ASBMB

The Journal of Biological Chemistry

Supplemental Material can be found at:
http://www.jbc.org/cgi/content/full/284/20/13570/DC1

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 20, pp. 13570-13576, May 15, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The Intracellular Juxtamembrane Domain of the Epidermal
Growth Factor (EGF) Receptor Is Responsible for the
Allosteric Regulation of EGF Binding™"

Received for publication, March 3, 2009, and in revised form, March 31,2009 Published, JBC Papers in Press, March 31, 2009, DOI 10.1074/jbcM109.001487

Jennifer L. Macdonald-Obermann and Linda J. Pike'

From the Department of Biochemistry and Molecular Biophysics, Washington University School of Medicine,

St. Louis, Missouri 63110

We have previously shown that the binding of epidermal
growth factor (EGF) to its receptor can best be described by a
model that involves negative cooperativity in an aggregating sys-
tem (Macdonald, J. L., and Pike, L. J. (2008) Proc. Natl. Acad. Sci.
U. S. A. 105, 112-117). However, despite the fact that biochem-
ical analyses indicate that EGF induces dimerization of its recep-
tor, the binding data provided no evidence for positive linkage
between EGF binding and dimer assembly. By analyzing the
binding of EGF to a number of receptor mutants, we now report
that in naive, unphosphorylated EGF receptors, ligand binding
is positively linked to receptor dimerization but the linkage is
abolished upon autophosphorylation of the receptor. Both
phosphorylated and unphosphorylated EGF receptors exhibit
negative cooperativity, indicating that mechanistically, coop-
erativity is distinct from the phenomenon of linkage. None-
theless, both the positive linkage and the negative cooperat-
ivity observed in EGF binding require the presence of the
intracellular juxtamembrane domain. This indicates the
existence of inside-out signaling in the EGF receptor system.
The intracellular juxtamembrane domain has previously
been shown to be required for the activation of the EGF
receptor tyrosine kinase (Thiel, K. W., and Carpenter, G.
(2007) Proc. Natl. Acad. Sci. U. S. A. 104, 19238 -19243). Our
experiments expand the role of this domain to include the
allosteric control of ligand binding by the extracellular
domain.

The EGF? receptor is a tyrosine kinase composed of an
~620-amino-acid extracellular domain that recognizes and
binds EGF, a single pass a-helical transmembrane domain, and
an intracellular tyrosine kinase domain, encompassing roughly
residues 685-950 (1). In addition, the receptor contains an
~230-amino-acid-long C-terminal tail that contains the bulk of
the sites of receptor autophosphorylation (2—4). An intracellu-
lar juxtamembrane domain of about 40 residues connects the
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transmembrane domain to the kinase domain and has been
shown to be crucial in the allosteric activation of the EGF recep-
tor kinase (5, 6).

In the membrane, the EGF receptor exists as a monomer, but
a wealth of data indicate that the binding of EGF induces the
formation of EGF receptor dimers (7-10). Dimerization
appears to be mediated in large part by the extracellular domain
of the receptor, which is comprised of four subdomains, desig-
nated I through IV. X-ray crystallography data suggest that in
the absence of ligand, the extracellular domain is held in a
closed configuration through the interaction of loops or arms
that extend from the backs of subdomains IT and IV (11). Upon
binding of EGF, this intramolecular tether is released, allowing
the receptor to adopt an open conformation in which EGF
is tightly bound between subdomains I and III. In this configu-
ration, the “dimerization arm” that was previously involved in
tethering the receptor closed mediates the formation of a back-
to-back EGF receptor dimer (12, 13).

Analyses of the binding of '*’I-EGF to its receptor have
invariably resulted in concave up Scatchard plots that have
been interpreted as indicating the presence of two classes of
EGF binding sites. However, we have recently used global anal-
ysis of the binding of '*’I-EGF to cells expressing increasing
levels of EGF receptors to show that EGF binding is best
described by a model involving negative cooperativity in an
aggregating system (14) (see Fig. 6). Ligand binding is negatively
cooperative if the binding of ligand to the first site on a dimer
reduces the affinity of the ligand for binding to the second site
on the dimer.

