
Quantitation of the Effect of ErbB2 on Epidermal Growth
Factor Receptor Binding and Dimerization*□S

Received for publication, April 18, 2012, and in revised form, July 20, 2012 Published, JBC Papers in Press, July 20, 2012, DOI 10.1074/jbc.M112.373647

Yu Li‡, Jennifer Macdonald-Obermann‡, Corey Westfall‡, David Piwnica-Worms§¶�**, and Linda J. Pike‡1

From the Departments of ‡Biochemistry and Molecular Biophysics, §Cell Biology and Physiology, and ¶Developmental Biology, the
�Mallinckrodt Institute of Radiology, and **BRIGHT Institute, Washington University School of Medicine, St. Louis, Missouri 63110

Background: ErbB2 is the preferred dimerization partner for the epidermal growth factor (EGF) receptor.
Results:Heterodimerizationwith ErbB2 increases the affinity of the EGFR for EGF and increases the level of dimersmaintained
at any given concentration of EGF.
Conclusion: ErbB2 modulates EGF receptor affinity and dimer stability.
Significance: This study elucidates the molecular basis for the enhanced binding of EGF to EGFR/ErbB2 heterodimers.

The epidermal growth factor (EGF) receptor is a member of
the ErbB family of receptors that also includes ErbB2, ErbB3,
and ErbB4. These receptors form homo- and heterodimers in
response to ligand with ErbB2 being the preferred dimerization
partner. Here we use 125I-EGF binding to quantitate the inter-
action of the EGF receptor with ErbB2.We show that the EGFR/
ErbB2 heterodimer binds EGF with a 7-fold higher affinity than
the EGFR homodimer. Because it cannot bind a second ligand,
the EGFR/ErbB2 heterodimer is not subject to ligand-induced
dissociation caused by the negatively cooperative binding of
EGF to the second site on the EGFR homodimer. This increases
the stability of the heterodimer relative to the homodimer and is
associated with enhanced and prolonged EGF receptor auto-
phosphorylation. These effects are independent of the kinase
activity of ErbB2 but require back-to-back dimerization of the
EGF receptor with ErbB2. Back-to-back dimerization is also
required for phosphorylation of ErbB2.These findings provide a
molecular explanation for the apparent preference of the EGF
receptor for dimerizing with ErbB2 and suggest that the phos-
phorylation of ErbB2 occurs largely in the context of the EGFR/
ErbB2 heterodimer, rather than through lateral phosphoryla-
tion of isolated ErbB2 subunits.

The EGF receptor is the foundingmember of the ErbB family
of growth factor receptors. This family also includes ErbB2,
ErbB3, and ErbB4 (1). All members of the ErbB family share a
common structure that includes a large extracellular domain, a
single � helical transmembrane segment, an intracellular tyro-
sine kinase domain, and an unstructured C-terminal tail (2, 3).
Although the EGF receptor, ErbB3, and ErbB4 each bind sev-
eral members of a family of homologous ligands (4), ErbB2 has
no known ligand (5).
ErbB receptors appear to exist in the membrane as mono-

mers and inactive pre-dimers (6–10). Binding of ligand induces

dimerization of ErbB receptors (11). The ErbB receptors form
both homodimers and heterodimers. However, the ligand-less
ErbB2 appears to be the preferred dimerization partner for the
EGF receptor, ErbB3 and ErbB4 (12, 13).
Ligand-induced dimerization of the extracellular domains of

ErbB receptors leads to the formation of an activating asym-
metric dimer of the intracellular kinase domains (14). Only one
kinase domain can be activated at a timewithin this asymmetric
dimer and dissociation of the dimer terminates kinase activa-
tion. Activation of the tyrosine kinase promotes autophosphor-
ylation of the receptors on theirC-terminal tails and leads to the
binding of SH2 and PTB domain-containing proteins and the
activation of numerous downstream signaling pathways.
X-ray crystallography studies have shown that the extracel-

lular domain of the EGF receptor consists of four subdomains,
numbered I through IV. In the absence of ligand, the extracel-
lular domain of the EGF receptor exists in a closed, tethered
conformation in which the dimerization arm from subdomain
II makes contact with the tethering arm in subdomain IV (15).
Binding of ligand releases this intramolecular tether allowing
the receptor to open into an extended conformation in which
the dimerization arm is available for inter-molecular interac-
tions. Back-to-back dimers form between two ligand-occupied
receptors, mediated by the dimerization arm in subdomain II
(16, 17). The tethering arm in subdomain IV may also partici-
pate in inter-molecular interactions (18, 19). Although the
dimerization interface is homologous in all four ErbB receptors,
it is not identical. Thus, it is possible that the properties of a
given ErbB receptor could differ, depending on the nature of its
dimerization partner.
The binding of EGF to its receptor shows multiple affinity

states. We have recently used radioligand binding studies to
explore the basis for this heterogeneity in ligand binding by
the EGF receptor (18, 20, 21). These studies characterized
the interaction between EGF receptor subunits in EGFR
homodimers and defined the binding properties of the various
monomeric and dimeric species of the receptor. Our studies
demonstrated that ligand binding to the EGF receptor is best
explained by a model involving negative cooperativity in an
aggregating system (20). The negative cooperativity is strong
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enough so that EGF receptor homodimers tend to dissociate
following the binding of EGF to the second site on the dimer.
Heterodimerization of the EGF receptor with ErbB2 affects

