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ABSTRACT: We have examined the rotational mobility of SL-EGF, a bifunctional adduct of bis(sulfo-N-
succinimidyl)-[15N,2H16]-doxyl-2-spiro-4′-pimelate and [Lys3,Tyr22]-murine epidermal growth factor,
bound to the EGF receptor in A431 membrane vesicles. The linear EPR spectrum indicated that there
was essentially no free SL-EGF in the bound complex preparation. To better define the rotational mobility
of the SL-EGF bound to the EGF receptor, ST-EPR spectra were obtained at multiple Zeeman field
modulation frequencies. Global analysis with a uniaxial rotational diffusion model of the ST-EPR data
yielded two minima that have differences in rotational mobility and in orientation of the SL-EGF relative
to the membrane normal axis. The rotational mobilities of the two rotational species are consistent with
monomers and dimers or somewhat larger oligomers, such as trimers or tetramers, arguing against a role
for higher order receptor clustering in receptor activation. Considering the two minima and previous
observations that A431 membrane vesicles contain two distinguishable ligand-binding populations, the
ST-EPR spectra were fit with a model having two uniaxial rotating species. This yielded two components
that were similar to those obtained from the two original one-component fits, either fast or slow rotational
mobility, with different orientations. The model-dependent results obtained suggest that there are potential
conformational and rotational differences in the two populations and provide a plausible description for
the origin of high- and low-affinity EGF-binding sites that can be tested in future experiments.

Epidermal growth factor (EGF), a 53 amino acid mitogenic
polypeptide hormone, upon binding to its plasma membrane
receptor activates the cytoplasmic protein tyrosine kinase
domain of the receptor (1-5). Activation of the protein
tyrosine kinase activity of the receptor results in an increase
in autophosphorylation of its carboxyl-terminal region and
an increase in phosphorylation of other cellular proteins. The
subsequent cascade of phosphorylation events, protein-
protein interactions, and activation of signaling cascades
ultimately leads to cell proliferation. These processes are
tightly regulated; disruption of the signaling cascade at a
number of points has been shown to result in loss of growth
control as manifested in cellular transformation (reviewed
in 6, 7).

The initial event in this whole process is ligand binding
to the receptor. There have been numerous studies of EGF
binding to the EGF receptor, and most studies have identified
two classes of receptors, having low and high affinity (8-
11). One hypothesis is that the low-affinity class represents
ligand binding to a monomer, whereas the high-affinity class
represents preformed dimers (12). While the EGF receptor

can interact with other members of the EGF receptor family
upon ligand binding, the presence of the two affinity classes
is not dependent on the presence of other members of the
receptor family (13-15).

Early morphological studies revealed that EGF binding
results in receptor clustering and down-regulation (16-20).
Cross-linking experiments have confirmed that binding of
EGF induces the formation of receptor dimers (21-24).
While it is generally thought that receptor dimerization leads
to activation of the tyrosine kinase of the receptor, it is still
unclear what role, if any, the observed higher-order receptor
clustering plays in kinase regulation and subsequent signaling
events. For this reason, additional experiments investigating
the sizes of the oligomeric species present in the EGF/EGF
receptor complex have been carried out with various
spectroscopic probes attached to EGF. While cross-linking
has the advantage that it can measure the state of oligomer-
ization in the absence or presence of EGF, cross-linking can
trap transient oligomers and thereby disrupt steady-state
conditions. The use of a spectroscopic probe, in contrast,
can potentially provide a direct physical method for measur-
ing receptor oligomerization under steady-state or equilibrium
conditions through quantitation of the effective sizes of the
receptor complexes present, as reported by the rotational
diffusion coefficients, which are inversely proportional to
the correlation times for rotational diffusion of occupied
receptors within the membrane.

