptavidin (TXR-avidin)
(Bethesda Research Laboratories, Bethesda, MD) for 60 min at 4°C fol-
lowed by six rinses with DME/Hepes/BSA. Micrographs of the fluorescent
stain were taken with Ilford XP-1 film with exposures of 1 min.

The following experiments establish the specificity of labeling by these
methods. The amount of staining was reduced by greater than 90% as mea-
sured by microfluorimetry (see below) when cultures were labeled as above
except a 200-fold excess of native EGF was added to the incubation with
FI-EGF or B-EGF. A similar reduction in staining of B-EGF-labeled cells
was observed if cells were incubated with TXR-avidin in the presence of
biotin (1.0 mM) or if cells were not exposed to B-EGF before incubation
with TXR-avidin.

If A431 cells were labeled with B-EGF and TXR-avidin at 4°C and then
warmed to 37°C for 20 min before fixation, the majority of the staining was
in bright dots that we interpreted to be endocytic vesicles because their plane
of focus was lower than that of the cell surface. This interpretation was sup-
ported by the fact that they could not be extracted by an acetic acid wash
that has been shown to remove cell-surface I-EGF but not internalized
hormone (Haigler et al., 1980). However, if B-EGF-labeled cells were
warmed to 37°C for 20 min before staining at 4°C with TXR-avidin, very
little staining was observed. These results establish that TXR-avidin wili not
bind to B-EGF after it is internalized.

Back Diffusion of EGF Receptors

To measure the rate of back diffusion of the unoccupied receptor after elec-
trophoresis, cultures were incubated for the indicated time at 37°C in DME
containing Hepes buffer after terminating the electric field. The cuitures



then were labeled at 4°C with either FI-EGF or B-EGF as described above.
To measure the rate of back diffusion of occupied EGF receptors, cultures
were labeled immediately after electrophoresis with either FI-EGF or
B-EGF at 4°C as described above except the incubation medium lacked glu-
cose and contained 2-deoxyglucose (30 mM) and sodium azide (2 mM).
After washing to remove unbound hormone conjugates, the cultures were
incubated at 37°C for the indicated time in DME/Hepes/BSA/2-deoxyglu-
cose/sodium azide, and then FI-EGF-stained cultures were fixed and B-EGF-
labeled cultures were labeled at 4°C with TXR-avidin followed by fixation
and mounting in buffered glycerol as described above.

Measurement of Asymmetry Index

The cellular distribution of fluorescent stain was measured by a microfluori-
metric method using a universal Zeiss microscope fitted with epiillumina-
tion (III RS) optics and a PMI photomultiplier (Carl Zeiss, Inc., Thorn-
wood, NY). Single cells that were not in direct contact with other cells were
located and the intensity of the circumferential ring staining at the pole of
the cell facing the cathode (180°) and the anode (0°) of the applied field was
measured through an aperture that subtended an 8-um diameter spot when
using a 40X objective. Background fluorescence intensity, measured by
shifting the measuring aperture to an adjacent cell-free region, was sub-
tracted from all ring stain intensity measurements. Photometer readings of
formaldehyde-fixed cells that had not been exposed to the fluorescent probes
were <I0% higher than background values. This insignificant level of
autofluorescence was neglected in asymmetry index calculations. The asym-
metry of fluorescence stain on each cell was normalized by determining the
asymmetry index (Poo et al., 1979) described by the following formula: A
= (I — L)(ls + ). Each cover slip containing labeled cells was
scanned linearly and every isolated cell that was encountered was measured.
We alternated between sampling the cathodal or anodal pole first.

Within experimental error, the logarithm of the asymmetry index was a
linear function of the relaxation time and the slope of this line was deter-
mined by least squares analysis with the line constrained to pass through
the experimentally determined asymmetry index value at zero time. The l/e
decay time (25) was determined from this curve and used to calculate the
diffusion coefficient (D) according to the relationship (Poo, 1981) D =
r%/2t;. The average cell radius (r) was 12.5 pm(SD = 3.9) as determined by
measuring the diameter of unfixed cells with a reticle calibrated slide
micrometer. The radius of unfixed cells was used in the calculation of the
diffusion coefficient rather than the radius of formaldehyde-fixed cells be-
cause cells were fixed after back diffusion.

5]-EGF Binding and Internalization

Binding was measured by placing coverslips containing cells in 1 ml of
DME containing Hepes buffer (20 mM, pH 7.4), BSA (1 mg), and I-
labeled EGF (100 ng). After incubating for 1 h at 4°C, the coverslips were
washed five times with the same buffer and bound radioactivity was deter-
mined with a gamma counter. Nonspecific binding was determined in paral-

lel incubations containing a 500-fold excess of unlabeled hormone. Inter-
nalization of "I-labeled EGF was determined as previously described
(Haigler et al., 1980).