EGF binding affinity (13, 22), suggesting that subunit-subunit
interactions are indeed different in the EGFR homodimer and
the EGFR/ErbB2 heterodimer. To better understand the nature
of EGF receptor/ErbB2 interactions, we have expanded our
radioligand binding studies to quantitate the interactions
between the EGF receptor and ErbB2 and between the het-
erodimer and the EGF ligand. Our data indicate that EGFR/
ErbB2 heterodimers are “preferred” not only because they
exhibit a higher affinity for EGF but also because, in the absence
of a second binding site, they lack negative cooperativity and
cannot be dissociated by the binding of a second ligand. As a
result, a higher concentration of heterodimers than homo-
dimers can be maintained at all concentrations of EGF. The
effect of ErbB2 expression on EGF receptor function requires
dimerization of the extracellular domains but is independent of
ErbB2 kinase activity. Dimerization of the EGF receptor and
ErbB2 is also required for phosphorylation of ErbB2. Together,
these data suggest that the nature of the subunit-subunit inter-
face affects the ligand binding properties of the EGF receptor
and that the ligand-less nature of ErbB2 provides a structural
mechanism for controlling the stability of EGF receptor-con-
taining dimers. They also suggest that phosphorylation of
ErbB2 occursmostly in the context of heterodimers rather than
through lateral phosphorylation of isolated subunits.

MATERIALS AND METHODS

Mutagenesis, Cells, and Tissue Culture—CHO-K1 Tet-on
cells (Clontech) were stably transfected with pcDNA3.1-Zeo
constitutively expressing the EGF receptor from a CMV pro-
moter. The cells expressed �300,000 EGF receptors per cell. A
cDNA encoding wild type ErbB2 was ligated into the pBI Tet
vector (Clontech) between the NheI and EcoRV sites. K732M-
ErbB2 and Y253D-ErbB2 were generated in the pBI-tet vector
using a QuikChange mutagenesis kit (Stratagene). The appro-
priate pBI-tet plasmid was then co-transfected with pTK-Hyg
into the tet-on cells constitutively expressing the EGF receptor
using Lipofectamine 2000 (Invitrogen). Stable clones were iso-
lated by selection in 500 �g/ml of hygromycin (Invitrogen).
Cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 10% Fetalplex (Gemini Bio-Products), 100 �g/ml of
hygromycin, and 100 �g/ml of Zeocin. The generation of the
�C-EGFR-NLuc/�C-EGFR-CLuc and �C-EGFR-CLuc/�C-
ErbB2-NLuc cell lines expressing the truncated EGF receptor
and/or ErbB2 fused to the NLuc or CLuc fragments of firefly
luciferase has been described previously (23). The generation of
the full-length EGFR-CLuc/ErbB2-NLuc cell lines has also
been described (23).

125I-EGF and 125I-Trastuzumab Synthesis and Binding
Analyses—Murine EGF (Biomedical Technologies, Inc.) and
trastuzumab (Barnes Hospital pharmacy) were radiolabeled
with 125I using the ICl method (24). For binding, cells were
plated into 6-well dishes 2 days prior to the experiment. Bind-
ing of 125I-EGF was carried out as described previously (20).
Binding of 125I-trastuzumab was performed in the same man-
ner except that 30 pM 125I-trastuzumab was added to each well

in the presence of increasing concentrations of unlabeled tras-
tuzumab ranging from 0 to 60 nM. The total number of ErbB2
receptors was determined by analyzing the data using
GraphPad Prism 4.0. All binding data points were done in
triplicate.
An Origin C program was developed to fit the experimental

data globally using Origin’s nonlinear least squares advanced
fitting tool. MT, NT, L20, K11, K21, and K22 were provided as
constant values.MT andNT were determined directly from the
binding of 125I-EGF and 125I-trastuzumab, respectively. L20,
K11, K21, and K22 were set to values derived from the analysis of
a total of 18 separate saturation binding isotherms for 125I-EGF
binding to CHO cells expressing only EGF receptors (18, 20,
21). Thesewere: L20, 7.6e11D�1;K11, 4.8e9M�1;K21, 1.9e9M�1;
and K22, 1.7e8 M�1. All experimental curves were fitted simul-
taneously to Equation 1, sharing J20 and H21 among all curves.
Each data point was weighted by the inverse of its standard
deviation squared. Because the EGF receptors andErbB2 recep-
tors are present as a two-dimensional density rather than a
three dimension concentration, the values for receptor concen-
tration are expressed in units of (mol/dm2)�1, which we desig-
nate as D�1 (20). As a result, L20 and J20 are also expressed in
units of D�1. All other association constants are in units of M�1.
Simulations—A Matlab program was developed to simulate

the binding isotherms and calculate the concentrations of the
different EGF receptor or ErbB2 species. The independent vari-
able, the free [EGF], was varied from 5.0e-13 to 1.80e-7 M. All
the equilibrium association constants L20,K11,K21,K22, J20, and
H21, as well as MT and NT, the two-dimensional density of the
EGF receptors and ErbB2 receptors, were provided as con-
stants. Similar to the Origin C fitting program, theMatlab pro-
gram first solves the cubic equation analytically as described in
the supplemental Materials to calculate Mf, the concentration
of free EGF receptor monomers. Once Mf is known for each
given free EGF concentration, the concentration of the other
species in the systems can be readily calculated.
Autophosphorylation and Down-regulation—Cells were

