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Heterogeneity of Epidermal Growth Factor Binding Kinetics on
Individual Cells

Johnson C. Chung, Noah Sciaky, and David J. Gross
Department of Biochemistry and Molecular Biology and Program in Molecular and Cellular Biology, University of Massachusetts,
Amherst, Massachusetts 01003-4505 USA

ABSTRACT Binding of fluorescein-conjugated epidermal growth factor (EGF) to individual A431 cells at 40C is measured by
a quantitative fluorescence imaging technique. After background fluorescence and cell autofluorescence photobleaching
corrections, the kinetic data are fit to simple models of one monovalent site and two independent monovalent sites, both of
which include a first-order dye photobleaching process. Model simulations and the results from data analysis indicate that the
one-monovalent-site model does not describe EGF binding kinetics at the single-cell level, whereas the two-site model is
consistent with, but not proved by, the single-cell binding data. In addition, the kinetics of binding of fluorescein-EGF to
different cells from the same coverslip often differ significantly from each other, indicating cell-to-cell variations in the binding
properties of the EGF receptor.

INTRODUCTION

Epidermal growth factor (EGF), of either mouse or human
origin, in its fully processed form is a single polypeptide of
53 amino acids with three intramolecular disulfide bonds
and no glycosylation (Savage et al., 1972; Taylor et al.,
1972). It binds to the EGF receptor (EGFR) at the cell
surface initially to induce ion fluxes and cell morphology
changes, such as membrane ruffling, and subsequently cell
proliferation in epithelial and several other cell types (Car-
penter and Cohen, 1979, 1981; Chinkers et al., 1979, 1981).
The EGFR is a single glycoprotein with one putative trans-
membrane segment and a molecular mass of -170 kDa
(Ullrich et al., 1984). Its extracellular portion contains the
amino terminus and has 622 amino acids with approxi-
mately 12 N-linked glycosylation sites (Cummings et al.,
1985; Mayes and Waterfield, 1984; Slieker and Lane, 1985;
Ullrich et al., 1984). Furthermore, this region is organized
into four domains, two of which are cysteine-rich; together,
the four domains form the binding pocket for EGF, with the
intervening non-cysteine-rich domain contributing the most
to EGF binding (Lax et al., 1988, 1989; Ullrich et al., 1984).
The putative transmembrane segment is 23 amino acids in
length and has a high hydrophobic content (Ullrich et al.,
1984). The cytoplasmic domain has 542 amino acids and
contains five tyrosine phosphorylation SH2 domain-binding
sites, seven serine/threonine phosphorylation sites, an actin-
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binding site overlapping the Y992 phosphorylation site, one
domain required for receptor internalization, one protein
tyrosine kinase (PTK) region, and the carboxyl terminus
(Boonstra et al., 1995; Carpenter and Cohen, 1990; Ullrich
et al., 1984). EGF-bound receptors cluster at coated pits and
are subsequently internalized and degraded or partially re-
cycled under normal physiological conditions (Haigler et
al., 1978, 1979; Masui et al., 1993; McKanna et al., 1979).

Scatchard plots of equilibrium EGF binding to several
cell types, expressing either native or transfected EGFR,
have all shown a curvilinear appearance characteristic of
negative cooperativity (referred to as "negative curvature"
henceforth; Bellot et al., 1990; Defize et al., 1989). It has
been shown that only a single cDNA sequence of EGFR is
required to produce such negative curvature in Scatchard
plots from a population of receptor-null cells that were
transfected with the WT EGFR (Bellot et al., 1990; Davis et
al., 1988; Schlessinger, 1986). Given the 1:1 molar ratio of
bound EGF to EGFR reported by Weber, Bertics, and Gill
(Weber et al., 1984a), these curvilinear Scatchard plots are
generally interpreted to mean that two receptor affinity
classes exist in the experimental systems (Carpenter, 1987;
Schlessinger, 1988).

However, the source of the observed receptor heteroge-
neity is not known in such experiments. For example, it is
not clear that the observed receptor heterogeneity is indeed
from each cell rather than being the result of population
diversity. Such heterogeneity in binding affinity could be
the result of different posttranslational modifications of
receptors on different subpopulations of cells. The negative
curvature could also be caused by variable receptor density
on cells or isolated membrane vesicles within a population
if EGF binding is diffusion-limited and therefore influenced
by receptor density. Variable receptor density can result
from different cell sizes, different stages in cell growth, or
simply a different receptor expression level. It is difficult to
exclude all of these possibilities based on population equi-
librium binding experiments. These ambiguities are clari-
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fied by studying ligand-receptor binding kinetics at the
single-cell level.

Experiments with monoclonal antibodies that block either
the high-affinity (Bellot et al., 1990) or the low-affinity
(Gregoriou and Rees, 1984; Defize et al., 1989) states of the
EGFR suggest that these two affinity states are conforma-
tionally distinguishable at the extracellular domain of the
receptor. Preincubation of A431 cell monolayers with either
mAb EGR/G49 (Gregoriou and Rees, 1984) or mAb 2E9
(Defize et al., 1989) show that the negative-curvature Scat-
chard plots characteristic of EGF binding to A431 cells are
converted to straight-line Scatchard plots corresponding to
high-affinity binding of EGF. Double immunofluorescence
labeling of A431 cells by mAb EGR/G49 suggests that all
A431 cells bind this antibody (Gregoriou and Rees, 1984).
Prebinding of A431 cells with mAb 2E9 followed by incu-
bation with fluorescein-labeled EGF and rhodamine-labeled
or unlabeled EGF at 50 nM total concentration shows that
-80% of control levels of EGF binding is lost on all cells
(Gadella and Jovin, 1995). These results suggest that the
heterogeneity of EGFR ligand binding affinity states is
present at the individual cell level, although there may be
alternative explanations. As an example, in the latter study,
incomplete block by mAb 2E9, either by steric restrictions
on antibody access or by antibody debinding, could have
left a population of low-affinity EGFR accessible to EGF on
any particular cell, thus allowing fluorescent ligand binding
on all cells, some of which could have been expressing only
one affinity class of receptor. Also possible with such mAb
binding experiments is the conversion by antibody-EGFR
interaction of the distribution of EGFR states on individual
cells. Thus it seems appropriate to employ direct ligand
binding to individual cells to determine if the heterogeneity
of EGF binding states is present at the single-cell level. The
results presented below are consistent with the above-cited
references in that two kinetically distinguishable EGF bind-
ing states are seen on individual cells.
The A431 cell line (Giard et al., 1973) was selected as the

in vivo experimental system for this study, and quantitative
fluorescence imaging as the data acquisition method. These
cells express a large number of EGFR at the cell surface,
-2 X 106 receptors per cell, which is -10-15 times the
receptor density expressed in most normal cells (Fabricant
et al., 1977; Haigler et al., 1978; Wrann and Fox, 1979). The
abnormally high receptor density is attributed to gene am-
plification by chromosome translocation and rearrange-
ment, resulting in multiple copies of the receptor gene and
a truncated version of the gene (Shimizu and Kondo, 1982;
Ullrich et al., 1984). In addition to the glycosylated, func-
tional receptors expressed at the cell surface, A431 cells
also secrete a soluble, glycosylated, truncated version of the
receptor containing only the extracellular domain of the
receptor, most likely the product of the truncated gene
(Ullrich et al., 1984; Weber et al., 1984b). Although the
high receptor density on A431 cells enhances the signal-to-
noise ratio for signal detection in kinetics experiments,
which makes this cell line a test system, it also complicates

analysis of binding kinetics because of the possible involve-
ment of diffusion-limited binding, which has been reported
in A431 cells as studied in populations (Berkers et al., 1992;
Wiley, 1988). Nevertheless, Scatchard plots obtained from
EGF binding to a population of A431 cells show the char-
acteristic negative curvature seen in other cell types (van
Bergen en Henegouwen et al., 1989).
We report herein the kinetics of fluorescein-conjugated