Results

As expected from previous studies (Haigler et al., 1978),
A431 cells labeled at 4°C with either FI-EGF (not shown)
or B-EGF followed by TXR-avidin (Fig. 1 A) showed uni-
form cell surface fluorescent staining that gave the appear-
ance of ring staining because the membrane was viewed end-
on at the circumference of the cell. However, if the cells were
exposed to a 15-V/cm electric field for 30 min at 23°C before
staining, the label was asymmetrically distributed. In >80%
of the cells, the pole of the cell facing the cathode was strik-
ingly brighter (Fig. 1 B). The distribution of the stain was
measured by microfluorimetry using an 8-um-diameter aper-
ture to collect photons from the anode- and cathode-facing
poles of the cells. The asymmetry index of cells labeled with
FI-EGF and B-EGF/TXR-avidin was 0.44 and 0.51, respec-
tively, (Figs. 2 and 3) indicating that approximately threefold
more stain was at the pole of the cell facing the cathode. The
induction of asymmetry by the electric field did not require
cellular metabolic activity because essentially the same asym-
metry was obtained (FI-EGF = 0.42; B-EGF/TXR-avidin =
0.47) when cells were preincubated and exposed to the elec-
tric field in medium containing the energy inhibitors sodium
azide (2 mM) and 2-deoxyglucose (30 mM).

The asymmetric distribution decayed if the electric field
was terminated and the cells were incubated at 37°C before
labeling. A typical cell showing no asymmetric staining after
incubation for 9 h postfield before labeling is shown in Fig.
1C.

Only isolated cells that were growing such that they were
not in contact with an adjacent cell were investigated. Cells
growing in clumps also showed accumulation of stain at the
cathode-facing pole, but it was more difficult to quantify the
asymmetry in these cells. No gross morphological changes
due to the electric field were detected by phase-contrast
microscopy.

The effects of an electric field on the distribution of recep-
tors that were occupied with hormone also was investigated.

Figure ]. Electric field induction of asymmetric distribution of EGF receptors followed by postfield relaxation. A431 cells were labeled
with B-EGF and TXR-avidin as described in Materials and Methods. The control cell was not exposed to an electric field (4) while ex-
perimental cells (B and C) were exposed to a 15-V/cm field for 30 min at 23°C. Experimental cells were labeled immediately after terminat-
ing the field (B) or after a 9-h incubation at 37°C (C). The arrows indicate the direction of the electric field. The ring staining is at the

edge of the cell. The average cell was 25 pm diam.

Giugni et al. Lateral Diffusion of EGF Receptors
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Figure 2. Time course of postfield relaxation of asymmetry in oc-
cupied and unoccupied EGF receptors measured with F1-EGF. Cul-
tures were exposed to a 15-V/cm field for 30 min at 23°C and the
asymmetry index was measured using FI-EGF as described in
Materials and Methods. To measure the back diffusion of the unoc-
cupied receptor, the field was terminated, the cultures were in-
cubated for the indicated time at 37°C (closed circles) or 4°C
(closed square), and then labeled with FI-EGF at 4°C as described
in Materials and Methods. To measure the back diffusion of the oc-
cupied receptor, the field was terminated, the cultures were labeled
with FI-EGF at 4°C, washed to remove unbound hormone, in-
cubated at 37°C for the indicated time, and then fixed with formal-
dehyde (oper circles). Control cultures (open square) were labeled
without exposure to an electric field. The asymmetry index was
measured for greater than 40 cells in several separate experiments
as described in Materials and Methods for each experimental point
and the error bars represent 95% confidence limits. The lines are
single exponential fits of the data that were constrained to the asym-
metry index determined at t = Q.

In these experiments glucose-free solutions containing so-
dium azide (2 mM) and 2-deoxyglucose (30 mM) were used
to minimize endocytosis of the occupied hormone-receptor
complex during the procedures (Haigler et al., 1979). Cells
were labeled with either FI-EGF or B-EGF at 4°C, washed
to remove unbound hormone, then exposed to a 15V/cm
electric field for 30 min at 23°C. The cells labeled with
B-EGF were incubated at 4°C with TXR-avidin after the
electrophoresis so that any internalized B-EGF would not be
labeled by the probe. The asymmetry index for cells labeled
with FI-EGF and B-EGF was 0.42 and 0.46, respectively,
and was within experimental error of the values obtained
when cells with unoccupied receptors were exposed to an
electric field.

