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The rotational diffusion of the complexes of epidermal growth
factor (EGF) with its specific receptor on plasma membrane
vesicles prepared from human epidermoid carcinoma A431
cells was studied using the time-resolved polarization of phos-
phorescence of erythrosin-labeled hormone. The measured
rotational correlation times of 16-20 ,s at 4°C are consistent
with monomeric freely diffusing EGF receptor. Upon increas-
ing the temperature to 37°C, the rate of rotational diffusion
slows down as evidenced by an increase in the correlation time
to 75 ls. This rmding suggests that small clusters of the occu-
pied EGF receptor (microaggregation) form at the higher tem-
perature, a property we have reported previously for occupied
receptors on living A431 cells. Subsequent cooling of the mem-
branes leads to a partial reversal of the microaggregation.
We conclude that clustering of occupied EGF receptors can
proceed at 37°C in the absence of metabolic energy and ex-
ternal interactions, e.g. with components of the cytoskeleton,
and thus reflects inherent properties of the receptor protein
in its natural environment. A lag phase in the time course
of microaggregation observed with the isolated membrane
preparations may reflect cooperativity in the process of
receptor association.
Key words: membrane dynamics/rotational diffusion/phosphor-
escence/receptor clustering/EGF

Introduction
Epidermal growth factor (EGF) is a 6045-dalton polypeptide
which binds to specific membrane receptors on various epidermal,
epithelial, and fibroblastic cells (Carpenter and Cohen, 1979;
Adamson and Rees, 1981). Binding triggers a spectrum of bio-
chemical responses in the target cell, such as phosphorylation
of membrane proteins and increased uptake of metabolites (Car-
penter and Cohen, 1979; Carpenter et al., 1979; Ushiro and
Cohen, 1980). The self-phosphorylation of the EGF receptor is
due to an inherent tyrosine kinase activity (Cohen et al., 1982;
Buhrow et al., 1983). A delayed response is the stimulated pro-
liferation of a number of cell types (Carpenter and Cohen, 1979;
Gospodarowicz et al., 1978). The epidermal growth factor recep-
tor (EGF-R) is an integral cell membrane protein present in cells
derived from all three germ layers of the embryo (Adamson and
Rees, 1981). The wide distribution of this receptor in cells and
tissues of mammalian and avian species indicates that EGF may
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play an important role in growth control. Recent molecular bi-
ology studies have revealed the complete nucleotide sequence
of the EGF-R precursor and its relationship to viral oncogenes
(Ullrich et al., 1984; Downward et al., 1984). The primary
amino acid sequence of the receptor has been deduced (Ullrich
et al., 1984), and the tentative identification made of an external
hormone binding domain, a transmembrane domain and a cyto-
plasmic domain which includes an ATP binding site and the
tyrosine kinase function (Ullrich et al., 1984; Hunter, 1984).
Upon binding to cells, EGF induces the rapid formation of micro-
clusters (small aggregates, not distinguishable by light micro-
scopy) (Carpenter and Cohen, 1976; Zidovetzki et al., 1981)
which precede the process of internalization mediated by coated
pits and other areas of the plasma membrane (Haigler et al., 1979;
Gorden et al., 1978). Experiments with anti-EGF receptor mono-
clonal antibodies have led to the hypothesis that microclustering
of receptors may play a role in the early stage of the mitotic signal
(Schlessinger et al., 1983). However, other antibodies fail to
induce DNA synthesis, suggesting that receptor aggregation is
by itself an insufficient stimulus (Gill et al., 1984; Chandler et
al., 1985). The phenomenon is probably general within the family
of polypeptide hormones. For example, lateral diffusion measure-
ments of nerve growth factor (NGF) bound to its specific receptor
indicate the transition from a mobile to an aggregated state (Levi
et al., 1980). In the case of insulin, the biological effects of the
hormone can be mimicked by cross-linking with antibodies di-
rected against the receptor moiety; a bivalent immunoglobulin
is required in order to elicit the effect (Kahn et al., 1978; Jacobs
et al., 1978). However, little is known about the mechanism of
microclustering or about the requirements for cellular components
other than those intrinsic to the plasma membrane, e.g. constitu-
ents of the cytoskeletal system and membrane-associated
enzymes.
A direct physical approach for studying the mechanism of