EGF (f-EGF) binding to individual A431 cells recorded
with a quantitative fluorescence imaging technique. The
kinetic data are fitted to simple models of one monovalent
site and two independent monovalent sites, both with the
addition of a first-order dye photobleaching process, and are
compared to simulated data obtained with kinetic constants
reported in the literature. Kinetics of EGF/EGFR binding at
the single cell level do not follow a simple one-monovalent-
site model and show significant variations from cell to cell.

MATERIALS AND METHODS

Fluorescent probe

f-EGF (Molecular Probes, Eugene, OR) was used for the experiments. The
equilibrium binding of f-EGF to cells has been shown to be identical to that
of EGF by an equilibrium competition assay (Carraway and Cerione, 1991;
Chatelier et al., 1986; Gadella and Jovin, 1995); thus, by extension, the
kinetics of binding of f-EGF are assumed to be identical to that of EGF.

A431 cells

A431 cells used for all experiments were purchased from the American
Type Culture Collection (Rockville, MD) and propagated in Dulbecco's
modified Eagle's medium (Gibco BRL, Grand Island, NY) supplemented
with 5% fetal calf serum (HyClone, Logan, UT) without antibiotic treat-
ment. Cells were plated on no. 1 glass coverslips for imaging experiments.
Approximately 5 X 104 cells were plated drop by drop onto different
locations of each glass coverslip (Fisher, Pittsburgh, PA). The cells were
serum-starved 2 days after plating; imaging experiments on the cells were
carried out 3 days after plating, allowing at least overmight serum starvation
before each experiment. Cells were transferred to HEPES-buffered saline
(HBS) (10 mM HEPES, 140 mM NaCl, 5 mM KCI, 1 mM CaCl2, 1 mM
MgCl2, and 10 mM a-D-glucose, titrated to pH 7.4 and sterile filtered),
containing 0.1% (1 mg/ml) bovine serum albumin (BSA) (Sigma), just
before imaging experiments. Receptor internalization is negligible at 4°C,
the temperature at which all data are collected; this is based on published
results demonstrating the temperature dependence of endocytosis for A43 1
cells and two other mammalian cell types (Haigler et al., 1979; Tomoda et

al., 1989; Weigel and Oka, 1981), as well as the lack of incorporation into
cells, as judged by optical microscopy, of f-EGF in experiments here.

Imaging system

Quantitative fluorescence imaging microscopy was used for data acquisi-
tion (Linderman et al., 1990). A Zeiss IM 35 inverted microscope equipped
with a Nikon fluor 40/1.30 oil objective was used for epifluorescence
microscopy. In addition, both the sample stage and the objective were

temperature-controlled (40C). A 470-nm bandpass filter (470DF10;
Omega, Brattleboro, VT) was used to select the excitation light from an

ultrastable mercury-xenon arc lamp (L2422 100 W; Hamamatsu Photonics,
Japan). A 510-nm long-pass dichroic mirror (FT510; Zeiss, Thormwood,
NY) in combination with a 530-nm bandpass second barrier filter
(530DF30; Omega) were used for signal filtering. A slow-scan charge-
coupled device (CCD) camera (a Thomson CSF TH 7882 CCD housed in
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a CH250 camera head; Photometrics, Tucson, AZ) was used for signal
recording. A computer-controlled shutter was placed in front of the arc
lamp to allow periodic excitation of the samples (Fig. 1). In general, images
were collected such that 16 image pixels in 4 X 4 arrays on the CCD were
combined into superpixels of 2.1 X 2.1,tm dimension on the cell surface.
Specific regions of interest were defined interactively by selecting all
image pixels within a user-defined area from one digital image of a
sequence and used to obtain the average pixel value of the same region
from all images in an experiment. No corrections for uneven illumination
of the samples and uneven detection by the CDD were applied, because
such variations over the dimension of a single cell were small.

Imaging protocol
The following steps were followed for a typical f-EGF binding and debind-
ing experiment performed at 4°C. Cells plated on a coverslip were loaded
into a culture chamber that permits solution exchange (Linderman et al.,
1990), placed on the microscope stage, and brought to focus using trans-
mitted light imaging. Binding data acquisition was initiated after the cells
were subjected to 1 min of fluorescence excitation light. Preliminary
experiments showed that A43 1 cell autofluorescence photobleached at two
distinct rates. Given the fluorescence excitation level of the microscope
system used in these studies, the faster photobleaching phase was found to
be complete within 1 min (data not shown). After the initial 1 min of
photobleaching, the residual cellular autofluorescence decayed at a much
slower rate, and thus photobleaching was incomplete over the time courses
used in these experiments (Fig. 2). The amplitude of the bleachable
autofluorescence in A43 1 cells was rather small and variable between cells
as determined in separate experiments; the example in Fig. 2 is one of the
better traces. The quantitative measurement of this autofluorescence decay
was found to be difficult because of the dimness of A43 1 cell images after
the 1-min prebleaching period-in particular, identification of individual
cells and confirmation that they did not move over the course of an
experiment were difficult to achieve. Autofluorescence photobleaching
fluorescence decay from two cells that appeared to have been properly
measured, fit to a single exponential function with an offset, i.e. a com-
ponent of the A431 cell autofluorescence was not bleachable under the
conditions used here. The measured amplitude of the decaying phase of the
autofluorescence was found to be 4.4 ± 0.3 fluorescence units and the rate
constant to be 0.0054 + 0.0005 min-'. Over the longest times of f-EGF
binding in experiments reported here, autofluorescence decay then amounts
to only - 1.5 fluorescence units, or a few percent at most of any imaging
data values. As discussed below, a correction for autofluorescence photo-
bleaching was applied to all cell data sets.