The concept of cooperativity only applies to existing dimers.
It does not relate to the effect of ligand on the assembly or
disassembly of those dimers. The effect of ligand on the forma-
tion of receptor dimers is captured in the concept of linkage (15,
16). If ligand binding is positively linked to dimer formation,
then ligand promotes the assembly of receptor dimers. In a
monomer-dimer equilibrium, positive linkage arises when a
ligand binds with higher affinity to the first site on the dimer
than to the monomer. Under these circumstances, the ligand
will preferentially bind to the dimer, shifting the equilibrium in
favor of the dimeric species. In the case of the EGF receptor,
biochemical data suggest that EGF induces receptor dimeriza-
tion; however, evidence for positive linkage in binding studies
has been lacking.

By analyzing the binding of '**I-EGF to cells expressing var-
ious EGF receptor mutants, we now report that in naive,
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unphosphorylated EGF receptors, ligand binding is, in fact,
positively linked to receptor dimerization. Autophosphoryla-
tion of the EGF receptor abolishes the positive linkage that is
present during the initial phase of the ligand binding reaction.
Negative cooperativity is present in both the phosphorylated
and the non-phosphorylated states of the receptor. Structure-
function analyses demonstrate that both cooperativity and
linkage are lost when the EGF receptor is truncated immedi-
ately after the transmembrane domain. However, both forms of
regulation are restored in receptors that include the additional
40 amino acids that correspond to the intracellular juxtamem-
brane domain. These data expand the role of the intracellular
juxtamembrane domain to include the allosteric regulation of
EGF binding by the extracellular domain and demonstrate the
presence of inside-out signaling in the EGF receptor system.

EXPERIMENTAL PROCEDURES

Construction of EGF Receptor Mutants and Plasmids—The
V583D- and K721A-EGF receptor point mutants were con-
structed using the QuikChange mutagenesis kit (Stratagene).
The ¢’698- and ¢'973-EGF receptors were generated using the
QuikChange mutagenesis kit to introduce a stop codon imme-
diately 3’ of the codon encoding Ala-698 or Phe-973 of the EGF
receptor. The CC-EGF receptor (17) and the AC-EGF receptor
(18) were generated as described previously. All mutants were
completely sequenced and then cloned into the pBI Tet vector
between the Nhel and EcoRYV sites as described (14). These
mutants are shown schematically in supplemental Fig. 1.

Plasmids were co-transfected with pTK-Hyg into CHO-K1
Tet-on cells (Clontech) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Stable clones
were isolated by selection in 400 wg/ml hygromycin. Stable cell
lines were maintained in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 pg/ml hygromycin, and
100 uwg/ml G418. Cells were plated into 6-well dishes and
treated with doses of doxycycline ranging from 20 to 1000
ng/ml 48 h prior to use.

125 EGF Synthesis and Binding—EGF was purchased from
Biomedical Technologies, Inc. (Stoughton, MA). **°I-EGF was
synthesized using the oxidative ICl procedure of Doran and
Spar (19).

Radioligand binding was performed in 6-well dishes using 3
ml/well Ham’s F12 medium containing 3 mg/ml bovine serum
albumin and 25 mm Hepes, pH 7.0, 20—40 pm '*’I-EGF and
increasing concentrations of unlabeled EGF. Cells were incu-
bated overnight on ice. At the end of the incubation, cells were
washed three times in Hanks” balanced salt solution, and the
monolayers were dissolved in 1 N NaOH. The lysates were
transferred to tubes and counted for '*°I in a Beckman gamma
counter. Nonspecific binding was determined by fitting the raw
data to a competition binding model and using the fitted bot-
tom value as nonspecific. All binding measurements were done
in triplicate.