microaggregation is to measure the rate of receptor movement
in the plasma membrane under various conditions. The lateral
mobility of the EGF-R has been determined on mouse 3T3 fibro-
blasts (Schlessinger et al., 1978) and on human epidermoid car-
cinoma A431 cells (Hillman and Schlessinger, 1982; Rees et al.,
1984). The latter are particularly rich in the surface expression
of EGF-R (2 x 106/cell; Fabricant et al., 1977). However,
lateral diffusion in membranes is not strongly dependent upon
the size of the diffusing entity (Saffman, 1976) and will, therefore,
not reflect the formation of microclusters consisting of only a
few associated receptors. In contrast, the rate of rotational dif-
fusion is very sensitive to the dimensions of the rotating molecule
or complex and offers the potential for readily distinguishing bet-
ween individual isolated receptors and clusters thereof, particular-
ly if experimental conditions can be achieved leading to a
transition between the two states.
The analysis of membrane protein rotational diffusion based

on time-resolved phosphorescence polarization has proved to be
useful in studying the dynamic properties of both in vivo and in
vitro systems (Austin et al., 1979; Garland and Moore, 1979;
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Results and Discussion

We used as a probe the phosphorescent
rosin-EGF, which was shown previous
activity of native EGF (Zidovetzki et a
escence anisotropy decay curves at d

EGF-receptor complexes on membrar

Figure 1, and the results of fitting thes

exponential decay laws are given in Ta
work on living cells (Zidovetzki et al.
feature is the decay of the phosphoresce
from an initial value, ri,,, to a finite limit
This result signifies that the hormone-
membrane vesicles is a relatively rigid t
ditions studied, the rotational relaxatio
membrane vesicles had a negative ampli
of increasing anisotropy), as was also

prior to internalization (Zidovetzki et c

that the orientation of the probe relative

by implication to the hormone and its i
and similar for both whole cells and rr

them by disruption.

Table I. Best fit parameters for the phosphoresence anisotropy decay curves of
Er-EGF-receptor complexes on membrane fragments

Incubation conditionsb Tempc f01 2 a1 C2 r
(min) (OC) (As) (/tS)

40C 370C 40C

40 0 0 4 19 -0.065 0.16
45 20 0 37 36 -0.067 0.16
45 35 0 37 74 -0.044 0.15
45 35 15 4 110 -0.042 0.16
45 35 30 4 12 120 -0.029 -0.034 0.16

aThe variation in values obtained from repeated records of given samples

was < 15% for and ca (in mono-exponential decays) and for ro,.
bThe samples were incubated and measured first at 40C, then at 370C and

finally at 40C with the indicated timing.
cTemperature during the measurement.

The phosphorescence anisotropy was significantly higher for
20 40 60 80 the membrane vesicles (rin = 0.09, r., = 0. 13) than for whole

cells (rin = 0.04, r., = 0.08; Zidovetzki et al., 1981). This
feature reflects the greater optical clarity of the membrane sus-

py of Er-EGF-receptor pensions (see Materials and methods) but may also be indicative
oth lines are the results of the of a decrease in local probe and protein segmental motions which
I. Samples incubated as ordinarily lead to an initial unresolved depolarization in the sub-

"'

and 20 mmi at 370C,

mm at 37°C measured at microsecond range. (For technical reasons, we were unable to
J 15 min at 40C, measured at perform measurements at times shorter than a few As.) Since the
30 min at 40C, measured at amplitude of the observed anisotropy decay was unchanged, the
demonstrating the presence of parameter rin/roo-which is a measure of orientational constraint

of the probe at equilibrium (Kinosita et al., 1977, 1984)-
increased from the value of 0.5 for whole cells to 0.7 for the

d Johnson, 1985). The membrane vesicles. This finding suggests that the equilibrium

fn constant on size was (re)orientation of the rotation axis, i.e. of the EGF receptors,

f microclustering and in- is somewhat more restricted on membrane vesicles, a distinction

xes on living A431 cells which may result from the more dynamic nature of plasma mem-

etae., 1981). In or.der branes in living cells in which the metabolically-driven processes

protemi phosphorylation, of remodelling and turnover are operative.