In each experiment, a few images of the cells were taken before the
addition of the fluorescein calibration solution (3.3 x 10-6 mg/ml fluo-
rescein in HBS) was added to the chamber; fluorescein solution addition
allowed calibration of cell region background f-EGF fluorescence relative
to a noncell background f-EGF fluorescence by measuring the relative
fluorescence of the two regions in fluorescein solution before the actual
binding experiment was initiated (see the section on data treatment). The
fluorescein solution was washed away with HBS after a few images had
been taken. After that, solution containing f-EGF was added to start the
binding phase of the experiment; it generally lasted 80 min. After binding,
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FIGURE 1 Periodic excitation scheme. 'y = initial delay time from
ligand addition to first exposure. a = exposure time. (3 = time between
excitation light pulses. Five pulses are shown, as numbered in the figure.
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FIGURE 2 Autofluorescence photobleaching of A431 cells. Each data
point is from an image of a cell exposed to excitation light for 250 ins; such
images were recorded approximately every 10 s. EGF (17 nM) was added
at time 0. The data were fit to a single exponential function plus a constant,
shown by the solid line.

free f-EGF was washed away from the chamber. The ensuing debinding
phase of the experiment was generally monitored for -70 min. Images
were taken approximately every 10 s throughout the experiment. Periodic
renewal of f-EGF solution was not necessary because the free f-EGF
supply was not diminished noticeably during binding experiments (see Fig.
3). Each solution exchange step consists of two separate solution additions
of at least 1.8 ml each to ensure better than 96% solution exchange
(Cheyette and Gross, 1991).

Data treatment

The algorithm for background fluorescence correction and autofluores-
cence photobleaching correction is described below. For the binding phase
of an experiment, base fluorescence levels, determined from images taken
before the addition of either fluorescein solution or f-EGF solution, were
subtracted from subsequent image data to give the cell (Fceii) and noncell
(Fnonceii) fluorescence signals. The values of Fceii thus represent the fluo-
rescence detected from the cell less that due to the initial autofluorescence
levels, both bleachable and unbleachable. The ratio FceillFnonceii was av-
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FIGURE 3 Fluorescence from a non-cell region during an experiment.
The sequence of solution exchange in the cell chamber was as follows:
fluorescein solution addition at -1.5 min, dye-free solution wash at -3.3
min, and 2.5 nM f-EGF solution addition at -5 min. Each data point is
from a -10 x - 10 ,um region of solution exposed periodically for 500 ms
to excitation light and recorded approximately every 10 s.
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eraged for the free fluorescein segment of the data and designated Rf. The
cell volume and background fluorescence-corrected fluorescence signal (F)
for subsequent f-EGF images was then obtained by

F - Fcell - (Fnonceil X Rf) (1)

where F, Fee,i, and Fnonceii are f-EGF fluorescence intensities. The fluo-
rescence signal was further corrected for cell autofluorescence photo-
bleaching by (see above for detail)

F = F + 4.4(1 -e-0.0054t) (2)

where t is the time in minutes. The maximum correction applied for the
longest experiments described here, 1.5 fluorescence units, occurs at times
for which f-EGF fluorescence is largest in binding experiments. Given the
difficulty of obtaining individual cell autofluorescence decay data, the use
of this approximation for autofluorescence decay seems justified.

For the debinding phase of an experiment, base fluorescence levels, also
determined from images taken before the addition of either fluorescein
solution or f-EGF solution, were subtracted from the cell (Fceii) and noncell

(Fnoncell) fluorescence signals. No cell volume correction was necessary in
the absence of free f-EGF; therefore, the background-corrected fluores-
cence signal was computed as

F = Fcell - Fnoncell (3)

The method of correcting the fluorescence signal for cell autofluorescence
photobleaching was similar to that used for the binding phase of the
experiment, except that the initial autofluorescence level was calculated by
incorporating the total binding time into the equation

F =F + 4.4(1 -e- .0054(t+b)) (4)

(see Data Treatment in Materials and Methods). Small vari-
ations in illumination intensity across the image were not
corrected by this approximation.

Possible contributions to fluorescence changes over time
caused by cell movement and morphology changes were
eliminated by analyzing only data from cell regions show-
ing little or no such behavior. Two images, one near the
beginning of and another near the end of a binding exper-
iment, were used to define two regions of interest from the
same cell region; thus two sets of data were generated from
the same cell region. Data sets were further analyzed only if
the two sets of data were coincident, illustrated by the
overlapping of circles and X's in Fig. 4.

Nonspecific binding of f-EGF to the coverslip or cell
surface was negligible in our signal detection system. Chi-
nese hamster ovary (CHO Ki) cells, which do not express
EGFR, were used as controls for cell membrane f-EGF
nonspecific binding because there are no available EGFR-
null A431 cells. The fluorescence intensities from noncell
and cell regions showed no increase in absolute fluores-
cence after the addition of f-EGF, as shown in Fig. 5. This
indicates that any nonspecific f-EGF binding to the cells or
to the coverslip is either minimal or so slow as to be
undetectable by our imaging system.

where b is the duration of the binding experiment in minutes.

RESULTS

Controls

The bulk solution f-EGF was a constant source of non-
bleached f-EGF in the experimental system. This was dem-
onstrated by measuring the fluorescence of a noncell region
of a field throughout an experiment; a typical measurement
is shown in Fig. 3. The first peak in the figure shows the
fluorescein calibration peak. The long-lasting, lower-ampli-
tude fluorescence plateau represents the solution f-EGF
fluorescence after the removal of free fluorescein from and
the subsequent addition of f-EGF to the cell chamber. This
fluorescence level stayed constant throughout, demonstrat-
ing that the source of nonbleached f-EGF was not depleted
during an experiment.
A431 autofluorescence photobleaching over a 150-min

period is approximated by a single exponential decay func-
tion with an amplitude of 4.4 fluorescence units and a decay
rate of 0.0054 min- 1, as shown in Fig. 2. The data were
obtained the same way as in the f-EGF binding experiments,
except that 17 nM unlabeled EGF was used instead of
f-EGF. As in regular experiments, the cells were first
bleached by a continuous exposure to the excitation light for
1 min just before data acquisition; this step removed the fast
autofluorescence photobleaching component from the
bleaching curve and thus allowed the single exponential
decay approximation. The single exponential decay curve is
subsequently added back to the background-corrected data
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FIGURE 4 Test for fluorescence change due to cell movement and
morphology change over time. Comparison of fluorescence intensities
extracted from two cell image templates, both of the same cell region, with
one template obtained from near the beginning of and another from near

the end of a series of images, shows good agreement, as illustrated by the
residual plot (U, bottom plot) and the overlap of the two data sets (0, X,
top plot). The residual is defined as the arithmetic difference between the
two data sets.
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FIGURE 5 Nonspecific binding of f-EGF to the coverslip and CHO
cells. An HBS solution containing 6.15 nM f-EGF and 0.1% bovine serum

albumin was added to CHO cells at time 0 of the plot; the free fluorescein
calibration peak and background fluorescence before the addition of f-EGF
are not shown in this figure. Data from three regions, including one noncell
region ( ) and two cell regions (- - - and .), of the coverslip are

shown. There is no increase in fluorescence in any of the regions over time.
Each data point is from an image exposed for 250 ms; images were

recorded approximately every 10 s.

