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driven by K* ions. However, the presence of a single 3'T
appears to inhibit this process, although a residual high-tem-
perature structure still forms in dT,G,T (Figure 3).

Structurally, we can say little at the moment about the
remarkably stable high-temperature structure in either of these
complexes in K*. Since the CD spectrum changes in mag-
nitude but not in shape, it seems likely that no large-scale
change in geometry is involved. One possibility is that a
change in hydration or ion binding occurs on heating the
tetramers, but this is by no means established. Structural and
thermodynamic analysis of this form of the complex is pres-
ently under way to attempt to distinguish these from other
possibilities.

Registry No. dT,G,, 108050-57-3; dT,G,T, 138693-69-3; Na,
7440-23-5; K, 7440-09-7.
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on A431 Cells'
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ABSTRACT: For some hormone receptors, the early events of signal transduction depend on their molecular
arrangement and interactions at the cell surface. An understanding of the mechanism of signal transduction
in general needs a careful analysis of the receptor distribution. Here, we present the first quantitative
measurement of epidermal growth factor receptor distribution on A431 cells obtained by scanning fluorescence
correlation spectroscopy. Prior to epidermal growth factor binding, the A431 cell membrane presents an
average surface density of 7.7-8.4 microclusters/um?, each containing an average of 130 receptors.

’I;]ere is strong evidence that the molecular organization and
the lateral distribution of receptors in cell membranes are
important for their function (Lichtner & Schirrmacher, 1990).
In many cases, it is clear that the distribution of receptors is
neither random nor homogeneous, but rather the receptors are
partly aggregated (Van Belzen et al.,, 1988). The organization
and distribution of receptors at the cell surface frequently
change as a consequence of their interactions with specific
hormones or ligands (Van Belzen et al., 1988; Haigler et al.,
1978). Yet, some important questions about receptor dis-
tribution remain unanswered: Are receptors distributed
uniformly, randomly, or among domains on the cell surface
prior to the binding of hormone? If clusters exist, can their
density and size be determined? What is the proportion of
clustered and nonclustered receptors? What is the nature of
the receptor-receptor interactions and what constraints arise
from them? Answers to these and related questions will in-

t This work was supported by the Natural Sciences and Engineering
Research Council of Canada.

fluence the way we understand the dependence of the cellular
response on receptor mobility, receptor—-receptor interactions,
and receptor-ligand interactions. An important starting point
is to measure the receptor distribution on cell surfaces prior
to hormone binding.

The polypeptide hormone epidermal growth factor (EGF)
acts through its cell surface receptor to induce cell proliferation
(Schlessinger, 1986; Defize et al., 1989). Its mode of action
appears to involve receptor microclustering (Schreiber et al.,
1983; Yarden & Schlessinger, 1986), a2 mechanism thought
to be common to many receptor systems. The A431 epider-
moid carcinoma cell line has been used extensively in the study
of the mechanism of action of the EGF receptors and is very
well characterized biochemically and biophysically (Kawamoto
et al., 1983; Moolenaar et al., 1987; Wiley, 1988; Roy et al.,
1989; Bellot et al., 1990). Detailed analysis of the EGF-re-
ceptor organization on A431 cells has been attempted using
ferritin-labeled EGF (Kawamoto et al., 1983; Mckanna et al.,
1979) and monoclonal antibodies directed against the EGF
receptors which are then labeled with gold-conjugated protein
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A (Van Belzen et al., 1988; Boonstra et al., 1985) and visu-
alized by electron microscopy techniques. Frequency distri-
butions of cluster sizes have been calculated from the electron
micrographs, where particles were defined as clustered if the
distances between their centers was less than 35 nm (Van
Belzen et al., 1988). Indirect evidence for receptor clusters
has also been provided through measurements of rotational
diffusion (Zidovetzki et al., 1981, 1986). In this case, a cluster
is defined as a group of receptors being physically linked to
each other such that they rotate synchronously.