plated in Dulbecco’s modified Eagle’s medium containing 10%
Fetalplex in 6-well dishes and grown for 48 h. Cells expressing
wild type or K732M-ErbB2 for a tet-inducible promoter were
plated without or with 100 ng/ml of doxycycline. Cells express-
ing Y253D-ErbB2 from a tet-inducible promoter were plated
without or with 250 ng/ml of doxycycline. For assay, the
medium was removed and replaced with Ham’s F-12 medium
containing 1mg/ml of bovine serum albumin and the indicated
concentration of EGF. Plates were incubated at 37 °C for the
indicated times and the medium was aspirated. The reaction
was stopped by washing the cells twice in ice-cold phosphate-
buffered saline and the cells were scraped into RIPA buffer con-
taining phosphatase and protease inhibitors (25). Equal
amounts of protein were analyzed by SDS-polyacrylamide gel
electrophoresis. Gels were transferred to polyvinylidene diflu-
oride (Millipore) membranes and probed by Western blotting
with the indicated antibodies.
For down-regulation assays, cells were incubated with 10 nM

EGF for the indicated times and thenwashed oncewith ice-cold
phosphate-buffered saline, twice for 2 min with acid wash (50
mM glycine, 100 mMNaCl), and again with phosphate-buffered
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saline. The cells were then incubated with 0.5 nM 125I-EGF
overnight at 4 °C. At the end of the incubation, the binding
mediumwas aspirated and the plates were washed 3 times with
phosphate-buffered saline. Monolayers were dissolved in 1 N

NaOH and counted for 125I.
Luciferase Complementation Assays—Assays were done

using cells stably expressing �C-EGFR-NLuc and �C-EGFR-
CLuc or �C-ErbB2-NLuc and �C-EGFR-CLuc. The �C desig-
nation indicates that these constructs are C terminally trun-
cated and contain only the extracellular and transmembrane
domains of the receptors fused to the luciferase splits. The gen-
eration of these lines has been described previously (23).
Cells were plated in 96-well black-walled dishes 48 h prior to

use. Cultures were transferred to Dulbecco’s modified Eagle’s
medium without phenol red but with 1 mg/ml of bovine serum
albumin. D-Luciferin (0.6 mg/ml) was incubated with the cells
for 20 min at 37 °C prior to assay. EGF was then added at the
concentration indicated and cell radiance (photons/s/cm2/sr)
was measured at 30-s intervals over a 25-min time course using
a cooled CCD camera and imaging system (IVIS 50). Points
were done in quadruplicate and the data were analyzed as
described previously (26).

RESULTS

Effect of ErbB2 on the Binding of EGF—Todetermine how the
expression of ErbB2 affects the binding properties of the EGF
receptor, a line of CHO cells was established that constitutively
expressed �300,000 EGF receptors/cell but expressed ErbB2
from a tet-inducible promoter. The binding of 125I-EGF to this
cell line was then analyzed in cells induced to express levels of
ErbB2 expression ranging from35,000 receptors/cell to 2.1mil-
lion receptors/cell, roughly 10-fold below to 10-fold above the
level of EGF receptors. ErbB2 receptor levels weremeasured by
125I-trastuzumab binding (27). The binding data are shown in
Fig. 1A. As can be seen from the figure, increasing the level of
ErbB2 resulted in a leftward shift of the 125I-EGF binding iso-
therms. This suggests that expression of ErbB2 enhances the
affinity of EGF for its receptor.

To quantitate the changes in EGF binding properties, the
data were fit to the equation (Equation 1) for the model shown
in Fig. 1B. In thismodel, the open circles represent EGF receptor
monomers. The hatched circles represent ErbB2 monomers.
ErbB2 is thought to dimerize only at very high receptor concen-
trations (28, 29). Thus, this species was not included in the
model.
For this model, Y� , the fractional saturation of the EGF recep-

tor, is given by the equation,

Y� �
K11�EGF] � K21L20Mf�EGF] � 2K22K21L20Mf�EGF]2 � H21J20Nf[EGF]

1 � K11�EGF] � 2L20Mf�1 � K21�EGF] � K22K21�EGF]2) � J20Nf�1 � H21�EGF])

(Eq. 1)

whereMf is the concentration of free EGF receptor monomers
in the system and Nf is the concentration of free ErbB2 mono-
mers. This equation is cubic inMf but can be solved analytically
(see supplemental Materials) permitting us to globally fit the
125I-EGF binding data to this equation.
In this analysis, the four parameters, K11, L20, K21, and K22,

that had been previously determined in cells expressing only
EGF receptors were held constant at the values indicated in Fig.
1B (shown in black in the figure). These valueswere determined
by globally fitting a compilation of all previously reported wild
type binding isotherms (18, 20, 21, 30). This was necessary as
the fitting did not converge if all six variables were allowed to
float. This approach allowed us to determine the values for J20
and H21 (shown in red in Fig. 1B).
J20 is the association constant for the heterodimerization of

the unoccupied EGF receptor with ErbB2. Based on the global
fit of the data, this dimerization constant was determined to be
2.8� 1011 D�1. As L20, the association constant for EGF recep-
tor homodimerization is 7.6 � 1011 D�1, this leads to the sur-
prising conclusion that in terms of the formation of pre-dimers,
EGF receptor homodimers are slightly preferred over EGFR/
ErbB2 heterodimers.
As predicted from the leftward shift of the 125I-EGF binding