f-EGF photobleaching correction

Receptor-bound f-EGF was photobleached significantly
over the course of a typical imaging experiment. The effect
of photobleaching on the fluorescence signal was demon-
strated qualitatively by the changes in slopes between seg-

ments of data shown in Fig. 6. In these traces the continuous
increase in bound f-EGF is shown to include a second
kinetic process that reduces the rate of increase of f-EGF
binding to the cell. This is interpreted as evidence for
significant cell-surface f-EGF photobleaching during the
experiment. Each steplike transition in the figure is due to a
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FIGURE 6 The effect of photobleaching on the fluorescence signal. Data
were collected approximately every 10 s. After f-EGF addition (arrow),
250-, 500-, 750-, 1000-, 750-, 500-, and 250-ms exposure times were

employed, respectively, during each data segment for data acquisition. The
change in the f-EGF signal is due to ligand binding, differences in exposure
time, and the degree of photobleaching of the bound f-EGF. These factors
account for the differences in the level and rate of change of detected
fluorescence from the cell.

change in excitation light exposure time during one contin-
uous binding experiment; the time between frames was kept
the same (10 s) for the duration of the experiment. As
expected, the average integrated fluorescence signal level
during a segment increased with increasing exposure time;
however, rates of fluorescence change were different for
segments with different exposure times. These different
slopes indicate different photobleaching rates for different
exposure times, i.e. the longer the exposure time, the faster
the photobleaching rate and shallower or more negative the
slope. This was a photobleaching effect, because the ligand-
receptor binding process itself was independent of the ex-
posure scheme. This photobleaching effect was not negli-
gible under most experimental conditions and was
accounted for by incorporating a ligand photobleaching
step, as shown below, into the models used for data analysis.
In related experiments (not shown), the photobleaching rate
was shown to be proportional to excitation light intensity, as
one would expect for a simple photobleaching process.
Thus photobleaching is a function of both exposure time
and intensity of illumination. All experiments reported here
were done with fixed fluorescence illumination intensity.
A simple one-monovalent-site model was modified ac-

cording to the periodic excitation protocol (Fig. 1) to ac-
count for f-EGF photobleaching. This modified model
(shown below) included f-EGF (L) binding to the EGFR (R)
with forward and reverse rate constants kf and kr and pho-
tobleaching of receptor-bound f-EGF (LR) with character-
istic rate kp:

kf

L + R 2:. LR
kr

kp;
kf

L* + R a L*R
k,

Photobleached f-EGF is indicated with an asterisk; it no
longer contributes to the fluorescence signal. During time y
before the cells were exposed to excitation light, only the
top reaction occurred (i.e., no photobleaching). During time
a, the entire reaction scheme was valid and photobleached
f-EGF (L* and L*R) accumulated. The amounts of free
photobleached f-EGF, L*, are vanishingly small for the
duration of all experiments described here, because disso-
ciation of L* from the cell surface is into 0.8 ml of cell
buffer, effectively an infinite volume. During time 3, the
photobleaching excitation light was removed, i.e., kp no
longer connected the two top and bottom binding processes
in the model; thus the kinetics during 13 were again de-
scribed by simple monovalent ligand-receptor binding. In
this model photobleached f-EGF that debinds from a recep-
tor is assumed to be lost in the bulk buffer solution. Using
the above reasoning, the time course of ligand binding
during all segments (,y, a, and 13) of an experiment was
solved iteratively. The variable t (time) in each segment was
defined only for the duration of the segment, i.e., the start of
each segment is defined as t = 0, and the end of the segment

I I I I
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750 750

500 500

250 250

1 1 1 1 1 1 1

1 093Chung et al.



Volume 73 August 1997

as t = duration of the segment. The detected signal, Sn,
collected by the CCD camera during the excitation period n
was the time integral of the fluorescence signal during the
excitation pulse. The final equation for the measured signal
Sn has the following form (see appendix for details):

ca

Sn = Q [LR]n dt (5)

where Q is a scaling factor, [LR]n = [LR] during excitation
period n, and

k[LR]nkdt= (k- 2 )(1-e ka) + kk

0

k
- ek[I-ka) yk[y+(n-1)a+(n-1)P3](I e - (-e ek(k k)kk

(6)

where bn is the initial value of [LR]n (see Appendix), k =

LTkf + kf, and k = kr + kp.
Sn is written as a function of excitation period number, n,

rather than as a function of time. Acquisition parameters a

and 3 were preset for each experiment and recorded accu-

rately to within millisecond resolution. However, the initial
lag time, 'y, was not as well defined experimentally as a and
P3 because the precise time of solution exchange was not
determined electronically; it is uncertain by less than ±2.5
s. Equation 5 contains four unknown parameters, k,r kf, kp,
and Q. The total ligand concentration, LT, is known for each
experiment. The total receptor density, RT, is set arbitrarily
to 2 X 106 receptors/cell and is multiplied by the scaling
factor Q.
The photobleaching correction for ligand debinding ex-

periments was derived similarly. The debinding exposure

scheme was the same as that for binding, except that the
initial lag time, -y, was not important for debinding. The
solution to the debinding reaction scheme was also obtained
iteratively. The final equation for the measured signal Sn has
the same form as Eq. 5, except that integrated [LR] during
each exposure is

[LR]0

J [LR]n dt = k (1 -e-ak)e-(n-1)(ak+,3k,) (7)

Three unknown parameters, kr, kp, and Q, are required to

describe ligand debinding.
As the photobleaching constant kp approaches 0, binding

and debinding Sn's become the integrated forms of simple
exponential functions. The derived binding and debinding
equations can be extended to correct for the photobleaching
effect in the two independent monovalent sites model by
summing two independent binding or debinding equations.

Single-cell kinetics of f-EGF binding
and debinding

The kinetics observed for single cells consistently showed a
biphasic appearance, characterized by a fast binding/
debinding phase followed by a slower binding/debinding
phase. For example, f-EGF binding did not reach equilib-
rium during 80 min of binding (Fig. 7 A) in the presence of
a low [f-EGF] (0.62 nM). The corresponding f-EGF debind-
ing (Fig. 7 B), recorded from the same cell immediately
after the binding experiment, did not reach the zero fluo-
rescence level during the 70-min experiment. Similar char-
acteristics in kinetics were also observed for binding exper-
iments (Fig. 7 C) performed at 1.23 nM f-EGF and the
corresponding debinding experiments (Fig. 7 D). Kinetic
curves fitted to the data from both experiments showed an
initial fast binding/debinding phase and a subsequent long-
lasting slow binding/debinding phase. The rate constants
returned from the fits are given in the figure legend. The
slow kinetic phases in binding and debinding were not the
result of nonspecific f-EGF binding to or debinding from
cells/coverslips (see the nonspecific binding control exper-
iment of Fig. 2). The biphasic appearance in the kinetic
curves was therefore not an artifact of the experimental
techniques.

Binding curves displaying different kinetic characteristics
were observed for different cells of the same coverslip or
different cells from different experiments using different
[f-EGF]. Three examples of binding curves collected at
three [f-EGF] are shown in Fig. 8. The rate constants used
to generate the fits are given in the figure legend. At high
[f-EGF] (6.15 nM), two types of binding curves were ob-
served, biphasic curves with a slow upward trend (not
shown) or biphasic curves with a slow downward trend (Fig.
8 A). At 1.23 nM (Fig. 7 C) and 2.46 nM (Fig. 8 B) [f-EGF],
only biphasic binding curves with a slow upward trend were
observed. At low [f-EGF] (0.62 nM), both biphasic binding
curves with a slow upward trend (not shown) and monopha-
sic binding curves (Fig. 8 C) were observed. All of the
biphasic curves were modeled reasonably well by the two-
site model (thick lines) but poorly modeled by the one-site
model (thin lines). The monophasic curves observed at 0.62
nM f-EGF were modeled equally well by either model.