Fitting and analysis were done exactly as described previ-
ously (14). GraphPad Prism 4.0 was used to globally fit the data
from multiple binding experiments to cells expressing increas-
ing numbers of EGF receptors/cell to the equation (Equation 1)
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FIGURE 1. Binding of '>’I-EGF to cells expressing increasing levels of wild
type EGF receptors. Cells were treated with increasing doses of doxycycline
to induce EGF receptor expression. '2°I-EGF binding isotherms were gener-
ated in cells expressing increasing levels of either receptor. All the binding
isotherms from each cell line were globally fit to Equation 1 with only R,
varying among curves. Data points represent the mean = S.D. of triplicate
determinations. The solid lines represent the fitted curves through the data
points of the same color. The r? value of the global fit was 0.99. The numbers in
the upper left indicate the number of receptors per cell in thousands.

)
1.0x10-1°

Ku[EGF] + Ly RIK;[EGF][(1 + 2Ky,[EGF])]

V= (1 + K4[EGF]) + 2L,[R][1 + Ky[EGF](1 + Ky[EGF])]

(Egq.1)

where [R] = concentration of unoccupied EGF receptor mono-
mers (15). This can be calculated from the equation

Ro = [R](1 + KH[EGF]) + 2L20[R]2(1 + Ky + K21K22[EGF]2)
(Eq.2)

where R, = total concentration of EGF receptors as derived by
Wyman and Gill (16).

Receptor concentration is expressed as a density (mol of
receptor/dm?) because the receptor is restricted to movement
in the two dimensions of the cell membrane. Values for recep-
tor density were derived from fluorescence correlation spec-
troscopy measurements of the number of green fluorescent
protein-EGF receptors in a beam of known radius in CHO cells
expressing a known level of green fluorescent protein-EGF
receptors/cell (20). Therefore, the units for L,, are (mol/
dm?) ™. As the units of L, cancel out in all the mass action law
equations, the units for the association constants for ligand

binding events remain in M~ .

RESULTS

Effect of Tether Mutations on ***I-EGF Binding—For these
experiments, all EGF receptor mutants were generated and
inserted into a tet-inducible plasmid. CHO cells, which do not
express endogenous EGF receptors or other ErbB family mem-
bers, were stably transfected with these plasmids. This allowed
us to control the level of EGF receptor expression by the addi-
tion of increasing concentrations of doxycycline.

As we have reported previously (14) and as shown in Fig. 1,
the binding of '**I-EGF to CHO cells expressing the wild type
EGF receptor yields a family of saturation binding isotherms
that shift from left to right as the number of EGF receptors/cell
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FIGURE 2. Binding of '>’I-EGF to cells expressing increasing levels of
V583D-EGF receptors. Cells were treated with increasing doses of doxycy-
cline to induce EGF receptor expression. '?*I-EGF binding isotherms were
generated in cells expressing increasing levels of either receptor. All the bind-
ing isotherms from each cell line were globally fit to Equation 1 with only R,
varying among curves. Data points represent the mean = S.D. of triplicate
determinations. The solid lines represent the fitted curves through the data
points of the same color. The r? value of the global fit was 0.98. The numbers in
the upper left indicate the number of receptors per cell in thousands.

L)
1.0x10-1°

increases. Global fitting of the data from all five binding curves
yielded the association constants given in the inset. The results
are given as the association constants that were obtained from
fitting the data. However, they are discussed throughout as dis-
sociation constants (i.e. 1/K,) because this is the traditional
measure used to describe hormone binding.

The data are consistent with our previous findings (14) and
indicate that the affinity of EGF for binding to the receptor
monomer (K ;) and the first site on the receptor dimer (K,,) is
similar and on the order of 300 pm. Thus, there is no preferen-
tial binding of ligand to the unoccupied dimer as compared
with the monomer, i.e. no positive linkage.

The binding of EGF to the second site on the dimer (K,,) is of
significantly lower affinity (K, ~5 nm), indicative of negative
cooperativity. This is the reason the curves move from left to
right with increasing receptor number. At higher receptor lev-
els, more dimers are present, and so there are more of the low
affinity sites present in the population.