isotherms with increasing expression of ErbB2, the analysis

FIGURE 1. Binding of 125I-EGF to cells expressing EGF receptors and ErbB2. A, 125I-EGF binding to cells expressing �300,000 EGF receptors and the indicated
number of ErbB2 molecules. The level of ErbB2 was measured by the binding of 125I-trastuzumab. B, model for the binding of EGF to EGFR homodimers and
EGFR/ErbB2 heterodimers. Open circles represent EGF receptor molecules. Hatched circles represent ErbB2 molecules. E is a bound EGF molecule. The term that
refers to the equilibrium association constant for each interaction is indicated over the arrows. Fitted values for the equilibrium association constants are shown.
Values in red indicate the values that were fitted to Equation 1 based on the binding data in panel A. Values in black were set as constants during the fitting and
are based on previous studies of EGF binding to only the EGF receptor. Values in gray were calculated based on the principle of microscopic equilibrium.
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yielded a fitted value of 1.3 � 1010 M�1 for H21, the association
constant for the binding of EGF to the heterodimer. This is
�7-fold higher than the value for K21, the affinity of EGF for
binding to the first site on the EGF receptor homodimer. In
terms of dissociation constants, the Kd for EGF binding to the
EGFR/ErbB2 heterodimer is 77 pM, whereas the Kd for EGF
binding to the first site on the EGF receptor homodimer is 525
pM. Thus, dimerization of the EGF receptor with ErbB2
increases the affinity of the receptor for EGF.
Using the principle of microscopic equilibrium, one can cal-

culate the association constants for the dimerization of an
occupied EGF receptor monomer with either an unoccupied
EGF receptor monomer (L21) or an ErbB2 monomer (J21). This
calculation yields a value of 3.0� 1011D�1 for L21 and a value of
7.6 � 1011 D�1 for J21. Thus, if EGF binds to a receptor mono-
mer, the occupied EGF receptor monomer has a weak prefer-
ence for heterodimerization with ErbB2 over homodimeriza-
tion with the EGF receptor.
These fitted parameters were used in a set of simulations to

predict the distribution of the various receptor species at
increasing concentrations of EGF.These simulations are shown
in Fig. 2. Fig. 2A shows the predicted distribution of EGF recep-
tors between monomeric and dimeric species in cells express-
ing 50,000 EGF receptors/cell. Dotted lines represent unligan-
ded species. Solid lines indicate species with bound EGF. In the
absence of EGF, a significant level of EGF receptor “pre-dimers”
is predicted based on the value of L20. A substantial body of
biochemical evidence supports the existence of such inactive
pre-dimers (10, 31–33). Upon addition of EGF, singly ligated
homodimers (B1/B1 � E) form, peaking at �0.6 nM. As the
concentration of EGF is increased, the concentration of the
singly ligated EGF receptor dimers declines. At saturating con-
centrations of EGF, the major species formed is the occupied
EGF receptor monomer (B1 � E) with only a very low level of
doubly occupied dimers (B1/B1 � 2E). This distribution is
observed because, although binding of EGF to the first site on
the dimer stabilizes the dimer, binding of EGF to the second site
on the dimer is negatively cooperative and destabilizes the
dimer. The affinity of EGF for binding to the second site on
the dimer is actually lower than that for binding of EGF to the
monomer (K22 � K11), so the dimer tends to dissociate.

Fig. 2B shows how the presence of ErbB2 modifies this dis-
tribution of the receptor betweenmonomeric and dimeric spe-
cies. In this simulation, the total number of receptor subunits
has been maintained at 50,000 per cell. However, there are
25,000 EGF receptor subunits and 25,000 ErbB2 subunits. In
the absence of EGF, the concentration of EGFR/EGFR pre-
dimers (B1/B1) is slightly greater than that of EGFR/ErbB2 pre-
dimers (B1/B2). This is becauseL20, the association constant for
homodimers, is higher than J20, the association constant for
heterodimers. As the concentration of EGF rises, the level of
occupied EGF receptor monomers markedly increases. How-
ever, in the presence of ErbB2, the concentration of occupied
EGFR/ErbB2 heterodimers (B1/B2 � E) also rises and, at satu-
rating levels of EGF, a significant number of heterodimers are
maintained. Thus, expression of ErbB2 results in a system in
which substantially higher levels of dimeric receptor species are
formed at all concentrations of EGF than when EGF receptors
are expressed alone.
Although the enhanced affinity of EGF for the heterodimer

would play a role in the preference for ErbB2 as a dimerization
partner, another major contributor to this aspect of receptor
biology is the absence of negative cooperativity from the EGFR/
ErbB2 heterodimer. The effect of negative cooperativity is illus-
trated by the simulation shown in Fig. 2C.
In this simulation, there were 50,000 EGF receptors but neg-

ative cooperativity was abolished by setting K21 	 K22, that is
EGF bindswith the same affinity to the second site as to the first
site on the dimer. In this scenario, the extent of homodimer
formation is similar to that seen when ErbB2 is present. In par-
ticular, significant levels of doubly occupied homodimers are
present at all concentrations of EGF and are maintained at sat-
urating doses of the growth factor. Thus, the existence of neg-
ative cooperativity in the EGF receptor homodimer, but not in
the EGFR/ErbB2 heterodimer, is the major contributor to the
apparent preference of the EGF receptor for dimerization with
ErbB2.
Effect of ErbB2 Expression on the Dimerization of the EGF