The effects of an electric field on internalized EGF also
was investigated. Cultures were labeled with FI-EGF or
B-EGF/TXR-avidin at 4°C, washed to remove unbound hor-
mone, then incubated at 37°C for 20 min. Previous ultra-
structural studies showed that the hormone was located in en-
docytic vesicles under these conditions (Haigler et al., 1979)
and the appearance of the fluorescent labels was consistent
with this location (data not shown). Analysis of the internal-
ization of *I-EGF in parallel cultures under these condi-
tions indicated that >90% of the hormone was internalized.
Cultures containing internalized F-EGF or B-EGF/TXR-
avidin were exposed to a 15-V/cm electric field for 30 min
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at 23°C then fixed and observed. No asymmetry was de-
tected by either gross observation or by microfluorimetry.

The possibility that exposure to the electric field induced
selective removal and/or insertion of new receptors was in-
vestigated. Binding of I-EGF was measured as described
in Materials and Methods in control cells, in cells immedi-
ately after exposure to an electric field, and in cells exposed
to an electric field followed by a 3-h postfield relaxation
period at 37°C. Less than 10% difference in >’I-EGF bind-
ing was detected in these cultures indicating that no gross
change occurred in receptor number.

Since the above experiments indicate that the electric
field-induced changes are due to redistribution of EGF
receptors, the rate of back diffusion was measured in order
to estimate the diffusion coefficient of the occupied and unoc-
cupied receptor. To measure the back diffusion of the unoc-
cupied receptor, cells were incubated for increasing times at
37°C after termination of the electric field. The cells were
then labeled with FI-EGF or B-EGF/TXR-avidin, fixed, and
the asymmetry index was measured by microfluorimetry.
The rate of back diffusion as measured by both methods was
similar and, within experimental error, appeared to be a sin-
gle exponential decay with complete relaxation of asym-
metry (Figs. 2 and 3). The l/e relaxation times were 36 and
49 min and corresponded to lateral diffusion coefficients of
3.5and 2.6 X 107° cm?/s, respectively (Table I). No detect-
able change in the electric field~induced asymmetry was de-
tected at 4°C (Fig. 2).
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Figure 3. Time course of postfield relaxation of asymmetry in oc-
cupied and unoccupied EGF receptors measured with B-EGF and
TXR-avidin. Cultures were exposed to a 15-V/cm field for 30 min
at 23°C and the asymmetry index was measured using B-EGF and
TXR-avidin as described in Materials and Methods. To measure the
back diffusion of the unoccupied receptor, the field was terminated,
the cultures were incubated for the indicated time at 37°C, and then
labeled with B-EGF and TXR-avidin at 4°C as described in
Materials and Methods (closed circles). To measure the back
diffusion of the occupied receptor, the field was terminated, the cul-
tures were labeled with B-EGF at 4°C, washed to remove unbound
hormone, incubated at 37°C for the indicated time, and then in-
cubated at 4°C with TXR-avidin (open circles). The cells were fixed
and the asymmetry index was measured for greater than 40 cells
in several separate experiments as described in Materials and
Methods for each experimental point. Error bars represent 95%
confidence limits. The lines are single exponential fits of the data
that were constrained to the asymmetry index determined att = Q.
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Table 1. Back Diffusion of the EGF Receptor

Ligand Receptor occupancy t D
min cmi/s X 10770
FI-EGF Unoccupied 36 35
B-EGF Unoccupied 49 2.6
FI-EGF Occupied 137 0.95
B-EGF Occupied 192 0.68

The /e relaxation time (¢;) for back diffusion of the occupied and unoccupied
EGF receptor was determined from the exponential decay curves as measured
using FI-EGF or B-EGF/TXR-avidin (Figs. 2 and 3). The lateral diffusion
coefficient (D) was calculated from the equation (Poo, 1981) D = r?/2,,
where r, the radius of a cell, was 12.5 pm.

The following experiment showed that cellular metabolism
did not significantly influence the postfield back diffusion of
the unoccupied receptors. Cells were exposed to an electric
field, then incubated at 37°C for either 30, 60, or 120 min
in either DME or in glucose-free DME containing 2-deoxy-
glucose (30 mM) and sodium azide (2 mM). The cells were
labeled with B-EGF/TXR-avidin and the asymmetry indices
were determined. At each time point, the asymmetry indices
differed by <15% in the presence or absence of energy inhib-
itors.