potential on these pro- At 4°C, the rotational correlation time (O) of EGF-receptor
mnents on EGF-receptor complexes was 16-20 Ats, compared with 25-50,s for living

ne vesicles prepared from cells (Zidovetzki et al., 1981). Prolonged incubation (1 h) of the

vesicles with EGF at 4°C did not lead to a change in the rotational
correlation time. A similar treatment of living cells resulted in
the increase of to 95 its (Zidovetzki et al., 1981). The obser-

analogue of EGF, eryth- vation that the rotational mobility at 40C of Er-EGF-receptor
,ly to retain the biological complexes on plasma vesicles is similar to that of complexes on

1., 1981). The phosphor- whole cells after short incubation times is consistent with a

lifferent temperatures of molecular structure consisting of single hormone-receptor com-
ne vesicles are shown in plexes and/or of small microclusters (2-3 receptors). The
e curves to mono- or bi- similarity of the values between living cells and membrane
ble I. As in the previous vesicles indicates that, under the conditions examined, structures

1981), a characteristic other than those inherent to the plasma membrane do not
once emission anisotropy significantly affect the rotational mobility of the
ting anisotropy, roo, >0. Er-EGF-receptor complexes.
receptor complex on the The increase in temperature led to a gradual lengthening of
structure. Under all con- the rotational correlation times to a value of 74 ,ts (Figure 1),
n of Er-EGF bound to i.e. the same phenomenon seen with living cells albeit to a lesser
itude (i.e. in the direction degree. As the increase in temperature and 'fluidity' of the mem-
the case for whole cells brane should cause a decrease in the rotational correlation time,
zl., 1981). We conclude we attribute the observed slowing of the rotation, as in the
to the rotation axis (and previous report (Zidovetzki et al., 1981), to the microclustering
receptor) is non-random of the EGF-receptor complexes. The fact that this property is
iembranes derived from observed with membrane vesicles shows that the ability to ag-

gregate is an intrinsic property of the EGF-R and that the cell
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membrane alone supplies the environment required for the
facilitation of the process at 37°C.

The longer incubation of the vesicles (> 1 h) at 37°C did not
result in a further increase in values of 4. Thus, although micro-
clustering does occur on the membrane vesicles, the size of the
aggregates is probably smaller than on the living cells. Alterna-
tively, it is possible that additional constraints are imposed by
intact coated pits or other membrane structure(s) with which the
occupied receptor probably interacts. The system was investigated
further by fast cooling of the sample back to 4°C after incubation
and measurement at 37°C (Figure ID). After a short time at 4°C
(15 min), the rotational correlation time actually increased, in
accordance with the expected instantaneous effect of temperature
on the apparent fluidity of the membrane. However, after ex-
tended incubation at 4°C (40 min), the second, faster component
(shorter rotational correlation time) reappeared (Figure IE). The
fitting of the curve in Figure IE to a bi-exponential decay law
yielded two correlation times, c1 = 12 As and 02 = 120 ts, with
54% of the amplitude contributed by the slower relaxation (Table
I). An overnight incubation of the sample at 4°C led to a further
decrease of c2 to the value of 57 As. Thus, microclustering of
the EGF-receptor complexes is partially reversible, with about
half of the receptors dissociating into monomers or very small
clusters (2-3 molecules). Although the rotational mobility of such
a system was satisfactorily analyzable in terms of two compon-
ents, we cannot rule out the presence of aggregates of intermediate
size.
The partial reversibility of the aggregation exhibited by oc-

cupied receptors argues against the possibility that they would
cluster in the absence of EGF, that is, solely as an effect of
elevated temperature. In such a case, incubating the membranes
at 37°C without EGF, and subsequent cooling of the sample and
incubation with EGF should result in the bi-exponential rotational
depolarization pattern shown in Figure IE. However, we ob-
served in such an experiment a mono-exponential decay, indis-
tinguishable from that of membrane vesicles which were not
pre-warmed to 37°C. It follows that the binding of EGF is a pre-
requisite for stable aggregation of the receptor. Such a property
is consistent with a temperature-dependent conformational change
coupled to the binding of EGF to the receptor and affecting the
equilibrium degree of homologous association.
We determined the time dependence of the microaggregation

process at 37°C. After initial measurements at 4°C, cells were
warmed to 37°C and the measurements of rotational diffusion
performed in rapid succession. A significant feature of the pro-
gress curve was a delay of - 25 min before the characteristic
increase in the rotational correlation time. (The results of one
such experiment are presented in graphical form elsewhere: Fig-
ure 2 in Matayoshi et al., 1983.) This lag phase is indicative
of cooperativity in at least one of the steps leading to clustering.
The most obvious candidates would be the postulated initial con-
formational change in the EGF-receptor complex and the associ-
ation reaction itself. A conformational change involving individual
EGF-R molecules would be expected to occur relatively rapidly.
It is more likely that the observed lag is attributable to the co-
operative process by which hormone-occupied EGF receptors
encounter each other and establish rigid contacts.