X-ray crystallographic studies have shown that the unligan-
ded EGF receptor exists in a closed, tethered configuration
mediated by interactions between the dimerization arm in sub-
domain II and the tethering arm in subdomain IV (11). Muta-
tion of Val-583 in subdomain IV to Asp was postulated to
weaken the intramolecular tether and alter the binding of EGF
(21). To determine whether this mutation affected any of the
12°I.EGF binding parameters, we expressed this mutant in
CHO cells. Fig. 2 shows the saturation binding isotherms for
125I_EGF binding to the V583D-EGF receptor in cells express-
ing increasing levels of the mutant receptor.

Like the wild type receptor, the binding isotherms for the
V583D-EGF receptor shifted from left to right with increasing
concentrations of receptors. As can be seen from the inset,
the parameters obtained from the global fit of the data for the
V583D-EGF receptor are very similar to those obtained for
the wild type receptor. Thus, this mutation does not appear
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FIGURE 3. Binding of ">°I-EGF to cells expressing increasing levels of A)
K721A-EGF receptors or B) c'973-EGF receptors. Cells were treated with
increasing doses of doxycycline to induce EGF receptor (EGFR) expression.
123|-EGF binding isotherms were generated in cells expressing increasing lev-
els of either receptor. All the binding isotherms from each cell type were
globally fit to Equation 1 with only R, varying among curves. Data points
represent the mean =+ S.D. of triplicate determinations. The solid lines repre-
sent the fitted curves through the data points of the same color. The r value
of the global fit was 0.98 for both the K721A-EGF receptor and the c'973-EGF
receptor. The numbers in the upper left indicate the number of receptors per
cell in thousands.

to significantly alter the ligand binding properties of the EGF
receptor.

Effect of Receptor Phosphorylation on Ligand Binding—
EGF binding was assessed in CHO cells stably expressing the
kinase-dead K721A-EGF receptor (Fig. 3A4). In contrast to the
situation observed in cells expressing wild type EGF receptor,
the binding isotherms for the K721A-EGF receptor shifted
from right to left as the receptor number increased. Global
analysis of the data yielded fitted parameters (inset) that were
significantly different from those for wild type EGF receptors.

In the wild type EGF receptor, the affinity of EGF for binding
to the monomer was approximately the same as its affinity for
binding to the first site on the dimer. By contrast, in the K721A-
EGF receptor, EGF bound to the monomer with an affinity of
~6 nM but bound to the first site on the receptor dimer with an
affinity of ~20 pm. Thus, in the kinase-dead EGF receptor
mutant, EGF binds with 300-fold higher affinity to the first site
on the dimer as compared with the monomer. Thus, there is
positive linkage between ligand binding and receptor dimeriza-
tion. This is why the curves shift from right to left with increas-
ing receptor number. At higher concentrations of receptor,
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FIGURE 4. Binding of '>*I-EGF to cells expressing increasing levels of
the AC-EGF receptor. Cells were treated with increasing doses of doxy-
cycline to induce EGF receptor (EGFR) expression. '2°I-EGF binding iso-
therms were generated in cells expressing increasing levels of either
receptor. All the binding isotherms from each cell line were globally fit to
Equation 1 with only R, varying among curves. Data points represent
the mean = S.D. of triplicate determinations. The solid lines represent the
fitted curves through the data points of the same color. The r? value of the
global fit was 0.99 and was significantly better (p < 0.05) than the fitto a
single K, model. The numbers in the upper left indicate the number of
receptors per cell in thousands.

1.0x10-1

more dimers are present, and hence there are more of the high
affinity sites (the unoccupied dimer) to which EGF can bind.
Negative cooperativity is still present in the K721A-EGF recep-
tor as the affinity of EGF for binding to the second site on the
dimer was ~500 pu, about 25-fold lower than that for binding
to the first site on the dimer.

Positive linkage between EGF binding and receptor dimer-
ization was also observed in an EGF receptor truncated at res-
idue 973, just beyond the kinase domain. This receptor is cata-
Iytically active, but because it lacks the C-terminal tail, cannot
undergo autophosphorylation in this region (22, 23). As shown
in Fig. 3B, the "*’I-EGF binding isotherms of the ¢'973-EGF
receptor mutant were very similar to those obtained for the
K721A-EGF receptor; they shifted from right to left with
increasing numbers of receptors/cell. The fitted parameters
were also very similar to those observed for the kinase-dead
K721A-EGF receptor and indicate the presence of strong posi-
tive linkage along with negative cooperativity in the C-termi-
nally truncated EGF receptor.