A previous study carried out in our laboratories used spin-
labeled EGF (SL-EGF) and saturation-transfer EPR (ST-
EPR) to measure the rate of rotation of the occupied receptor
in membrane vesicles (25). SL-EGF is a bifunctional adduct
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of bis(sulfo-N-succinimidyl)-[15N,2H16]-doxyl-2-spiro-4′-
pimelate (26) and [Lys3,Tyr22]-murine epidermal growth
factor (25) in which the spin-label is bifunctionally linked
through the amino terminus and theε-amino nitrogen of Lys3
(25). The bifunctional attachment of the probe ensures that
it is tightly coupled to the hormone and thus accurately
reports the global rotational diffusion of the hormone (25).
Istopic substitution of the protons in the spin-label with
deuterons reduces inhomogeneous line broadening, increasing
the signal-to-noise ratio and the spectral resolution, in
particular in the ST-EPR time domain (27). Isotopic substitu-
tion of 15N, which has two nuclear spin states, for14N, which
has three nuclear spin states, simplifies the spectrum, and
also increases the signal-to-noise ratio and the spectral
resolution (28, 29). The earlier EPR study (25) found that
the occupied receptor had a rotational correlation time
consistent with smaller oligomers, but was limited in three
respects. One limitation was the presence of free SL-EGF,
which necessitated the subtraction of the free signal from
the total signal, leading to potential artifacts in the resultant
ST-EPR spectrum. The second limitation was that an
isotropic rotational model was used to analyze the motion
of the SL-EGF/EGF receptor complex in the membrane. It
is generally accepted that membrane proteins predominantly
undergo uniaxial rotation, i.e., rotation about the membrane
normal axis (30). Third, motional models containing multiple
species were not considered, primarily due to the limited
analytical methods available at the time. Methods for
analyzing ST-EPR experiments in terms of a uniaxial
rotational diffusion model have now been developed and
applied to the study of the dynamic state of the anion
exchange protein, band 3, in the human erthyrocyte mem-
brane (31). More recently, methods for analyzing complex
uniaxial rotational diffusion models including those with
more than one component have been developed (32).

In the present study, we have prepared samples that contain
very little unbound SL-EGF, obviating the need for spectral
subtraction. The ST-EPR spectra from these samples were
measured, and uniaxial rotational models were used to fit
the data. We have found that the data are consistent with
complex rotational mobility which may reflect two motion-
ally distinct EGF/EGF receptor complexes in A431 mem-
brane vesicles.

MATERIALS AND METHODS

Membrane vesicles from A431 cells were prepared using
a modification (33) of the previously described method (34).
SL-EGF, a bifunctional adduct of bis(sulfo-N-succinimidyl)-
[15N,2H16]-doxyl-2-spiro-4′-pimelate (26) and [Lys3,Tyr22]-
murine epidermal growth factor (25), was made as previously
described (25). All other reagents were at least reagent grade.

Sample Preparation.Samples for EPR were prepared as
previously described (25) with slight modifications. After
incubation of SL-EGF with the A431 vesicles, the samples
were spun at 100000g in a tabletop ultracentrifuge (Beckman
TLX, with TLA-100.4 rotor) for 10 min at 4°C. The pellet
was resuspended in 1 mL of 20 mM HEPES, pH 7.4, and
centrifuged as above. The pellet was then resuspended in
20 mM HEPES to obtain a final volume of 300µL. This
sample was then transferred to a WG-813 quartz EPR flat
cell (Wilmad Glass, Buena, NJ).