Conventional fluorescence microscopy techniques provided
early evidence for the active change in receptor distribution
during exposure to hormone or specific ligands (Haigler et al.,
1978; Schlessinger et al., 1978) but have so far failed to provide
direct, quantitative information about their distribution.
Attempts at quantification have come mainly from electron
microscopy (Van Belzen et al., 1988; McKanna et al., 1979),
but interpretation of the data is limited by inconsistent labeling
efficiency. We have recently developed a new approach to
measure the distribution of cell surface receptors (Petersen,
1986). Scanning fluorescence correlation spectroscopy (S-
FCS) is based on number fluctuation theory (Elson & Webb,
1975) in which the average number of molecules in an open
volume is related to the fluctuations in time of that number
within this volume. This principle can be applied to cell
membrane systems if fluctuations as a function of position on
the cell surface, rather than time, are obtained by scanning
an appropriately labeled cell under a laser beam of defined
width. The technique provides quantitative measurements of
the densities and sizes of receptor clusters on cell surfaces. In
this case, a cluster is defined as a group of receptors whose
positions are correlated through interactions but not necessarily
by molecular contact. Consequently, it is possible that long-
range interactions, for example, via the cytoskeleton, can
provide positional correlation. In this work, we report the first
quantitative and direct measurement of such clusters of EGF
receptors on A431 cells.

MATERIALS AND METHODS

EGF receptors were probed with mouse monoclonal IgG
29.1 antibody (Sigma Chemical Co., catalog no. E2760, lot
no. 79F4816), a clone that binds uniformly to the EGF re-
ceptors independent of whether these are in a high- or a low-
affinity state for the hormone EGF (Yarden et al., 1985).
A431 cells (American Type Culture Collection) were fixed
for 20 min at 37 °C with 0.2% paraformaldehyde prior to
antibody binding to inhibit receptor internalization. This
procedure does not alter the binding affinity of EGF to its
receptor (Kawamoto et al., 1983). The cells were then incu-
bated for 30 min at room temperature with a series of IgG
29.1 concentrations. The cells were rinsed and labeled for 30
min at room temperature with an FITC-conjugated goat
anti-mouse Fc specific antibody (Sigma Chemical Co., catalog
no. F5347, lot no. 69F4818) at a concentration of 5.6 ug/mL.
Cells were mounted under the microscope objective for S-FCS
experiments (St-Pierre & Petersen 1990). Briefly, a cell is
translated under a focused laser beam to generate a record
of fluorescence intensity as a function of position. The data
are used to calculate the autocorrelation function

Ny
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where Ax is the step resolution, N is the total record length,

g(kax) = -1 6))
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Table I: Results of S-FCS Experiments on A431 Cells

[1gG 29.1] FITC-Ab® (i s

(ug/mL) (5.6 ug/mL) (10°cps) g(0) (um™?) N°
0 (b) - 4.2 0.0019 14
0(b+n) + 12 0.0025 18
0.0096 + 13 0.0090 027 19
0.096 + 30 0.0215 5.6 21
0.96 + 52 0.0267 7.3 24
3.84 + 69 0.0258 8.7 12
6.72 + 150 0.0367 7.5 23
9.6 + 61 0.0287 74 19

¢FITC-conjugated goat anti-mouse Fe specific antibody. ®cps rep-
resents counts per second. ‘Number of cells for which the autocorre-
lation decay is within 30% of the laser beam width.

and N, = N - k. The zero-lag value g(0) is calculated from
a fit to the expected function

g(kax) = g(0) exp(—(kAx/w)) + g )

As shown eartlier (Petersen, 1986) g(0) can be determined with
high precision because of low noise in the g(kAx) function.
However, because of a limited record length the accuracy of
£(0) for any one measurement is poorer. To get a better
estimate of the true value, 30 cells are scanned under the laser
beam over a distance of about 24 um for each IgG 29.1
concentration and an average g(0) value is calculated. The
laser beam is focused to a width of 1.0 um. Care was taken
to obtain records over regions of the cell which are flat. This
minimizes fluctuations arising from changes in the illumination
intensity and detection efficiency at planes above and below
the focal plane (Petersen, 1986). Computer simulations of
S-FCS experiments were performed using a Fortran vectorial
source code on a Cyber 2000 system. The details have been
described elsewhere (St-Pierre & Petersen, 1990).