Role of the Intracellular Juxtamembrane Domain in Linkage
and Cooperativity—The observation that both positive linkage
and negative cooperativity were present in the kinase-dead
K721A-EGF receptor indicates that kinase activity is not
required for these allosteric effects on EGF binding. To deter-
mine whether the cytoplasmic domain was required for this
regulation, an EGF receptor mutant was generated in which the
entire intracellular domain of the receptor had been deleted
(AC-EGF receptor). The '**I-EGF saturation binding isotherms
for this mutant are shown in Fig. 4. Although there was a small
shift from right to left in the position of the binding curves with
increasing levels of AC-EGF receptor expression, it was mark-
edly reduced as compared with what was seen in the kinase-
dead or ¢’973-EGF receptor mutants. Global analysis of the
binding data yielded parameters that indicate a significant loss
in both cooperativity and linkage in this mutant. EGF bound
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FIGURE 5. Binding of '>’I-EGF to cells expressing increasing levels of
c’'698-EGF receptors (A) or CC-EGF receptors (B). Cells were treated with
increasing doses of doxycycline to induce EGF receptor (EGFR) expression.
123|-EGF binding isotherms were generated in cells expressing increasing lev-
els of either receptor. All the binding isotherms from each cell line were glo-
bally fit to Equation 1 with only R, varying among curves. Data points repre-
sentthe mean = S.D. of triplicate determinations. The solid lines represent the
fitted curves through the data points of the same color. The r* value of the
global fit for the c'698-EGF receptor was 0.98. The data for the CC-EGF recep-
tor were significantly better fit (p < 0.05) by a single K, model with an r* value
of the global fit of 0.98. The numbers in the upper left indicate the number of
receptors per cell in thousands.

with only a 4-fold higher affinity to the first site on the dimer as
compared with the monomer. This difference is statistically
significant but substantially less than the ~300-fold difference
seenin the K721A- and ¢'973-EGF receptors that contained the
cytoplasmic domain. In addition, the affinity of EGF for binding
to the second site on the dimer is only ~2-fold lower than its
affinity for binding to the first site on the dimer, a difference
that is not statistically significant. These data indicate that both
linkage and cooperativity are largely eliminated by removal of
the intracellular domain.

Recent studies have implicated the intracellular juxtamem-
brane domain of the EGF receptor in the allosteric activation of
the kinase (5, 6). To determine the role of this domain in the
ligand binding properties of the receptor, a mutant was gener-
ated in which the EGF receptor was truncated at residue 698.
This produces a receptor that contains the extracellular and
transmembrane domains plus the intracellular juxtamembrane
domain but lacks the catalytic core of the kinase domain (24)
and the entire C-terminal tail.
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As shown in Fig. 54, the binding of '*’I-EGF to the ¢'698-
EGF receptor generated a family of saturation binding iso-
therms that shifted from right to left as receptor levels
increased. Consistent with this pattern, the fitted parameters
indicate that this mutant exhibits significant positive linkage;
the affinity of EGF for binding to the first site on the receptor
dimer is ~6000-fold higher than the affinity of EGF for binding
to the receptor monomer. In addition, the mutant shows signif-
icant negative cooperativity with EGF exhibiting a 30-fold
lower affinity for binding to the second site on the receptor
dimer (1.5 nm) as compared with the first site on the dimer (50
pMm). These data suggest that the juxtamembrane domain is nec-
essary and sufficient to confer allosteric regulation of ligand
binding on the EGF receptor.