Measurement and Analysis of EPR Spectra.Spectra were
collected at X-band (9.8 GHz) with a Bruker EMX spec-
trometer equipped with an ER 4103 (TM110) cavity. Tem-
perature was maintained at 4°C by blowing cooled N2 gas
through the front optical port of the cavity. The linear EPR
spectrum was measured and analyzed to determine the
principal elements of the nitroxideA- and g-tensors, as
described (35). The ST-EPR spectra were obtained by using
a 0.2 G microwave field, a 5 GZeeman modulation field,
and Zeeman modulation frequencies of 60, 80, and 100 kHz.
Data were collected at multiple frequencies to increase the
statistical significance of the fitting parameters. This increases
the statistical significance by increasing the number of data
points and minimizing the effect of any artifacts in any one
single spectrum. The out-of-phase position for recording the
second harmonic out-of-phase ST-EPR signal was deter-
mined by the self-null method (36). Analysis of ST-EPR
spectra was carried out assuming a uniaxial rotational
diffusion model and explicitly including Zeeman overmodu-
lation effects (algorithm I) as previously described (31). The
best-fit of the experimental data was determined on a
statistical basis (minimumø2) as described (35). Error
analysis was carried out by fixing one variable and allowing
the remaining variables to minimize the fit to the data (33).
The statistical significance between fits and error determi-
nation for individual parameters were done with an F-test
(33). Simultaneous fitting of the three ST-EPR spectra yields
2600 degrees of freedom, leading to high statistical signifi-
cance in the comparison of the different models. The
parameters that describe uniaxial rotational motion are the
diffusion coefficient for motion about the membrane normal
axis and the two angles that describe the orientation of the
spin-label relative to this axis (Figure 1).

RESULTS

EPR Experiments.Previous ST-EPR experiments inves-
tigating the rotational mobility of the SL-EGF/EGF receptor
complex in A431 cell membranes were carried out at a single
Zeeman-field modulation frequency of 50 kHz and fit with
an isotropic rotational diffusion model (25). This model
assumes that the protein is free to rotate about all axes, which

FIGURE 1: Uniaxial rotational diffusion model. The rate of rotation
of a membrane protein is defined by the size of the transmembrane
portion that lies within the highly viscous lipid bilayer. (Left panel)
The transmembrane portion is described by a cylinder of radiusr
within the lipid bilayer of thicknessh. The cylinder rotates about
an axis that is perpendicular to the lipid bilayer,ZM. The rate of
motion is defined by the diffusion coefficient by the equation of
Saffman and Delbruck (30). Rotational correlation times are
inversely proportional to the diffusion constant. (Right panel) In
EPR experiments, the shape of the spectrum is defined not only by
the rate of rotation but also by the orientation of the spin-label,
specifically the nitroxide moiety, relative to the axis of rotation.
This orientation is described by the two anglesθ andψ.
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is not consistent with the restricted motion of a membrane
protein. Since our previous EPR study, methods have been
developed to analyze ST-EPR data obtained from membrane
proteins in terms of the uniaxial rotational diffusion model
(31) including models with more than one motional com-
ponent (32). In addition, in the present study, spectra at
multiple modulation frequencies were obtained and globally
analyzed to more accurately describe the rotational mobility
of the SL-EGF bound to the EGF receptor. Further, we have
refined the method to produce SL-EGF bound to the EGF
receptor in A431 membranes, yielding a preparation with
essentially no free SL-EGF (Figure 2). This obviates the need
to digitally subtract out the signal from unbound SL-EGF,
thereby eliminating a potential source of error in the analysis.
This spectrum was fit assuming that the spin-label is rigid
on the linear EPR time scale to obtain theA- andg-tensors
(Figure 2) to be used to fit the ST-EPR spectra. The values
of the tensors obtained from this analysis are consistent with
the rigid-limit assumption.

The ST-EPR spectra for SL-EGF bound to the EGF
receptor were acquired at 60, 80, and 100 kHz (Figure 3).
These three spectra were simultaneously fit using a single-
component uniaxial model, yielding fit A (Figure 3, Table
1). The two main parameters that describe the motion in the
uniaxial model areθ, the angle between the spin-labelZ-axis
and diffusion axis, andτ, the correlation time for uniaxial
rotational diffusion, whereasψ has little effect on the spectra
at X-band microwave frequency (31). Error analysis was
carried out by fixing one parameter at a given value and
then letting the other parameters vary to minimize the
difference between the fit and data (33). When the correlation
time was held fixed at various values, no additional minima
were found (Figure 4A). On the other hand, when the angle
was varied, an additional minimum was found atθ ≈ 29°
that yielded a slightly lowerø2 with a narrower minimum
than the first minimum atθ ≈ 90° (Figure 4B, Table 1).