In summary, the results presented in this paper indicate that
a 37°C EGF induces the aggregation of receptors in membrane
fragments prepared from A43 1 cells. Subsequent cooling leads
to a partial reversal of receptor microaggregation. We conclude
that the microclustering of occupied EGF receptor at 37°C which

occurs in cell-free systems reflects an intrinsic property of the
receptor.

Materials and methods
Reagents
EGF was purified from male mouse submaxillary glands as described (Savage
and Cohen, 1972). EGF was labelled at the ci amino group with erythrosin-5'-
isothiocyanate (the gift of Dr P.Garland) according to Schechter et al. (1978).
The phosphorescence measurements were done in phosphate-buffered saline (PBS):
137 mM NaCl, 2.7 mM KCI, 7.9 mM Na2HPO4, 1.5 mM KH2PO4, 0.87 mM
CaC12, 0.5 mM MgCI2, pH 7.2.
Cells and culture
Human epidermoid carcinoma cells, A43 1 (Fabricant et al., 1977), were grown
in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum
in 10% Co2.
Membrane preparations
Plasma membrane vesicles were prepared from A431 cells according to Thom
et al. (1977). The procedure produces large membrane vesicles sedimentable at
12 000 g, the rotational relaxation of which should lie in a much longer time
range than that explored in our experiments. The concentration of proteins in
the stock suspensions of plasma vesicles was determined using the method of
Lowry et al. (1951), and was typically of the order of 6-7 sg/4l of membrane
suspension. The EGF binding capacity of the membrane preparations was deter-
mined as described (Schreiber et al., 1981); a suspension containing 10 Ag of
membrane protein was equivalent to 105 A431 cells.
Preparation of mnembrane samples for phosphorescence measurements
In general, the aliquots of stock membrane suspensions with the total protein content
of - 300 tig were incubated with 15 pmol of Er-EGF for 10 min at 4°C. The
membranes were then washed twice with cold PBS and resuspended in the volume
of 300 id of cold PBS for the measurements. The samples were purged of dissolved
02 by a continuous argon flow into the cuvettes and gentle agitation with a Teflon
plunger.
Measurements of rotational diffusion
The delayed luminescence spectrometer used for time-resolved measurements of
polarized phosphorescence is described elsewhere (Matayoshi et al., 1983). The
measurements and the analysis of the data were performed as described in our
previous work (Zidovetzki et al., 1981). Excitation of the samples was at 515 nm,
and individual records were collected at a frequency of 10-20 Hz and averaged.
The membrane preparations presented far fewer problems with light scattering
than living cells (Zidovetzki et al., 1981) and we were able to work at a higher
concentration of the probe. Consequently, 1024 records sufficed to obtain good
records. The data were collected as parallel (II) and perpendicular (I_) polarized
emission components, and the total phosphorescence emission calculated as S(t)
= II + 2I . II was corrected for the inequality of the gain of the photomulti-
pliers and the fminte aperture of the optics monitoring the emission. The emission
anisotropy was calculated as r(t) = (I1- Il)/S(t). The decay of the emission
anisotrpy r(t) is a measure of the rate of the rotational relaxation of the phosphores-
cent probe bound to a macromolecule, and can be represented as a sum of ex-
ponential terms in the form r(t) = cajexp(-t/h.) + r., where the time
constants, X, (rotational correlation times), depend on the rotational diffusion con-
stants reflecting the segmental, wobbling, and global motions of the macromolecule
and probe and the coefficients oa. are the respective amplitudes. The constant
limiting anisotropy, rO,, depends on the degree of orientational constraints on
the movements of the rotational axis of a molecule. The initial anisotropy rin =
E a. + r,,. For a more complete description of the formalism used see Cherry
(1978), Lipari and Szabo (1980) and Zidovetzki et al. (1981).
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