Receptor—Our binding data indicate that EGF binds with a
higher affinity to EGFR/ErbB2 heterodimers than to EGF
receptor homodimers. To determine whether this difference in
ligand binding affinity led to a difference in the ability of EGF to

FIGURE 2. Simulation of the binding of EGF to EGF receptor homodimers or EGFR/ErbB2 heterodimers. A, distribution of EGF receptor species in cells
expressing 50,000 EGF receptors at increasing concentrations of EGF. B, distribution of EGF receptor and ErbB2 species in cells expressing 25,000 EGF receptors
plus 25,000 ErbB2 molecules. C, distribution of EGF receptor species in cells expressing 50,000 EGF receptors lacking negative cooperativity (K22 	 K21 	 1.9e9)
at increasing concentrations of EGF.
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induce receptor dimerization, we used luciferase fragment
complementation imaging to monitor the dimerization of the
EGF receptor and ErbB2 (23, 26). In this system, firefly lucifer-
ase is split into an N-terminal fragment (NLuc) and a C-termi-
nal fragment (CLuc). Individually, the fragments are inactive
but when brought into proximity, they complement each other
and form an active luciferase enzyme that generates light upon
incubation with luciferin (34).
The NLuc and CLuc fragments were fused to EGF receptors

and/or ErbB2 that had been C terminally truncated to remove
the entire intracellular domain (�C-EGFR and �C-ErbB2,
respectively). Therefore, this assay measures only dimerization
mediated by the extracellular domains of the receptors. The
constructs were stably coexpressed in CHO cells and the stud-
ies were done in intact cells in real time.
As shown in Fig. 3A, in cells co-expressing �C-EGFR-NLuc

and �C-EGFR-CLuc, addition of increasing doses of EGF
resulted in an increase in the rate as well as the extent of light
production. The curves could be fit to a single exponential,
yielding kobs values for the rate of dimerization. These rate con-
stants were plotted against the concentration of EGF in Fig. 3C,
yielding an EC50 value of 5.1 nM for homodimerization of the
EGF receptor. This is similar to the affinity of EGF for binding
to this truncated receptor (21).
Addition of increasing doses of EGF to cells co-expressing

�C-EGFR-CLuc and�C-ErbB2-NLuc also led to an increase in
the rate and extent of heterodimer formation (Fig. 3B). It should
be noted that this form of the assay only detects EGFR/ErbB2
heterodimers. Although EGFR homodimers can form, they do
not give a signal in this assay. Fitting of the data to a single
exponential associationmodel yielded kobs values, which, when
plotted versus the concentration of EGF, gave an EC50 of 1.4 nM
for heterodimerization. This is �4-fold lower than the EC50
determined for the homodimerization reaction. Thus, the
increase in EGF binding affinity of the EGFR/ErbB2 het-
erodimer ismirrored by an increase in sensitivity to EGF for the
formation of EGFR/ErbB2 heterodimers.
The above luciferase assays were done using EGF receptor

and ErbB2 constructs that lacked the entire intracellular
domain. The observation that the expression of truncated
ErbB2 enhanced the affinity for EGF in this assay suggests that
the intracellular domain, and in particular the kinase activity, is
not required for the effects of ErbB2 on EGF receptor binding
affinity. However, this does not address the requirement for
extracellular domain dimerization to observe the functional
effects of ErbB2 on the EGF receptor.
To more specifically assess the structural requirements for

ErbB2 modulation of EGF receptor function, we generated two
mutants of ErbB2: K732M-ErbB2 and Y253D-ErbB2. K753M-
ErbB2 is the kinase-dead version of this receptor (23, 35). Tyr-
253 is at the tip of the dimerization arm of ErbB2 andmutation
to Asp is predicted to block the ability of ErbB2 to form ligand-
induced, back-to-back dimers with the EGF receptor (16, 17,
28, 29).
We first tested the ability of these twomutant ErbB2 proteins

to interact with the EGF receptor using the luciferase fragment
complementation assay (Fig. 4). Stable cell lines were generated
that expressed wild type EGF receptor fused to CLuc and wild

type, kinase-dead, or Y253D-ErbB2 fused to NLuc. These
experiments utilized the full-length forms of the EGF receptor
and ErbB2. As we have reported previously and as seen in Fig.
4A (black line), stimulation of cells expressingWT-EGFR-CLuc
and WT-ErbB2-NLuc with EGF led to a biphasic response in
the luciferase assay. There was an initial decrease in light pro-
duction, followedby a recovery back toward baseline levels. The
basal light production is due to the presence of pre-dimers that

FIGURE 3. Effect of ErbB2 on EGF receptor dimerization. A, CHO cells stably
expressing �C-EGFR-NLuc and �C-EGFR-CLuc were stimulated with the indi-
cated concentrations of EGF and receptor dimerization was monitored via
luciferase activity. B, CHO cells stably expressing �C-ErbB2-NLuc and �C-
EGFR-CLuc were stimulated with the indicated concentrations of EGF and
receptor dimerization was monitored via luciferase activity. C, the data in
panels A and B were fit to a single exponential association model using Prism
4.0 and the derived kobs values were plotted against the [EGF]. These data
were then fit to a sigmoidal dose-response curve using Prism 4.0. The fitted
EC50 values are reported in the text.
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allow complementation of the luciferase fragments. These pre-
dimers are disrupted or re-organized by the addition of EGF,
leading to the decrease in light production (23, 25, 26). How-
ever, ligand-stimulated dimerization of receptor monomers
results in new complementation pairs, leading to the increase in
light production.
When the EGFR-CLuc was co-expressed with the kinase-