The identification of two minima is an indication that there
is not a single unique set of parameters for a one-component
uniaxial rotational diffusion model that describe the data.
This suggests that this model might not adequately describe
the data and that there might be additional rotational motions
occurring. In light of the presence of two receptor populations
demarcated by their ligand-binding affinities (14 and refer-
ences cited therein), one possibility is that there are two
receptor populations undergoing uniaxial rotational diffusion.

The three ST-EPR spectra were then fit with a model with
two independent populations undergoing uniaxial rotational
diffusion (Figure 5, Table 2). It was found that the faster
population comprised 55% ((20%), while the remaining

FIGURE 2: Linear EPR spectrum of SL-EGF bound to the EGF
receptor. The arrow indicates the region of the spectrum where
signal from free SL-EGF would appear. The lack of a signal is
indicative of essentially no free SL-EGF present in the sample,
obviating the need to carry out spectral subtraction to remove the
signal that arises from free SL-EGF. The fit, assuming restricted
mobility on the linear EPR time scale, yieldsA-tensors of 10.602,
10.579, and 46.593 G, andg-tensors of 2.008104, 2.005909, and
2.002487.

FIGURE 3: ST-EPR spectra of SL-EGF bound to the EGF receptor.
Shown are the spectra collected at 60, 80, and 100 kHz (dots). Also
shown are the two fits obtained, fit A (solid line) and fit B (dashed
line). In Table 1 are the values of the parameters for the two fits.
L and L′′ indicate regions of the spectra sensitive to the changes in
modulation frequency. Shown at the bottom of the figure is the
ratio L′′/L versus modulation frequency illustrating a change in the
experimental spectra with changes in the modulation frequency.
The region of the spectra where there is a difference between the
two one-component fits corresponds to L′′.

Table 1: One-Component Fits to the ST-EPR Spectra

fit A fit B

τ| (µs) 1.03 0.125
θ (deg) 90.3 28.6
ψ (deg) -1.28 60.9
T1e (µs) 5.5 4.9
T2e (ns) 28 26
ø2 1.80 1.77
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45% was undergoing slower rotational motion. This two-
component model yielded a statistically better fit (95%
confidence level) of the data compared with either of the
one-component fits (Tables 1 and 2). The slow component
is not as slow as the single component in fit A (Table 1),
while the remaining values for the parameters of the two
populations do not significantly differ from the two single-
site fits obtained above: Compare fit A to component 1 and
fit B to component 2 (Tables 1 and 2). While the addition
of two similar spectra will yield a composite spectrum that

is similar to its two constituent components, the improvement
in the two-component fit does suggest that there are
additional rotational motions occurring other than a single
uniaxial rotating species.

DISCUSSION

Within the constraints of a model-dependent analysis, it
is intriguing to correlate the two rotational populations of
EGF/EGF receptor complexes identified in this study with
previous reports of two populations of EGF receptors in
A431 membrane vesicles identified by their differential
ligand-binding properties, and termed high- and low-affinity
populations (33, 37-39). It has previously been postulated
that the low-affinity site is a monomer and the high-affinity
site is a dimer (12, 24, 40). Based on the two rotational
populations detected in this study, the faster species could
represent the monomer, while the slower species could
represent a dimer.