Considerable cell-to-cell variation in the f-EGF kinetic
binding parameters was found in all experiments. Table 1
shows the results from fits to the two-site model for four
cells from one coverslip exposed to 6.15 nM f-EGF. The
forward and reverse rate constants are grouped together,
corresponding to high- and low-affinity sites where the
affinity constants are computed as the ratio of the fitted
reverse and forward rate constants (K = k!kf). The site
exhibiting faster kinetic rate constants corresponds to the
lower affinity constant. The fractions of sites that exhibit
fast kinetics (i.e., the low-affinity site) are shown as ffast,
Also shown in the table are the relative numbers of recep-
tors for each cell, normalized to the number of receptors on
cell 1. These data demonstrate that there is considerable
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FIGURE 7 Binding and debinding of f-EGF on individual A431 cells. (A) Binding data (dots) for [f-EGF] = 0.62 nM were collected approximately every

10 s, using a 250-ms exposure time and curve-fit to the two independent monovalent site model (line). The parameter values of the two-site model used
to generate the fitted curves were kr = 0.00019 s-', kp = 2 X 10-5 s-', kf = 0.00035 s-' nM-', Q = 0.00034, k'r = 0.003 s-1, k'p = 2 x 10-5 s-',
k'f = 0.00042 s-X nM- 1, and fraction of high-affinity receptors = 0.25. (B) Debinding of previously bound f-EGF was followed on the same cell as in
A, immediately after removal of free f-EGF from the bathing solution using the same imaging parameters. The two-site model fit (line) produced the
following parameters: kr = 0.003 s- 1, kp = 2 x 10-5 s-', S(t = 0) = 114, k'r = 0.00019 s- , k'p = 2 x 10-5 s- ', and fraction of bound high-affinity
receptors = 0.2. (C) Binding data (dots) were collected at 1.23 nM f-EGF, subject to the same imaging parameters as in A, and were curve-fit to the two
independent monovalent site model (line). The parameter values of the two-site model used to generate the fitted curves (lines) were k, = 0.0001 15 s-',
kp = 1.16 x 10-s s-', kf = 0.000185 s-' nM-', Q = 0.00087, k'r = 0.0084 s-', k'p = 1.9 X 10-s s-, k'f = 0.00023 s-' nM-', and fraction of
high-affinity receptors = 0.12. (D) Debinding of previously bound f-EGF was followed on the same cell as in C, immediately after removal of free f-EGF
from the bathing solution, using the same imaging parameters. The two-site model fit (line) produced the following parameters: kr = 0.0084 s-'1,p =

1.16 x 10-5 s-', S(t = 0) = 160.5, k'r = 0.000115 s-', k'p = 1.16 x 10-5 s-', and fraction of bound high-affinity receptors = 0.087.

variation in apparent rate constants of f-EGF binding be-
tween cells and that the distribution between the numbers of
high- and low-affinity receptors on A43 1 cells also shows a

large variability from cell to cell.

Model simulations

Simulations of f-EGF binding to single cells were generated
by applying the aforementioned models to kinetic constants

obtained from population binding experiments reported in
the literature (van Bergen en Henegouwen et al., 1989).
Two independent receptor populations were assumed by
these authors, who also measured 125I-EGF debinding in the
presence of 200 ng/ml EGF. Two dissociation rate constants
were reported, one fast and one slow, of magnitudes 1.1 X
10-3 s-1 and 3.5 X 10-5 S-1, respectively. From steady-
state Scatchard experiments, the high- and low-affinity dis-
sociation constants are 0.7 nM and 8.5 nM, respectively. By

TABLE I Cell-to-cell variation of f-EGF binding parameters

Low-affinity site High-affinity site
Relative no.

Cell no. kr (s ') kf (n-'1 -1) kr (s-') kf (nM-' s -') Khigh (nM) K,., (nM) ff.S1 of receptors

1 1.4 x 10-4 2.2 x 10-3 5.0 X 10-6 1.2 x 10-4 0.04 0.06 0.38 1
2 1.8 X 10-3 2.3 x 10-3 9.9 X 10-6 1.5 x 10-4 0.07 0.8 0.28 1.1
3 1.5 X 10-4 5.0 X 10-3 8.1 10-5 2.1 x 10-4 0.03 0.4 0.28 0.68
4 1.1 X 10-4 2.7 X 10-3 6.5 x 10-5 4.3 X 10-4 0.04 0.2 0.47 1.2
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FIGURE 8 Binding data collected at different [f-EGF]. The data were

collected at -10-s intervals, using 500-ms exposure times. Thin lines are

curves predicted by the one-site model. Thick lines are curves predicted by
the two-site model. The corresponding residual plots (dots; residual plots

assigning to the low-affinity receptor the fast reverse rate,
two forward rate constants of the high- and low-affinity
classes were calculated to be 5 x 10-5 s- nM-' and 1.3 X
10-4 s- nM-, respectively. The measured fraction of
receptors in the high-affinity state from their data was 4%,
which was applied to the two-site model simulation here.
Kinetic constants of low-affinity receptors were used for the
one-site model simulations. Predicted binding and debind-
ing curves at different [f-EGF] for both the one-site (dashed
lines) and two-site (solid lines) models based on the above
EGFR kinetic rate constants are shown in Fig. 9. The
photobleaching rate for f-EGF bound to either a high-
affinity or a low-affinity receptor was assumed to be the
same and was assigned to be 0.0005 s-1, a value in the
range of those in the experiments reported here; the photo-
bleaching rate was varied systematically, to examine its
effect on the models (Fig. 10).

During the binding phase of the simulated experiments
(Fig. 9, top), the two models produced similar curves at each
[f-EGF]; however, one slight difference did exist between
the simulations by the two models. The simulations of the
two-site model showed a slight upward trend in binding
even after 1 h of binding, whereas the simulations of the
one-site model reached a plateau in binding in less than 1 h.
Nevertheless, the difference between the two models with
the assigned rate constants was small and was not likely to
be detectably different in the presence of actual experimen-
tal noise. As a result, the simulations predicted monophasic
binding curves, if both the models and the reported rate
constants were accurate.