dead K732M-ErbB2-NLuc, a similar biphasic pattern of light
productionwas observed (Fig. 4A, gray line). This indicates that
the kinase-dead version of ErbB2 interacts with the EGF recep-
tor in a manner similar to WT-ErbB2. The data are consistent

with the conclusion that the ability of ErbB2 to interact with the
EGF receptor does not require the kinase activity of ErbB2.
When EGFR-CLuc was co-expressed with Y253D-ErbB2,

stimulationwith EGF led to a persistent decline in light produc-
tion (Fig. 4B, gray line). It appears that, as with wild type ErbB2,
pre-dimers of the EGF receptor and Y253D-ErbB2 can form
and they are disrupted by the addition of EGF. However, due to
the Y253Dmutation, EGF cannot promote the dimerization of
monomeric EGF receptors and Y253D-ErbB2 and thus there is
no recovery of luciferase activity. These data demonstrate
that the Y253D mutation severely impairs the ability of ErbB2
to undergo ligand-stimulated dimerization with the EGF
receptor.
Assays of the EGF-stimulated phosphorylation of ErbB2 in

cells expressing these mutants are consistent with these find-
ings (Fig. 4C). As expected, wild type ErbB2 exhibited robust
EGF-stimulated tyrosine phosphorylation when it was co-ex-
pressed with wild type ErbB2. Similarly, kinase-dead ErbB2was
heavily phosphorylated when cells co-expressing the wild type
EGF receptor were stimulated with EGF. By contrast, stimula-
tion of cells expressing wild type EGF receptors and Y253D-
ErbB2 with EGF did not lead to a significant increase in the
phosphorylationof theY253D-ErbB2.Thus, optimalphosphor-
ylation of ErbB2 appears to require formation of back-to-back
EGFR/ErbB2 heterodimers.
Structural Requirements for the Effects of ErbB2 on EGF

Receptor Function—To determine the effect of these twomuta-
tions on the ability of ErbB2 to modulate EGF receptor func-
tion, we used stable cell lines that expressed the wild type EGF
receptor from a constitutive promoter and also expressed wild
type ErbB2, K732M-ErbB2, or Y253D-ErbB2 from a tet-induc-
ible promoter. The expression levels of ErbB2 in the absence
and presence of doxycycline are shown in Fig. 5A.
These lines were then used to test the ability of the mutated

forms of ErbB2 to increase the affinity of EGF for its receptor.
When wild type EGF receptors were expressed alone at a level
of �300,000 receptors/cell, the 125I-EGF saturation binding
isotherm exhibited a KD of �1 nM. Upon addition of doxycy-
cline to induce the expression of a similar level of wild type
ErbB2, the binding isotherm shifted �3-fold to the left (Fig.
5A). This is the expected result because the EGFR/ErbB2 het-
erodimer exhibits a higher affinity for EGF than does the EGFR
homodimer. As shown in Fig. 5B, expression of a similar level of
kinase-dead ErbB2 in cells constitutively expressing the wild
type EGF receptor also resulted in a leftward shift in the 125I-
EGF binding isotherm. This indicates that the ability of ErbB2
to elicit an increase in the affinity of EGF for the EGFR/ErbB2
heterodimer is independent of the kinase activity of ErbB2. By
contrast, expression of the Y253D-ErbB2 mutant that cannot
dimerize with the EGF receptor failed to shift the 125I-EGF
binding isotherm (Fig. 5C), indicating that the ability of ErbB2
to enhance the affinity of EGF for its receptor is dependent on
the formation of a back-to-back EGFR�ErbB2 complex.
The expression of ErbB2 has been reported to prolong the

autophosphorylation of the EGF receptor and reduce or delay
down-regulation of the EGF receptor (35, 36). To determine
whether the structural features required for modulation of
ligand binding affinity also pertain to these effects of ErbB2, we

FIGURE 4. Y253D-ErbB2 does not undergo EGF-dependent dimerization
with the EGF receptor and is not phosphorylated. Cells stably expressing
full-length EGFR-CLuc and transiently transfected with wild type, kinase-
dead, or Y253D-ErbB2 fused to NLuc were stimulated with 10 nM EGF and
assayed in the luciferase complementation assay. A, WT-EGFR/WT-ErbB2
(black line) compared with WT-EGFR/kinase-dead ErbB2 (gray line). B, WT-
EGFR/WT-ErbB2 (black line) compared with WT-EGFR/Y253D-ErbB2 (gray line).
C, dose-response to EGF for the phosphorylation of ErbB2 in cells co-express-
ing wild type EGF receptor with wild type, kinase-dead, or dimerization-de-
fective Y253D-ErbB2.
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assessed the autophosphorylation and down-regulation of the
EGF receptor in the absence or presence of wild type, K732M-,
or Y253D-ErbB2.
Co-expression of the EGF receptor with wild type ErbB2 led

to amarked increase in the extent and duration of EGF receptor
phosphorylation (Fig. 6A). This observation is consistent with
the predictions from our simulations (Fig. 2) that indicate that
expression of ErbB2 leads to the formation andmaintenance of
higher levels of signaling-competent receptor dimers. The
expression of kinase-dead K721M-ErbB2 also enhanced the
extent and duration of EGF receptor autophosphorylation (Fig.
6B). By contrast, expression of the nondimerizing Y253D-