Previous studies have examined the binding of EGF
modified with any of a variety of reporter groups (e.g.,125I,
biotin, or fluorescein) to the EGF receptor in A431 membrane
preparations. Equilibrium binding experiments have con-
sistently suggested two affinity classes of receptors, but have
indicated a range of values for apparent affinity and for the
relative proportions of the high- and low-affinity sites. For
example, two studies carried out on A431 membranes have
reported 25% (33) and 60% (37) for the percentage of high-
affinity sites. Some of the variability in these two reports is
likely to be attributable to differences in the conditions
employed in the equilibrium binding assays, and perhaps to
differences in the reagents themselves. While it is not
practical to carry out detailed binding studies under the same
conditions that were employed to collect the ST-EPR data
(i.e., on densely packed membrane vesicles), it is interesting
to note that the number of slow-rotating species determined
in the current studies (45( 20%) falls within the range of
values that have been reported for the percentage of high-
affinity receptors in previous studies (33, 37). Studies on
the kinetics of displacement of BSSDP-labeled wild-type
EGF from EGF receptors solubilized from A431 membranes
indicated two distinct off rates, of comparable amplitudes,
that were suggestive of the presence of high- and low-affinity
receptors (41). These latter studies suggest that the high- and
low-affinity states of the receptor persist under a wide range
of experimental conditions. The important point to be made
with regard to the current work is that though it is speculative
to correlate the slow rotating species with high-affinity
receptors, this remains an intriguing possibility that is
compatible with currently available binding data, and con-
sistent with previously postulated models (12, 24, 40).
Examination of this assignment in relation to previous
measures of the oligomeric size of the EGF/EGF receptor

FIGURE 4: Confidence curves for the two parameters obtained from
the initial fit of the ST-EPR spectra. (A) Shown are theø2 values
for the fits at the fixed values ofτ. The shallowness of the curve
indicates the broad minimum that can be obtained from the starting
values withθ ≈ 90°. (B) Shown are theø2 values for the fits at the
fixed values ofθ. Varying the angle allowed for the determination
of a second minimum.

FIGURE 5: ST-EPR spectra of SL-EGF bound to the EGF receptor.
Shown are the same spectra shown in Figure 3 (dots). Also shown
is the fit for the two-component uniaxial model. In Table 2 are the
values of parameters from this fit.

Table 2: Two-Component Fit to the ST-EPR Spectra

component 1 component 2

τ| (µs) 0.778 0.117
θ (deg) 89.5 28.5
ψ (deg) -2.52 76.5
T1e (µs) 3.8 4.7
T2e (ns) 28 24
fraction 0.45 0.55
ø2 1.65
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complex and to the expected size of a uniaxial rotating
monomer, dimer, or larger oligomer is needed.

There have been previous examinations of the size of the
EGF/EGF receptor complex using time-resolved phospho-
rescence anisotropy (TPA) of erythrosin-labeled EGF in the
presence of the EGF receptor (42-44). The first set of
experiments measured the time-resolved anisotropy of a
saturating concentration of erythrosin-labeled EGF bound to
A431 cells in suspension at various temperatures (43). These
samples exhibited rising anisotropy curves with the rise time
decreasing with increasing temperature, which was inter-
preted as indicating slower rotational mobility of the receptor
at higher temperatures. It was concluded that the EGF/EGF
receptor complex could form microclusters and that there
was an increase in cluster size at higher temperatures (43),
which was consistent with previous experiments on A431
cells that examined the extent of clustering of ferritin-EGF
bound to the receptor, as followed by electron microscopy
(18). The second study (44) was carried out on A431
membrane preparations made by the method of Thom et al.
(45). These experiments, carried out similarly to the A431
cell experiments, also exhibited a rising anisotropy, which
was interpreted to mean that EGF receptor rotated as a cluster
with an increase in the cluster size at higher temperature
(44). Further investigation of the difference in rotational
mobility of high- and low-affinity receptors was studied by
measuring the anisotropy of two concentrations of Er-EGF
in the presence of A431 cells at 4 and 37°C (42). At 4 °C,
the high-affinity receptor population (low [Er-EGF]) dis-
played a smaller amplitude for the rise of the anisotropy as
compared to the total receptor population, while at 37°C,
the difference was more pronounced, because the high-
affinity receptors exhibited no microsecond rotational mobil-
ity. These results were interpreted to indicate that the state
of receptor cluster formation was dependent on the affinity
of the receptor (42).