In the debinding phase of the simulated experiments (Fig.
9, bottom), the fluorescence levels decreased to close to zero
in 1 h of debinding for both models at different [f-EGF].
Visually, there were no other particular characteristics as-
sociated with the debinding curves predicted by the two
models, using the assigned rate constants. However, the
reverse rates used in these simulations were obtained from
population debinding experiments in the presence of excess

for the one-site model are offset by 5 or 10 fluorescence units for clarity)
are shown just below the binding data (dots). (A) Binding data collected at
6.15 nM f-EGF. The parameter values of the two-site model are kr =

0.00015 s-', kp = 0.00073 s- I, kf = O.5s-' nM- ', Q = 3X 10-5, k'r =
8.1 x 10-5 s-, k'p = 0.0016 s-', k'f = 0.00021 s-1 nM-', and fraction
of high-affinity receptors = 0.28. The parameter values of the one-site
model are kr= 1.5X 10-5 s- , kp = 0.0007 s- , kf = 0.00065 s-'nM-',
Q = 2.65 x 10-5. (B) Binding data collected at 2.46 nM f-EGF. The
parameter values of the two-site model are kr = 8.65 X 10-6 S- , kp =
0.00023 s- ', kf = 0.0012 s-1 nM- ', Q = 3 X 10-5, k'r = 0.00011 5

k'p = 0.00051 s-', k'f = 7.98 X 10-5 s- nM- , and fraction of
high-affinity receptors = 0.25. The parameter values of the one-site model
are kr = I X 10-5 s-', kp = I X 10-5 s-', kf = 0.0005 s-' nM-1, Q =

1.6 X 10-5. (C) Binding data collected at 0.62 nM f-EGF. The parameter
values of the two-site model are kr = 0.00048 s-', kp = 0.0029 s-1, kf =
0.005 s-' nM -', Q = 3.7 X 10-5, k'r =0.000349 s-', k'p = 0.0031 s-',
k'f = 0.00015 s-' nM-', and the fraction of high-affinity receptors = 0.21.
The parameter values of the one-site model are kr = 3.1 x 10-5 S-', kp =
5 X 10-6 s-', kf = 0.0047 s-' nM-', Q = 9.1 X 10-6.
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FIGURE 9 Model simulations. The binding and debinding kinetics of
one-site (- --) and two-site ( ) models were simulated for four
different [f-EGF], as indicated using the rate constants described in the
text. The initial fluorescence levels for debinding simulations were set
equal to the final fluorescence levels in the binding simulations.

unlabeled EGF (200 ng/ml), and might have been faster than
those obtained from the present debinding experiments per-

formed in the absence of unlabeled EGF if EGF bound to
EGFR by a diffusion-limited process. The high EGFR den-
sities expressed by A431 cells have been reported to affect
the kinetics of binding of EGF to these cells, possibly
through diffusion-limited processes (Berkers et al., 1992;
Wiley, 1988). One manifestation of a diffusion-limited pro-
cess is that the effective rates of ligand-receptor dissociation
become dependent on the extent of receptor occupancy
(Bell, 1978; DeLisi and Wiegel, 1981); the addition of
unlabeled EGF in dissociation experiments increases recep-
tor occupancy by the binding of unlabeled EGF to free
receptors, and therefore reduces the receptor densities avail-
able for the reassociation of free labeled EGF. As a result,
the measured effective reverse rates are faster than those
recorded in the absence of unlabeled EGF if the kinetic
process is diffusion-limited.
The overall effect of f-EGF photobleaching was to drive

the binding curves downward during a long experiment
(>30 min; Fig. 9) and to drive the debinding curves toward
a zero fluorescence level more rapidly (not shown). In the
examples shown in Fig. 9, photobleaching rates below
0.001 s-1 show little effect on the simulated binding data,
and even less effect if noise is included in the simulations

.4-0-_ -.-
.~~~~~~~3o~~~~.seC, 30 dC,'S~.......................-.........................

8 20-

8 10-/

0 10 20 30 40 50 60
time(min)

FIGURE 10 The effect of different f-EGF photobleaching rates on
model simulations. The same parameters used for the two-site model
simulations in Fig. 7 are applied here ([f-EGF] = 6.15 nM), except for the
f-EGF photobleaching rate. This rate was assigned values of 0.0005 s-',
0.001 s-' (two closely spaced dashed lines, in descending order), 0.005
s-' (dashed line), 0.01 s-' (dotted line), or 0.02 s (solid line).

(not shown); however, the downward trend becomes quite
apparent when the photobleaching rate reaches -0.02 s-1.
Two of the three types of binding curves, monophasic,

biphasic with a slow upward trend, and biphasic with a slow
downward trend, observed in binding kinetics were not
predicted by the simulations in Fig. 9, which all produced
apparent monophasic binding in the range of [f-EGF] used
for the experiments. The observed variations in f-EGF bind-
ing to different cells from the same coverslips or different
experiments can be attributed to three possibilities: different
f-EGF photobleaching rates between cells, cellular hetero-
geneity, or kinetic schemes that differ from the simple
models used here. Different f-EGF photobleaching rates on
different areas of the same field, caused by uneven illumi-
nation, can result in different binding curves in certain
cases, as demonstrated by the simulations in Fig. 10; how-
ever, the severalfold differences in illumination intensity
required to change the photobleaching rate are not found in
the imaging system employed here. Different cells could
exhibit different binding kinetics for a variety of reasons,
e.g., different proportions of high-affinity receptors in the
total cell receptor populations; different receptor densities,
as in the case of diffusion-limited kinetics; and so on. Of
course, the description of two static receptor populations
used to describe the binding kinetics can simply be wrong,
implying that a different model is required to correctly
describe the observed kinetics.

DISCUSSION

Equilibrium or kinetic binding studies of ligand-receptor
interactions on intact cells have previously been limited to
assays incorporating thousands to millions of cells. Such
assays, although sensitive and easy to perform, are intrinsi-
cally limited to the measurement of ensemble average val-
ues of receptor-binding site number and affinity. For the
epidermal growth factor receptor and any other receptor that
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demonstrates multiple affinity states, the analysis of data
from large numbers of cells is ambiguous, in that individual
cell heterogeneity or molecular heterogeneity could both
provide valid interpretations of the data. The single-cell
kinetic binding analysis presented here obviates this ambi-
guity and permits one to discern between cellular and mo-

lecular heterogeneity. Furthermore, the single-cell binding
technique allows, in principle, the direct measurement of
kinetic binding rates down to the optical resolution limit,
i.e., at the dimension of plasma membrane domains.

Given the complexity of even the simple two-site binding
model for the interaction of EGF and the EGFR, the data
analysis methodology described above is most useful in
eliminating models, as in the case of eliminating the one-site
model, rather than validating a specific model. The results
presented here suggest that the two-site model that incor-
porates independent EGFRs of two affinity states is consis-
tent with all f-EGF single-cell binding data, whereas the
one-site model fits poorly to the same data, except for a few
cases at low [f-EGF] (0.65 nM). This indicates that the
reported heterogeneity in receptor binding affinity based on

bulk cell EGF binding assays exists at the single-cell level.
Nevertheless, the simple two-site model is unlikely to be the
correct model for the f-EGF binding events at the A43 1 cell
surface, because interconversion between receptor affinity
classes involving several different regulatory mechanisms,
such as receptor dimerization (Schlessinger, 1988; Yarden
and Schlessinger, 1987) and actin binding (van Belzen et al.,
1991; van Bergen en Henegouwen et al., 1992), has been
reported. Such interconversions require more kinetic steps
in modeling and thus would intrinsically produce more

complicated equations that predict single-cell EGF binding
behavior. Given the fact that a simple two-site model re-

quires eight parameters for full characterization and that
such a model fits the observed data well, it seems unrealistic
at this point to attempt to model more complex processes,

because it is unlikely that the data would permit conclusive
determination of their validity.