RESULTS

Scanning fluorescence correlation spectroscopy experiments
yield (1) the average fluorescence intensity of the fluctuation
record ({i)), which corresponds to the actual amount of ma-
terial bound to the cell surface, and (2) the variance in the
amplitude of the fluctuations g(0), which is inversely pro-
portional to the density of independently distributed fluorescent
entities. Typical examples of fluorescence scans and their
corresponding correlation functions are shown in Figure 1 for
low and high concentrations of IgG 29.1 antibodies. The
results of many such measurements, at concentrations ranging
over 3 orders of magnitude, are summarized in Table I, along
with the corresponding control experiments conducted without
primary antibody. It is clear that the g(0) values, representing
the density of receptor entities, become independent of primary
antibody concentration. We have previously shown that the
concentration independence of g(0) is characteristic of partly
or completely aggregated receptor systems (Petersen, 1986;
St-Pierre & Petersen, 1990). This is because an increase in
the number of receptors labeled within an aggregate does not
change the number of aggregates; they only become brighter.

Previous work shows that computer simulations of scanning
fluorescence correlation spectroscopy experiments provide a
useful approach to determine the detailed receptor distribution
(St-Pierre & Petersen, 1990). For example, data obtained
from experiments detecting concanavalin A receptor distri-
bution on mouse fibroblasts have been modeled successfully
by computer simulations which incorporate two distinct re-
ceptor populations: one with a few very large clusters and the
other with many small clusters, These simulations also show
that the concanavalin A concentration dependence of g(0) is
recovered only if large and small receptor clusters are asso-
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FIGURE 1: Samples of fluorescence scans (A, B) and corresponding autocorrelation functions (C, D) at 0.0096 ug mL™! (A, C) and 9.6 ug
mL™! (B, D) IgG 29.1 antibody. The normalized fluctuations were calculated as [/ — (}]/(i). The g(0) value is derived from the fit to the
correlation function, allowing for the variation in the base-line level. The laser beam width of 1.0 & 0.2 um is reproduced by the autocorrelation

functions.

ciated respectively with the low- and high-affinity classes of
binding sites, known to exist for concanavalin A receptors.

In the present work, computer simulations are designed with
two variables: the density of points (labeled receptor clusters)
positioned randomly on a flat surface (the cell) and the weight
of each point (as a measure of the amount of label). The points
within a circle of defined radius (the laser beam) are added
according to their weight and position to give a single count
(intensity). The count records obtained by translating the
circle across the surface are analogous to the experimental
fluorescence intensity records (Figure 1A,B). To get an av-
erage simulated g(0) value, many count records are generated
with different point positions at fixed density and weight.
Systematic variation of the weight of the points for a fixed
density permits simulation of changes in labeling. Figure 2
compares the experimental g(0) values as a function of the
average fluorescence intensity with simulated g(0) values
obtained with a density of evenly weighted points set at
8.4/um?,

The complete simulation of the experimental g(0) for
fluorescently labeled cell surfaces requires two other point
populations representing the cell background fluorescence and
the nonspecific binding of the secondary antibody. These latter
point-population densities and weights were calculated (Table
IT) from the experimentally observed values for the unlabeled
cells and the nonspecifically labeled cells (Table I, control
experiments without IgG 29.1) and were included in the above
simulations. The simulated g(0) values and average weights
(intensity) for both control experiments correspond very well
to the experimentally observed values as shown by the overlap
of the first two points in Figure 2.