ErbB2 failed to alter the pattern of EGF receptor tyrosine phos-
phorylation (Fig. 6C). These data indicate that the ability of
ErbB2 to modulate EGF receptor phosphorylation requires the
interaction of its extracellular domain with the EGF receptor
but is independent of its kinase activity.
As shown in Fig. 7, these same structural requirements were

observed for the ability of ErbB2 to blunt EGF receptor down-
regulation. Treatment of cells expressing only the wild type
EGF receptor with 10 nM EGF for increasing lengths of time
resulted in a rapid reduction in the number of cell surface EGF
receptors as assessed by 125I-EGF binding (Fig. 7A). Induction
of the expression of wild type ErbB2 in these cells reduced the
extent of receptor down-regulation by approximately half. Sim-
ilarly, co-expression of kinase-dead ErbB2 with the EGF recep-
tor reduced the extent of receptor down-regulation induced by
EGF (Fig. 7B). However, expression of Y253D-ErbB2 failed to
alter the rate at which the EGF receptor was removed from the
cell surface following exposure to EGF (Fig. 7C).

DISCUSSION

ErbB2 appears to be the preferred dimerization partner
among ErbB receptors (12, 13) and its expression has been
reported to change the binding properties of EGF in cells (13,
22, 37). However, given the complexity introduced by the pres-
ence of both EGF receptor homodimers and EGFR/ErbB2 het-
erodimers in cells expressing both receptors, it has not been
possible to explicitly define the effect of ErbB2 on EGF binding
affinity or to understand why ErbB2 appears to be the preferred
dimerization partner of all ErbB receptors, including the EGF
receptor. The work reported here addresses these issues. By
measuring the binding of 125I-EGF to the EGF receptor in cells
containing progressively increasing levels of ErbB2, we were
able to determine the equilibrium association constants for the
homo- and heterodimerization of the EGF receptor and ErbB2,
as well as the affinity of EGF for the EGF receptor homodimer
versus the EGFR/ErbB2 heterodimer.
Our data indicate that for the unoccupied EGF receptor (i.e.

for the formation of inactive pre-dimers), homodimerization
of the EGF receptor is actually slightly preferred over het-
erodimerization with ErbB2. However, once the pre-dimers are
formed, EGF binds with �7-fold higher affinity to the EGFR/
ErbB2 heterodimer than to the first site on the EGF receptor
homodimer. Thus, dimerization with ErbB2 allows the EGF
receptor to adopt a conformation that is more favorable for
ligand binding than dimerization with another EGF receptor.
The structure of the half-occupied Drosophila EGF receptor

may represent a good model for the EGFR/ErbB2 heterodimer
(38). In that structure, the binding of the Spitz ligand wedges
apart subdomains I and III of the extracellular domain and
bends the dimerization arm. These changes are readily accom-
modated in the singly ligated dimer but cannot be reproduced
when Spitz binds to the second subunit. As a result, binding of
Spitz to the second site of the dEGF receptor is of substantially
lower affinity than binding to the first site.We hypothesize that
in the EGFR/ErbB2 heterodimer, ErbB2 serves as a “constitu-
tively unoccupied” partner. This would allow the formation of
an asymmetric dimer of the EGF receptor and ErbB2 extracel-
lular domains that optimizes the affinity of the lone EGF recep-

FIGURE 5. Y253D-ErbB2 does not modulate EGF receptor binding affinity.
Cells constitutively expressing the EGF receptor were stably transfected with
wild type ErbB2 (panel A), K732M-ErbB2 (panel B), or Y253D-ErbB2 (panel C)
expressed from a tet-inducible promoter. For assay, cells were grown in the
absence (open circles) or presence (filled circles) of doxycycline to induce the
expression of ErbB2. All lines express �300,000 EGF receptors/cell. Relative
levels of ErbB2 expressed in each line are shown in the inset of panel A. 125I-
EGF binding isotherms were then generated in cells expressing only the EGF
receptor or the same number of EGF receptors plus the different forms of
ErbB2.
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tor subunit for EGF. This is consistent with the observations of
Liu et al. (39) who noted that the relative orientation of sub-
domains II and IV in the extracellular domain of ErbB2 allow it
to align optimally with a liganded partner and serve as the unli-
ganded subunit in singly ligated ErbB heterodimers.
Based on the parameters derived from our binding studies,

we were able to predict the levels of the various EGF receptor
and ErbB2 species at equilibrium under several different con-

FIGURE 7. Effect of ErbB2 expression on down-regulation of the EGF
receptor. Cells constitutively expressing �300,000 EGF receptors/cell were
stably transfected with wild type ErbB2 (panel A), K732M-ErbB2 (panel B), or
Y253D-ErbB2 (panel C) expressed from a tet-inducible promoter. For assay,
cells were grown in the absence (open circles) or presence (filled circles) of
doxycycline to induce the expression of ErbB2. Cells were treated with 10 nM

EGF for the indicated times then washed to remove surface bound EGF. Sub-
sequently, binding of 125I-EGF to the cultures was measured as described
under “Materials and Methods.”