The rotational dynamics of the EGF/EGF receptor complex
have also been studied by ST-EPR (25). These experiments
measured the rotational mobility of SL-EGF bound to EGF
receptors in A431 membrane vesicles made by the method
of Cohen et al. (34). The data from these experiments
suggested that at 4°C the spin-labeled EGF/EGF receptor
complex had a rotational mobility consistent with that of a
small oligomer such as a receptor dimer.

To gain a better understanding of the relationship between
the previous time-resolved phosphorescence anisotropy and
the previous and current ST-EPR results, the differences in
the rates of rotational mobility of the two measurements can
be examined. Both TPA and ST-EPR measure the rotational
mobility in terms of a rotational correlation time, which is
inversely proportional to the diffusion coefficient. For a
membrane protein, the diffusion coefficient is given by (30)

wherek is Boltzmann’s constant,T is temperature,η is the
effective viscosity of the membrane atT, h is membrane
bilayer thickness, andr is the radius of the transmembrane
portion of the protein. The transmembrane portion of the
EGF receptor is a single, presumablyR-helical polypeptide
segment that links the extracellular ligand-binding domain

with the cytoplasmic kinase domain (3). When receptors
dimerize, the transmembrane helices of the two receptor
monomers are thought to interact (46, 47). It has been shown
that two parallel, interactingR-helices have a cross-sectional
radius of approximately 10 Å (e.g.,48). Assuming that the
orientation of the twoR-helices of an EGF receptor dimer
is comparable, and using standard estimates for the effective
bilayer viscosity of 2 P, a bilayer thickness of 40 Å, and a
temperature of 4°C leads to a predicted diffusion coefficient
of approximately 4× 105 s-1. If the two R-helices in an
EGF receptor dimer were not oriented parallel to each other,
but were tilted relative to each other, the effective radius
would increase with increasing tilt of the two helices.
Examination by NMR of synthetic peptides corresponding
to the transmembrane helices from the EGF receptor
indicated that there is a 10-15° tilt between the two
interacting transmembrane helices (49), which would not
appreciably alter the 10 Å approximation used above.

In TPA, uniaxial motion of a membrane protein about the
membrane normal will give rise to two correlation times that
are related to the diffusion coefficient by 1/D and 1/4D (50,
51). The previous TPA studies utilizing membranes (44) were
able to detect only a single correlation time of approximately
20 µs. If the one correlation time is an average of the two
components, 1/4D and 1/D (43), the diffusion coefficient
would then be between 1.25× 104 and 5.0× 104 s-1.
Assuming a membrane viscosity of 2 P, this diffusion
coefficient would correspond to a membrane protein with a
radius between 30 and 60 Å which is larger than expected
for an EGF receptor dimer, but consistent with a microcluster.
On the time-scale of the TPA experiment, the submicro-
second rotational dynamics detected in the current study
would not have been detected except for the effect on the
apparent initial anisotropy value. In the ST-EPR measure-
ments, the rotational correlation time is related to the
diffusion coefficient by 1/6D. The initial ST-EPR studies
fit the data to an effective isotropic rotational correlation time
of 6 µs (25). This correlation time is an upper bound for the
correlation time for uniaxial diffusion (see51 for discussion
of the relationship between “effective” correlation time from
an isotropic model and the true correlation time for a
generalized anisotropic model). In the present study, two
populations have been identified, with correlation times of
0.12 and 0.78µs, correlation times too fast to be detected in
standard TPA measurements due to limitations in gating the
photomultiplier tube following the excitation pulse and
prompt fluorescence (53). Assuming a membrane viscosity
of 2 P, the fast component would have a radius of
approximately 5 Å, comparable to the size of a single
transmembrane-spanningR-helix. The slower component
would have a radius of approximately 13 Å, comparable to
that expected for a transmembraneR-helix dimer.