To measure the back diffusion of the occupied receptor,
cells were exposed to an electric field, labeled with either FI-
EGF or B-EGF at 4°C, and then incubated for increasing
times at 37°C. After back diffusion, the FI-EGF-labeled
cells were fixed. B-EGF-labeled cells were incubated at 4°C
with TXR-avidin before fixation. The asymmetry index, as
measured by microfluorimetry, decreased in a time-depen-
dent manner that approximated a single exponential with
complete relaxation of asymmetry (Figs. 2 and 3). The l/e
relaxation times were 137 and 192 min and corresponded to
lateral diffusion coefficients of 0.95 and 0.68 X 10~ cm?/s,
respectively (Table I).

One concern with the measurement of back diffusion of
the occupied receptor was that endocytosis of the hormone-
receptor complex might contribute to the asymmetry relaxa-
tion curve even though the experiment was performed in
glucose-free medium containing energy inhibitors. No bright
dots of fluorescent stain were detected at any point in the
back diffusion experiment using FI-EGF. However, paraliel
cultures were subjected to a more sensitive assay using '»°I-
EGF and an acid wash to selectively remove cell surface hor-
mone. The results of these experiments indicated that at the
3-h back diffusion point, ~30% of the cell-bound hormone
had been internalized. Thus the slightly different values for
the diffusion coefficient obtained with FI-EGF and B-EGF/
TXR-avidin may reflect a small error introduced by internal-
ization. Since internalized B-EGF would not be detected and
FI-EGF would be detected, the errors introduced by the two
methods should be of a different nature.

Discussion

Exposure of viable A431 cells to an electric field induced an
asymmetric distribution of the EGF receptor as determined
by postfield labeling with direct and indirect fluorescent
probes (Fig. 1). The highest concentration of receptor was
at the pole of the cells facing the cathode thus indicating that
the receptor was less negatively charged than other mem-

Giugni et al. Lateral Diffusion of EGF Receptors

brane components (McLaughlin and Poo, 1981). In cells that
had been treated with metabolic poisons to inhibit internaliza-
tion of the hormone-receptor complexes, we demonstrated
that the occupied receptor also was redistributed by an elec-
tric field. Previous studies have shown that, under the condi-
tions of this experiment, the occupied receptor formed
tightly packed clusters containing 10-15 hormone-receptor
complexes that tended to accumulate at coated pits (Haigler
etal., 1979; McKanna et al., 1979). Since the occupied recep-
tors were mobile in the electric field, it is clear that they are
not irreversibly tethered to the coated pit. As previously
reported by others (Tank et al., 1985), we did not note any
electric field-induced redistribution of coated pits as mea-
sured by fluorescent microscopy using antiserum against
clathrin (Braslau, D. L., and H. T. Haigler, unpublished
results). It also was found that internalized EGF was immo-
bile in the electric field.

The rate of lateral diffusion of the occupied EGF receptor
(D = 068-0.95 X 107 cm?/s) was estimated by measuring
the rate of relaxation of electric field-induced asymmetry in
cells that were labeled with EGF before back diffusion at
37°C (Figs. 2 and 3). The D value for the occupied EGF
receptor as previously determined by FPR (2.3-8.5 X 107
cm?/s) (Schechter et al., 1978; Hillman and Schlessinger,
1982; Livneh et al., 1986) was significantly higher than this
value. The discrepancy between these two methods is even
more pronounced at low temperature. At 4°C the receptor
had no detectable mobility as measured by the postfield
recovery method (Fig. 2) while the FPR method determined
that D was ~3 X 107° cm?s (Zidovetzki et al., 1981;
Hillman and Schlessinger, 1982). A number of factors could
contribute to this discrepancy. One concern is that the elec-
tric field will cause a lateral heterogeneity in the distribution
of membrane proteins and lipids that could alter the rate of
back diffusion particularly immediately after relaxing the
field. However, the rate of back diffusion could be approxi-
mated by a single exponential indicating that this factor did
not grossly affect the determination of the value of D.
Nonetheless, this method is not sensitive enough to rule out
the possibility that the relaxation curve is the sum of sub-
populations of receptors with somewhat different mobilities.

Alternatively, the discrepancy between D as determined
either by FPR or by in situ electrophoresis and back diffusion
may be a reflection of physiological parameters that are in-
volved in one method and not the other. The FPR method
involves the measurement of the diffusion of receptors into
a small (~v1 pm diam) spot while the postfield recovery meth-
od involves the measurement of the diffusion of receptors
over the entire diameter of the cell. Since the apparent rate of
diffusion measured by the latter method is slower, additional
cellular mechanisms may impede the diffusion of the oc-
cupied EGF receptor as it leaves its local environment.