FIGURE 6. Effect of ErbB2 expression on EGF receptor phosphorylation.
Cells constitutively expressing �300,000 EGF receptors/cell were stably
transfected with wild type ErbB2 (panel A), K732M-ErbB2 (panel B), or Y253D-
ErbB2 (panel C) expressed from a tet-inducible promoter. For assay, cells were
grown in the absence (open circles) or presence (filled circles) of doxycycline to
induce the expression of ErbB2. Cells were stimulated with 10 nM EGF for the
times indicated and the autophosphorylation of the EGF receptor was ana-
lyzed by Western blotting with an antibody against phosphotyrosine 1068 in
the EGF receptor. The results are quantitated in the graphs below.
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ditions. Our simulations revealed that in cells expressing only
EGF receptors, relatively few EGF receptors exist as dimers
even at saturating concentrations of ligand. This is because the
negative cooperativity in the homodimer leads to the dissocia-
tion of doubly occupied dimers, forming ligand-occupied
monomers. By contrast, when ErbB2 is coexpressed with EGF
receptors in cells, a much higher level of dimers (specifically,
EGFR/ErbB2 heterodimers) is maintained.
The fundamental importance of negative cooperativity in

determining the level of receptor dimers is highlighted by the
results of the simulation carried out on an EGF receptor that
(theoretically) lacks negative cooperativity (i.e. K21 	 K22). In
this case, the extent of dimer formation is very similar to that
seen for the EGFR/ErbB2 heterodimer. Thus, negative cooper-
ativity appears to play a major role in setting the level of EGF
receptor homodimers. As the EGFR/ErbB2 heterodimer is not
subject to negative cooperativity, ErbB2 appears to be the pre-
ferred dimerization partner largely because it does not bind
EGF.
Interestingly, much of the effect of ErbB2 on the function of

the EGF receptor appears to be independent of the kinase activ-
ity of ErbB2. Luciferase complementation assays using EGF
receptors and ErbB2 that lacked the entire intracellular domain
demonstrated that expression of the truncated ErbB2 still
resulted in an increase in the EC50 of EGF for the EGF receptor.
Similarly, in luciferase assays using full-length receptors, the
kinase-dead ErbB2 interacted with the EGF receptor in the
same way as wild type ErbB2. Furthermore, expression of
kinase-dead ErbB2 shifted the EGF binding isotherm to the left,
enhanced EGF receptor autophosphorylation, and reduced
receptor down-regulation. ErbB2was also phosphorylated nor-
mally when co-expressed with wild type EGF receptors. These
findings suggest that ErbB2-mediated alterations in EGF recep-
tor function arise, to a significant extent, from structural effects
rather than from the introduction of a kinase domain with a
different substrate specificity.
We have recently shown that the mechanics of EGFR/ErbB2

heterodimer activation are determined by the activity status of
the kinase domain of the EGF receptor, but are independent of
the kinase activity of ErbB2 (23). A heterodimer containingwild
type EGF receptor and kinase-dead ErbB2 behaves as if both
partners were kinase-active. But a heterodimer containing
kinase-dead EGF receptors and wild type ErbB2 behaves as if
both partners were kinase-dead and neither the EGF receptor
nor ErbB2 are phosphorylated in response to EGF. Thus, even
when the heterodimer contains one active kinase (ErbB2), no
EGF-stimulated phosphorylation is observed in the absence of
an active EGF receptor kinase domain. When considered
together with the present findings that the ability of ErbB2 to
modulate EGF receptor binding affinity and other signaling
functions is independent of the catalytic activity of the ErbB2
kinase, it seems warranted to consider the possibility the ErbB2
subunit is simply an allosteric modulator of the EGF receptor
and that its kinase is never actually activated within the EGFR/
ErbB2 heterodimer.
Although the effects of ErbB2 on EGF receptor function are

independent of ErbB2 kinase activity, they clearly require the
formation of back-to-back dimers by the extracellular domain.

Mutation of Tyr-253 in the dimerization arm of ErbB2 blocked
its interaction with the EGF receptor in luciferase complemen-
tation assays and abolished the ability of ErbB2 to shift the EGF
binding isotherm, enhance EGF receptor autophosphorylation,
or limit EGF receptor down-regulation. These findings are con-
sistent with the notion that ErbB2 modulated EGF receptor
function through structuralmechanisms that involve the extra-
cellular dimerization interface.
This extracellular domain-mediated dimerization appears to

be required for phosphorylation of ErbB2 as the Y253D-ErbB2
subunit was not phosphorylated in response to EGF in cells
co-expressing wild type EGF. These data suggest that the
majority of ErbB2 phosphorylation occurswithin the context of
an EGFR/ErbB2 heterodimer, or possibly a higher order oli-
gomer assembled from EGFR/ErbB2 heterodimers. Although
the possibility of lateral phosphorylation of ErbB2 as an “exog-
enous” substrate for an EGF receptor homodimer under some
circumstances cannot be ruled out, it is clear that at moderate
levels of ErbB2 expression this does not represent a major
mechanism for the EGF-dependent phosphorylation of ErbB2.
In summary, we have quantitated the effect of ErbB2 on EGF

receptor binding affinity and shown that ErbB2 is the preferred
dimerization partner for the EGF receptor largely because it
alleviates the effect of negative cooperativity on dimer stability.
Thus, one purpose for the ligand-less ErbB2 subunit may be to
provide flexibility in determining the overall level of signaling
active, kinase dimers that can be maintained at any given con-
centration of growth factor. The data demonstrate that differ-
ences in the extracellular domain dimerization interface give
rise to changes in the ligand binding properties of the EGF
receptor and are consistent with the hypothesis that ErbB2
modifies EGF receptor function through protein-protein inter-
actions rather than through its catalytic activity.
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