An alternative to direct simulations is to correct the raw data
for contributions from the cell background (b) and nonspe-
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FIGURE 2: Zero-lag value of the photocurrent autocorrelation function
£(0) measured on A431 cells (O) and on simulated cell surfaces (a)
as a function of average fluorescence intensities. Each simulated data
point represents an average of 20 records. The error bars represent
the standard error of the mean values calculated with a 95% level
of confidence.

Table II: Parameters Used in Computer Simulations?

point distribution density (um?) wt

background (b) 168 16
secondary Ab (n) 59.3 84
clusters (s) 8.43 11100%

¢The corresponding g(0) values and average counts are plotted in
Figure 1. °This value is the weight that the points (clusters) must have
to give records with an average count corresponding to the largest av-
erage fluorescence intensity of the experimental data, where receptor
saturation is assumed. Division by 84 gives a cluster size of 132.

cifically bound secondary antibodies (n). The advantage of
this method is that the density of the specifically bound an-
tibody emerges directly from the corrected data. The fluc-
tuation information from the specifically bound secondary
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antibodies (s) can be retrieved by
£:0) = (1) *[8(0)(1)? = Zon(0) (D) p4n?] (3)
where
(B)s = (i) = (Dpsn 4)

This approximation is valid only if the variances in the am-
plitude of fluctuations of each source of fluorescence are
statistically independent. Since 1/g,(0) is proportional to the
average number of clusters in the illuminated area of the cell
membrane, the surface density of the labeled EGF-receptor
clusters is p, = [g,(0)mw?]™!, where w is the laser beam width.
The surface density values (p,) are calculated and shown in
Table I for each experiment. The surface density is small at
low primary antibody concentrations and increases steeply,
indicating that more clusters are being detected. The surface
density then levels off at high concentrations because the same
number of clusters per square micrometer are being counted
despite the further labeling. The average density determined
at the plateau corresponds to 7.7 clusters/um?.

Both approaches confirm that a model in which EGF re-
ceptors are distributed at the surface of A431 cells as a pop-
ulation of homogeneous clusters is adequate and appropriate.
The average cluster density for the EGF receptor is 7.7-8.4
clusters/pum?.

The average size of the EGF-receptor clusters may be es-
timated from the maximum number of labeled antibodies
which can bind to them. Assuming that the maximum average
fluorescence intensity found in Table I represents the saturating
condition, the corresponding weight of the points in the sim-
ulations can be divided by the corresponding weight of a single
fluorescently labeled secondary antibody given by the control
experiments (Table IT). This calculation gives a maximum
of about 130 fluorescent antibodies bound per EGF-receptor
cluster.

Surface folds or microvilli do not contribute significantly
to the cluster measurements since the density measured with
nonspecific labeling is much greater than that with receptor
labeling (Table II). If these surface convolutions were of
primary importance, the density observed by uniform non-
specific labeling of the cell should be the same as that of the
receptors, in the present case around 8/um?.

DiscussioN

Two lines of argument suggest that the maximum number
of secondary antibodies bound to IgG 29.1 is equal to the
number of receptors per cluster. First, the primary antibody
is a mouse monoclonal antibody directed at a single antigenic
site on the carbohydrate moiety of the EGF receptor (Defize
et al., 1987). Thus we expect at most one IgG 29.1 per re-
ceptor. The secondary antibody is a FITC-labeled goat an-
tibody directed specifically at the F, portion of mouse anti-
bodies. Therefore, it is reasonable that the secondary antibody
binds to one IgG 29.1 antibody, preserving a one-to-one ratio
with the EGF receptor. Second, the measured value of 130
receptors per cluster with 7.7-8.4 clusters/um? yields a total
receptor density of about 1000-1100 receptors/um? This
compares well with the estimate of 700-1100 receptors/um?
derived from using (2-3) X 10° receptors per A431 cell
(Kawamoto et al., 1983), for which an average surface area
of 2800 um? was determined (Haigler et al., 1979).