All experiments described here were carried out at 40C, a

temperature at which the internalization of ligand-bound
EFGR is blocked in A431 cells (Miller et al., 1986). Thus
the multiphasic f-EGF binding kinetics observed do not

arise from internalization of ligand, but rather are due to the
intrinsic ligand-receptor interactions on the cell surface.

It is not surprising that variations exist among cells in the
number of total EGFR per cell and in the distribution
between the high- and low-affinity binding classes of
EGFR. Such variations should be the natural consequence

of variable gene expression and posttranslational modifica-
tion patterns, both of which depend on the environment in
which a cell has grown. More surprising is the apparent
variation in kinetic binding and debinding rates, as shown in
Table 1 and Figs. 7 and 8. Such variation should not be
present if the populations of high- and low-affinity EGFR
are stable over time and if the EGF-EGFR binding interac-
tion is due to a well-defined molecular structure adopted by

the variation in rate constants that derive from the binding
data presented here is that the population of EGFR that is
being sampled on each cell is nonstationary, that is, that
transitions between apparent affinity states are occurring
during the course of the f-EGF binding experiments. Such
nonstationary behavior would clearly produce f-EGF bind-
ing data that are not properly modeled by the two-site model
applied here. A second explanation is that the idea of two
independent affinity states is not valid, and that other mo-
lecular interactions besides a direct change in the receptor-
ligand interaction are responsible for the observed multiple
kinetic rates and affinity states. One such interaction could
involve variation in clustering of EGFR on the cell surface,
such that some clusters present a much higher effective
surface density than other clusters, with the higher density
clusters exhibiting a greater degree of diffusion-limited li-
gand binding.
The derived kinetic parameters determined from the sin-

gle-cell f-EGF binding data shown here depart considerably
from bulk equilibrium binding data in the literature in two
important regards. First, the fraction of receptors that are of
the high-affinity class is much greater in the single-cell
experiments than in equilibrium assays. This result would
be consistent with the notion that a much larger number of
EGFRs on a cell are in the high-affinity state before EGF
binding, and that the cell responds to EGF stimulation by
driving the conversion of high-affinity receptors to the
low-affinity state, perhaps by a mechanism similar to that
induced by phorbol ester treatment of A431 cells (North-
wood and Davis, 1989). The rapid phase of f-EGF binding
recorded by the technique described here thus contains a
significant contribution of the state of the EGFR system
before ligand application, and would therefore sample a
larger fraction of high-affinity receptors if the above idea is
valid. The second departure from bulk equilibrium binding
data is in the apparent affinities of the high- and low-affinity
receptor classes, particularly that of the low-affinity recep-
tor. The values derived from the kinetic parameters from the
fits described here are 2- to 10-fold lower than the values
from bulk equilibrium binding data. Again, these departures
could be due to the rapid sampling time employed in the
present experiments, leading to a bias toward the state of the
EGFR system that existed before ligand application. One
should note that not all single-cell f-EGF binding affinities
measured as described here are less than those in the liter-
ature; calculation of affinity constants based on the kinetic
parameters given in the captions to Figs. 7 and 8 produces
values for the high-affinity state that range from 0.01 nM to
0.6 nM, whereas for the low-affinity state the range is

0.4-37 nM. The results here suggest that single-cell, time-
dynamic ligand binding assays produce data that comple-
ment bulk equilibrium binding data and that the single-cell
assay may be useful in extending the study of ligand-
receptor interactions to a finer resolution.

It is clear that quantitative analysis of ligand binding
kinetics involving fluorescent ligands requires careful cor-
rection of fluorophore photobleaching during the course of
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an experiment. The f-EGF photobleaching correction that is
described here has two potential complicating factors. One
is that f-EGF photobleaching may not be a first-order pro-
cess. Photobleaching of a dye molecule is most often mod-
eled as a first-order process; however, a recent study has
demonstrated that such photochemistry is very sensitive to
the microenvironment in which the reaction takes place
(Song et al., 1995). Because it is difficult to measure the
photobleaching process in the in vivo EGF/receptor system,
it has not been possible to determine conclusively that only
first-order kinetics are appropriate.

Another difficulty with f-EGF photobleaching correction
for single-cell kinetic binding measurements is that the
number of adjustable parameters for curve-fitting becomes
large in any multiaffinity model (e.g., eight parameters for
the two-site model). With such a large parameter space, it is
difficult to locate the absolute minimum of a best fit in a
least-squares fitting algorithm, and it is difficult to deter-
mine if the fitting parameters are correlated with each other.
Curve-fitting of models to data should provide 1) parameter
values for the models, 2) error estimates for the parameter
values, and 3) a measurement of goodness of fit for the fit
(Press et al., 1992). The noise in the single-cell binding data
and the large number of parameters together allow one to
find multiple sets of parameters that all produce reasonable
fits to the data for a given criterion of goodness of fit (e.g.,
X2 minimization), making it difficult to find the best fit. A
systematic survey of parameter space is therefore necessary
to best approximate the best fit; such a survey becomes very
computation-intensive as the number of parameters in-
creases, and was not implemented for the present study. In
addition to the problem of locating the absolutely best fit of
a model to the data, uncertainty estimates for the fitted
parameters also present a problem in cases in which the
kinetic equations have low sensitivity to certain parameters.
For example, the Lrkf term in k = Lrkf + kr can be much
larger than the kr term, making k relatively insensitive to kr.
Similarly, the two terms on the left side of k = kr + kp can
also differ by orders of magnitude, resulting in less sensi-
tivity of the overall equations to one term or the other. Such
low sensitivity for a parameter results in large uncertainty
estimates for the parameter when the binding equations are
fitted to real data.
One approach to resolving some of the difficulties in data

fitting for a few specific cases is to perform both binding
and debinding experiments on the same cells consecutively,
and to first fit the debinding phase of the experiment, which
generally has fewer adjustable parameters. Using the one-
site model as an example, debinding data can be fit to obtain
two kinetic variables, kr and kp. Subsequently, binding data
from the same cell region can be fit by holding the two
newly determined parameters, kr and kp, constant to obtain
the third kinetic parameter, kf. However, this approach only
works well for simple models, because the number of pa-
rameters is still large for debinding kinetics in multiaffinity
or other, more elaborate models. It also presumes that all

an assumption that must be evaluated for each experimental
protocol.