Given these results, it is tempting to speculate that the
two species correspond to receptor monomers and dimers,
respectively. Due to uncertainties in the effective membrane
viscosity and thickness, it is possible that the two rotational
species are larger than discussed above. However, a change
in size of each species would be inversely proportional to
the square root of the change in either of the two parameters;
therefore, the size of the two species should not be much
larger than discussed above. An additional factor that would
alter the estimate of the size of the species would be

D ) kT

4πηhr2
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nonparallel association of the transmembraneR-helices of
the two receptors within a dimer. This effect should be
negligible, since the effective radius of two transmembrane
helices tilted 15° and interacting at one end of the helix would
be on the order of 15 Å. Therefore, based on the correlation
times determined in this study, the sizes of the two rotational
species are not consistent with large oliogmers, but are
consistent with monomers and dimers or somewhat larger
oligomers, such as trimers or tetramers. Though there is
ample evidence of higher order clustering of EGF receptors
under some conditions (18, 44, 54), evidence presented in
this study argues against a role for higher order receptor
clustering in receptor activation, since the kinase of the EGF
receptor under these conditions is stimulated by binding of
SL-EGF (25).

The above discussion has focused on the rotational
mobility of the two SL-EGF/EGF receptor complexes. In
addition to the differences in mobility of the two populations,
the orientation of the spin-label is also different (Table 2).
The differences in the orientation could arise from two
sources: (1) differences in orientation of the receptor-bound
SL-EGF relative to the membrane normal axis or (2)
differences in orientation of the spin-label relative to the EGF
molecules to which it is covalently bound, which would
translate into a difference in orientation relative to the
membrane normal axis.

If the differences in orientation are due to differences in
the orientation of EGF relative to the membrane normal, then
this difference in orientation would suggest that the two EGF/
EGF receptor species might be structurally or conforma-
tionally different, at least with regard to the orientation of
the ligand-binding domain with respect to the membrane
normal axis. This difference could be that EGF adopts a
different conformation when binding to the two different
receptor populations (Figure 6A), that EGF binds to the two
different receptor populations in different orientations (Figure
6B), or that the two receptor populations have different
orientations relative to the membrane while binding EGF in
the same manner (Figure 6C). Any of the monomeric
receptors in these models could represent the form that self-
associates to form receptor dimers. The correspondence
between the potentially different conformations and the
different affinity states is unknown.

It is also possible that the differences in orientation
between the two populations are not due to large conforma-
tional differences in the EGF/EGF receptor interaction. The
potential difference in orientation of the spin-label relative
to the membrane normal could arise from differences in the
orientation of the spin-label relative to EGF. Upon conjuga-
tion of the spin-label to EGF, a chiral product is formed,
with the two potential stereoisomers related by a 180°
rotation of the doxyl ring. This symmetry in spin-label
orientation should not alter the overall orientation of the spin-
label relative to the membrane normal axis, since the analysis
is not sensitive to the 180° symmetry of the spin-label. A
second method of modification of the orientation of the spin-
label relative to the EGF is that upon binding to the receptor
there is an interaction of the spin-label with the receptor that
alters its orientation relative to EGF and as a result its
orientation relative to the membrane normal (Figure 6D).
While the differences of spin-label orientation relative to the
membrane normal might be dependent on the spin-label

orientation relative to EGF, the differences in rotational
mobility seen for the two populations are independent of the
orientation of the spin-label relative to the membrane normal
axis.