The agreement between our total receptor density and that
measured by others lends credence to the distribution analysis
and establishes that the distribution is representative of all the
EGF receptors on A431 cells. The receptor distribution
measured here is, however, different than that measured by

Accelerated Publications

others (Van belzen et al., 1988; Haigler et al., 1979; McKanna
et al., 1979; Boonstra et al., 1985; Zidovetzki et al., 1981).
There is no direct evidence for a substantial number of dimers
and trimers as indicated by electron microscopy. Our data
are more consistent with the slowly rotating receptor popu-
lation inferred by rotational diffusion measurements although
the clusters contain at least four times more receptors.

S-FCS does not provide direct evidence of the physical
dimension of the receptor clusters. The upper limit is about
200 nm in diameter because clusters larger than 1% of the laser
beam area would cause detectable distortions of the auto-
correlation function (Abney et al., 1990). A lower limit of
80 nm in diameter corresponds to the dimension of a compact
cluster of 130 receptors. These dimensions are comparable
to the diameter of 120 nm found for cytoplasmic vesicles
containing EGF receptors detected by electron microscopy on
A431] cells after a short incubation with ferritin-EGF (Haigler
et al,, 1979). In contrast, the density and dimension of coated
pits are not compatible with the domains measured here
(Anderson et al., 1976). The present experimental data reveal
the average density and size of the domains within which the
receptors are confined in a correlated manner. Qur experi-
ments do not provide insight into how this correlation arises
and do not exclude the existence of dimers and trimers within
the domains.

Fluorescence photobleaching measurements clearly show
that about 60% of the EGF receptors are mobile on the surface
of A431 cells with a diffusion coefficient of 8.5 X 1071° cm?
s”! (Hillman & Schlessinger, 1982). The large mobile pop-
ulation measured by Hillman and Schlessinger must be com-
patible with the receptor distribution derived from our data.
Consequently, the individual units of mobile receptors must
reside most of the time within the domains, since our data
account for all of the receptors. This apparent contradiction
of mobile, yet clustered, receptors is only resolved if the ma-
jority of the EGF receptors can exchange rapidly among the
immobile domains, thereby allowing for long-distance mobility.
For a model of rapid exchange between immobile domains,
the observed diffusion coefficient is the product of the in-
stantaneous fraction of mobile receptors and the theoretical
diffusion coefficient (Elson & Reidler, 1979). For the EGF-
receptor system the measured diffusion coefficient and that
calculated as 3 X 10 cm? s™! (Peters & Cherry, 1982) indicate
that no more than 2% of all receptors are moving freely at any
given time outside the domains. This small fraction is con-
sistent with the receptor distribution measured here. The mean
free path for movement of an individual receptor between
domains is inversely proportional to the domain density and
diameter (McQuarrie, 1976). With the present data, we
calculate a mean free path between 3 and 16 um. These
distances are in agreement with recent measurements of
movement of gold particles attached to receptors (Sheetz et
al,, 1990) (albeit not EGF receptors). This movement may
be a direct observation of mobility within domains coupled with
fast exchange between domains.

Our results provide important quantitative information
about the EGF-receptor distribution. It is suggested that the
receptors are distributed at the surface of A431 cells prior to
EGF binding in a domain-like configuration at a density of
about 8/um?. Each domain contains an average of 130 re-
ceptors. We also conclude that the majority of the receptors
must be diffusing in the cell membrane via a mechanism of
fast exchange between domains. Finally, these results should
be useful in calculations of the rate of binding of the hormone
to the receptor (De Meyts, 1976; Delisi, 1980; Van Opheusden
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et al., 1984; Zheng & Chiew, 1990} as well as in considerations
of the dynamics of interactions among receptors (Levitzki &
Schlessinger, 1974; Meakin, 1985) or between receptors and
the cytoskeleton (Jacobson, 1983).

Registry No. EGF, 62229-50-9.
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