Concentration-dependent quenching of f-EGF fluores-
cence on the cell surface could, in principle, artifactually
alter the apparent f-EGF binding and debinding kinetics.
Although a systematic study of concentration quenching of
f-EGF on the cell surface was not performed in this study,
comparison of data from debinding experiments in which
the fluorescence of A431 cells preincubated with either
f-EGF (3 nM) alone or f-EGF (1.85 nM) plus unlabeled
EGF (1.33 nM) together did not suggest that f-EGF con-

centration quenching, if present, altered the measured ligand
binding kinetics. After an initial preincubation, washing the
cells with HBS to remove unbound f-EGF and unbound
EGF produced identical rates of f-EGF debinding (not
shown). This suggests that any enhancement of f-EGF flu-
orescence that might be occurring as the cell surface con-

centration decreases with debinding is not sufficiently large
to alter the measured loss of f-EGF fluorescence due to true
ligand debinding.
The data presented here are derived from the average

ligand binding interactions over a large region of a single
cell. As the data were recorded with a wide-field micro-
scope, the f-EGF binding data reflect the molecular prop-

erties of the apical side of the A43 1 cells studied. Receptor
lateral mobility at the cell surface has been assumed not to
interfere with the measurement of averaged fluorescence
intensity obtained from the whole top surface of a cell.
Specifically, possible receptor aggregation and diffusion
into and out of a region were assumed not to change the
region's total number of receptors over the course of an

experiment. Measurements of EGFR lateral diffusion coef-
ficients on A431 cell membranes yield values in the range

of 2-4 X 10-10 cm2/s at temperatures near 5°C for the
fraction of receptors that are mobile (Rees et al., 1984;
Hillman and Schlessinger, 1982). The data in Figs. 7-9
show that the most rapid kinetic phase of EGF binding to
A431 cells is ligand concentration dependent; at 6 nM
[EGF] the rapid phase lasts -1 min, whereas the slower
phase has a characteristic time of 15-20 min. Thus laterally
mobile EGFR could move over characteristic distances of
-3 ,um during the fast phase and 12 ,um during the slow
phase. Both of these distances were calculated assuming
unrestricted movement of receptors in the plasma mem-

brane. If, indeed, EGFR are free to diffuse across the entire
A431 cell plasma membrane, these numbers demonstrate
that only the rapid kinetic phase of the f-EGF binding
curves would sample local (-3 ,um dimension) regions of
the membrane, whereas the slower phase data would sample
nearly all mobile EGFR, as the diffusion distance is com-

parable to the size of a cell. Results presented here suggest
that both rapid and slow kinetic f-EGF binding vary from
cell to cell. This is consistent with the idea that EGFR
movements are restricted to domains on the cell surface and
that the kinetic ligand-binding properties of domain-re-
stricted EGFR are different between domains. It has re-

rate constants in multiaffinity models do not vary with time,
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caveolar membrane fraction of human fibroblasts (Smart et
al., 1995) and Rat-I fibroblast cells (Mineo et al., 1996). It
may be that interaction of EGFR with caveolae and poten-
tial immobilization of EGFR within these membrane or-
ganelles contribute to both the measured differential ligand-
binding properties of EGFRs on different A431 cells and
potentially differential signaling capacities of these local-
ized receptors. It is interesting to note that actin concentra-
tion is also elevated in caveolar membrane preparations
(Lisanti et al., 1994) and that the EGFR contains an actin-
binding sequence in its cytoplasmic domain (den Hartigh et
al., 1992). These facts, in combination with our measure-
ments, are consistent with the idea that caveolae-associated
actin restrains EGFRs within these cell surface structures
and that such restraint modulates EGFR ligand binding
affinity. Other experiments will be necessary to test this
hypothesis.

Several factors in modeling EGF/receptor interactions
have not been studied in the present paper. For example, a
1:1 molar ratio stoichiometry of EGF to EGFR binding has
been reported by Weber, Bertics, and Gill (Weber et al.,
1984a); however, other laboratories (Lemmon and Schless-
inger, 1994; Stokes et al., 1994) have suggested that 1:2
(EGF to EGFR) binding stoichiometry is possible. Two
recent reports present data showing that EGFR dimers can
bind one or two EGF ligands such that four separate EGFR-
EGF species can be present (i.e., R, LR, LR2, and L2R2)
(Sherrill and Kyte, 1996; Lemmon et al., 1997). In the
former case, holoreceptors solubilized by Triton X-100
were employed, whereas in the latter the soluble extracel-
lular domain of the receptor was studied. Because the effect
of EGFR dimerization on intact cells has yet to be com-
pletely characterized for its effect on EGF binding, in this
report only a simpler model of the interaction of EGF with
the EGFR has been employed. Future work may be able to
address this question.

Despite the simplicity of the models tested and the pos-
sible problems in data analysis, the two-site model fits
reasonably well all data collected to date. This result is
consistent with the existence of at least two affinity classes
of receptors that are present simultaneously at the single-
cell level. The model assumes that the two populations of
receptors are static, which might not be the case on the cell
surface; interconversion between receptor affinity classes
can take place via oligomerization, posttranslational modi-
fication, or complexation with regulatory factors. The sen-
sitivity of the single-cell binding assay to differences be-
tween these models has not been systematically analyzed
and is an important point for future analysis.

Defining k = Lkf + kr and k = kr + kp, the differential equations for
binding are

d[LR]
dt + kr[LR]= Lrkf[R]

d[LR]
dt + k[LR] = Lr kf [R]

d[LR]
dt + kr [LR] = LTkf [R]

during initial lag period (y)

(A.1)

during excitation pulse (a)

(A.2)

between pulses (3).

(A.3)

For the initial lag time, t varies from 0 to y:

[LR]y(t) = LrTkf (1 -e-kt)

During pulse 1, t varies from 0 to a, with [LR]I(0) = [LR]e(,y):

[LR]1(t) = [LRI,,(y)e-kt

+ -(k[k -e-kt) + (e -kt - e-kt) -kyJ

(A.4)

(A.5)

Between pulses 1 and 2, t varies from 0 to ,3, with [LR]',(0) = [LR]1(a):

[LR]l(t) = [LR]l(a)e k,t (A.6)

+ LTRTkk [1 -e krt + (e -krt _ -kt)e -k(,y+na)]

During pulse 2, t varies from 0 to a, with [LR]2(0) = [LR]'((3):

[LR]2(t) = [LR]'(13)e-kt (A.7)

+ LFR1Tkf[r ( - e-kt) + ( -kt - e-kt) LTkk f _k(Y+Oa+p)]

Similarly, during any pulse n, t varies from 0 to a, with initial [LR] equal
to that at the end of the preceding interval:

kt LrRTkf
LR]I = be-kn + k(A8

(A.8)

[kr -e kt) + (e-kt - ekt) L,kf[. y- +(n-1)a+(n-1 ]l
[kh k-re

where

LrRTkf
bi = k (1-e-ky)

bn= [LR]-l (f3), n> 1

APPENDIX

The solution for the one-monovalent-site model during a binding experi-
ment is given below. A similar method is used to obtain the solutions for
debinding experiments and for the two-independent-monovalent-site
model.

Assume that [L] Lr [L] + [L*], and note that d[R]/dt is indepen-
dent of kp. Then [R] can be solved explicitly for each segment.

The signal, Sn, detected by the CCD camera, is the integrated signal during
each excitation pulse. The final equation for the measured signal Sn has the
following form:

Sn= Q [LR]n dt
0

(A.9)
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where Q is a scaling factor and

Ta [R d bnl LrRTkfkr\ LTRT k fkr
I [LR]n dt = (k -- 2k )(1-e-ka) + kk 't~k2k)k)- kk a4

o (A.10)

k( k)(k(1 - e )-(I- e-ka))e-kfY+(n-I)a+(n- ]
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