Rees et al. (1984) found a subpopulation of EGF receptors
that were immobile at 37°C. These immobile receptors cor-
responded to high affinity binding sites that comprised ~5%
of the total number of receptors. Since the experiments de-
scribed herein were done at saturating concentrations of
EGF, the small contribution of this subpopulation of immo-
bile receptors would not be detected.

Although significantly different D values for the occupied
EGF receptors are obtained by postfield relaxation and FPR
methods, the D values determined by both methods are
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smaller than the D value of ~0.5-1.0 X 1078 cm?/s expected
from theoretical calculations (Saffman and Delbruk, 1975;
Saffman, 1976) and experiments on purified membrane pro-
teins in lipid bilayers (Peters, 1981; Smith et al., 1979, 1980;
Criado et al., 1982; Tank et al., 1982). One of the few cell
surface receptors in which the D values of both the occupied
and unoccupied states are known is the low density lipo-
protein receptor. The D value (2 X 107 cm?/s) of the unoc-
cupied receptor, as determined by back diffusion following
in situ electrophoresis (Tank et al., 1985), approached the
value expected for unhindered lateral diffusion while the D
value of the occupied receptor, as measured by FPR (Barak
and Webb, 1982), was ~100-fold lower. The constrained
diffusion rate was proposed to be due to ligand-induced inter-
actions between the occupied receptor and an unidentified
cellular component. The cellular component may be the
cytoskeleton because membrane blebs that were separated
from the cytoskeleton contained low density lipoprotein re-
ceptors with a D value of ~107° cm?/s (Barak and Webb,
1982). However, the difference in D values for occupied and
unoccupied low density lipoproteins receptors does not ap-
pear to be a general rule; the occupied and unoccupied IgE-
Fc receptors diffused laterally at nearly the same rate (Mc-
Closkey et al., 1984).

The low density lipoprotein studies raised the possibility
that the constrained lateral diffusion rate of the occupied
EGF receptor was induced by the ligand. Although we found
that the D value for the unoccupied EGF receptor (2.6-3.5
X 107° cm?/s) was slightly higher than the D value of the
occupied receptor, it still was an order of magnitude removed
from the value expected for an unhindered protein. The cel-
lular or molecular basis of the nearly fourfold difference in
the D values between the occupied and unoccupied EGF
receptor is not clear. The occupied receptor would have been
in the form of tightly packed clusters during back diffusion
(Haigler et al., 1979). It is not known if the clusters diffused
as a stable group or if they dissolved to allow diffusion of
monomeric hormone-receptor complexes. Since lateral dif-
fusion theory (Saffman and Delbruk, 1975; Saffman, 1976)
predicts, and experiments show (Vaz et al., 1982), that D de-
pends only logarithmically on the molecular weight of the
diffusing particle, D should decrease less than two-fold upon
formation of a diffusing cluster containing 10-15 hormone-
receptor complexes.

Since the calculated D value is proportional to the square
of the cellular radius, a small error in choosing the correct
value for the radius may have a large effect on D. Since A431
cells are normally flat polygonat cells that exhibit only small
membrane folds (Chinkers et al., 1979) we calculated D as-
suming the cell surface is planar. Previous experiments have
shown that D as determined by the FPR method is effected
to a significant extent by nonplanar forms of membranes
(Wolf et al., 1982; Aizenbud and Gershon, 1982). However,
cell geometry may have a greater effect when back diffusion
over the entire cell surface is considered. It has also been
shown that treatment of A431 cells with EGF induces exten-
sive ruffling (Chinkers et al., 1979). This ruffling could con-
tribute to the increased asymmetry index relaxation time ob-
served in EGF-treated cultures (Figs. 2 and 3).

It is unlikely that the single 26-amino acid transmembrane
region of the EGF receptor experiences sufficient drag from
the lipid of the plasma membrane to hinder the rate of lateral
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diffusion to this extent unless it is via interaction with other
membrane macromolecules. This seems unlikely since the
rotational diffusion of the EGF receptor before clustering is
approximately what one might expect for an unhindered
membrane protein (Zidovetzki et al., 1981). The hindered
lateral diffusion rate does not appear to be due to interactions
of the cytosolic domain of the receptor with the cytoskeleton
because the D value is approximately the same when all but
nine of the amino acids of the cytosolic domain are deleted
(Livneh et al., 1986). Thus interactions between cellular
components and the extracellular domain of the EGF recep-
tor appear to be the most likely source of the hindered lateral
diffusion. The extracellular matrix has previously been im-
plicated in hindering the lateral diffusion of major histocom-
patibility antigens in cultured fibroblasts (Wier and Edidin,
1986).
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