Two considerations related to the global fitting of the ST-
EPR data in Figure 5 and the conclusions drawn from these
analyses merit discussion. First, the analyses have centered
on uniaxial rotational diffusion being the dominant motional
mode. Previous work has shown that intrinsic membrane
proteins with multiple membrane-spanning segments such
as band 3 (31, 32) and bacteriorhodopsin (55) exhibit uniaxial
rotational diffusion about the membrane normal axis as their
major overall motional process. Much less work has been

FIGURE 6: Models of EGF/EGF receptor orientations and binding.
(A) Model showing the binding of EGF to the EGF receptor with
two different conformations of the EGF. (B) Model showing a single
orientation of the EGF receptor with EGF binding to the receptor
in two different orientations. (C) Model showing EGF binding to
the receptor in an identical manner, but with the receptor having a
different orientation in the two states. (D) Model showing EGF
binding the receptor in the same basic conformation with no large
changes in orientation of the receptor. The line on EGF denotes
the change in orientation between the two states of the amino-
terminus as measured by the spin-label. Any of these monomeric
receptors could represent the form that self-associates to form a
receptor dimer.
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devoted to characterizing rigorously the rotational diffusion
of intrinsic membrane proteins such as the EGF receptor,
where the majority of the protein is not embedded in the
membrane, but rather exposed in globular domains outside
the membrane. Clearly, the potential exists for some inde-
pendent rotational motion of the extracellular ligand-binding
domain relative to the single transmembraneR-helix of the
receptor. The extent to which such motions would contribute
to the ST-EPR signals would depend on both their amplitude
and their frequency (32, 56). The important point related to
the current studies, however, is that a model based on the
hindered uniaxial rotational diffusion of the transmembrane
segment of the EGF receptor model results in excellent
agreement with the experimental data obtained and in the
recovery of rotational correlations times that are entirely
consistent with uniaxial rotational diffusion dominating the
rotational diffusion of the entire receptor complex. Second,
it is clear that the two-component uniaxial model gives an
excellent simultaneous fit of the three experimental spectra
that were obtained at three different Zeeman modulation
frequencies, and this fit is statistically better (95% confidence
level) than any single-component uniaxial fit (Tables 1 and
2). While it would be possible to consider models with even
more components, the high level of agreement between
experiment and theory suggests that this would not result in
substantial additional improvement over the two-component
model. How these motions and orientations relate to ligand
binding and differences in affinity, though, remains to be
ascertained.

While it has been shown that the extracellular domain of
the EGF receptor alone can form a homodimer upon EGF
binding (57, 58), the relationship of this interaction to high-
affinity binding is uncertain, since it has been shown that
both the transmembrane domain and the intracellular domain
mediate high-affinity binding (59-62). This suggests that
only direct structural experiments that can differentiate
between the two different affinity states will be able to
ascertain how the different EGF/EGF receptor orientations
are related to differences in ligand affinities and any
associated differences in receptor signaling. However, the
current studies have provided data upon which one can
formulate working hypotheses regarding the origin of high-
and low-affinity receptor sites. For example, if dimerization
leads to a structural rearrangement of the ligand-binding
domain as suggested by the altered orientation of receptor-
bound EGF relative to the membrane normal axis, then it is
plausible that the structural rearrangement could alter the
local structure of the EGF-binding pocket such that binding
affinity is increased. This intriguing working hypothesis
clearly warrants consideration in designing future experi-
ments aimed at elucidating the molecular mechanism of
multiple affinities for EGF binding to the EGF receptor.

CONCLUSION

Model-dependent analysis of ST-EPR spectra obtained at
multiple frequencies of SL-EGF bound to the EGF receptor
has detected complex rotational mobility, which is consistent
with two uniaxial rotating species. Two such populations
would be consistent with the two populations observed in
ligand-binding studies and could correspond to the high- and
low-affinity states. The faster rotating species has a rotational
mobility consistent with a receptor monomer, while the

slower rotating species has a rotational mobility consistent
with a receptor dimer. In addition to the differences in
rotational mobility, the orientation of the SL-EGF is different
in the two populations. This suggests that the two populations
of EGF/EGF receptor may not be conformationally equiva-
lent. Further work is needed examining the potential struc-
tural differences between the two populations and how these
differences might correspond to signaling from the EGF
receptor complexes.
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