The importance of the juxtamembrane domain in cooperat-
ivity and linkage was confirmed by results obtained with an
additional EGF receptor mutated in the juxtamembrane
domain. We have recently reported the signaling properties of
an EGF receptor (the CC-EGF receptor) in which residues 647
and 650 at the extreme N terminus of the intracellular jux-
tamembrane domain were converted to cysteines, allowing
palmitoylation of the receptor at these sites (17). This mutant
was significantly impaired in terms of signaling, exhibiting only
~20% as much receptor autophosphorylation as wild type EGF
receptor. To further analyze this mutant, we generated '*°I-
EGF binding isotherms in cells expressing levels of CC-EGF
receptors ranging from 12,000 to 950,000 receptors/cell. As can
be seen in Fig. 5B, all binding isotherms were well fit by a single
curve corresponding to the binding of ligand to a single class of
sites with an affinity of ~600 pm. Thus, palmitoylation within
the juxtamembrane domain completely abrogated both coop-
erativity and linkage in EGF binding.

DISCUSSION

It has been recognized for many years that Scatchard analy-
ses of the binding of **°I-EGF to its receptor yield concave up
plots (21, 25-29). Such plots were interpreted as indicating the
existence of two classes of EGF binding sites. However, using
global analysis of '*’I-EGF binding data from cells expressing
varying levels of EGF receptors, we have recently demonstrated
that the heterogeneity in EGF binding affinities is the result of
negative cooperativity in an aggregating system (14). The
experiments reported here apply this method to provide further
information on the allosteric regulation of EGF binding and on
the contribution of the intracellular portion of the EGF recep-
tor to the ligand binding properties of the extracellular domain.
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Our findings distinguish between the related phenomena of
linkage and cooperativity. Linkage occurs in an oligomerizing
system, such as the EGF receptor, in which the binding of the
ligand can affect the position of a pre-existing monomer-dimer
equilibrium (Fig. 6). If the affinity of a ligand for the dimeric
form of the receptor (K,;) is higher than for the monomeric
form of the receptor (K,,), ligand will preferentially bind to the
former species and promote dimerization of the receptor. In
this situation, the system is said to exhibit positive linkage
between binding and dimerization. Cooperativity refers to a
system in which the subunits are already dimerized. A system is
negatively cooperative if binding of ligand to the first subunit of
the dimer (K,;) decreases the affinity with which ligand binds to
the second subunit in the dimer (K,,).

Both our previous (14) and our current analyses of the wild
type EGF receptor indicate the presence of negative cooperat-
ivity in EGF binding but show no linkage between ligand bind-
ing and receptor dimerization. This is paradoxical as it has been
well documented that binding of EGF leads to dimerization of
its receptor (7-10). The present findings provide an explana-
tion for the apparent lack of linkage between EGF binding and
receptor dimer formation.

Both the kinase-dead K721A-EGF receptor and the ¢'973
EGF receptor exhibited positive linkage, i.e. the binding of EGF
to the unoccupied receptor dimer was of higher affinity than
the binding of EGF to the receptor monomer. We have previ-
ously reported a similar phenotype for the L680N-EGF recep-
tor (14) that contains a mutation in the asymmetric dimer inter-
face that prevents activation of the EGF receptor kinase (6). The
K721A-EGF receptor is kinase-dead. The L680N-EGF receptor
is catalytically competent, but the kinase domain cannot be
activated by ligand. The c'973-EGF receptor is kinase-active
but lacks the C-terminal tail that contains the bulk of the sites
for EGF receptor autophosphorylation. The common feature of
all these receptors is that they are not autophosphorylated in
response to ligand binding. This suggests that in the unphos-
phorylated receptor, the binding of EGF is positively linked to
receptor dimerization.

In the wild type receptor, ligand-induced dimerization
quickly leads to receptor activation and autophosphorylation. It
is this state that is captured in the binding assays as they are long
term assays designed to report on equilibrium binding con-
stants. Phosphorylation of the receptor dimer apparently leads
to a decrease in its affinity for EGF. By contrast, the phospho-
rylation reaction appears to generate a forward “pull” on the
binding of EGF to the monomer as the affinity of EGF for wild
type receptor monomers is higher than that for monomers that
cannot be phosphorylated. Together, these effects serve to
equalize the apparent affinity of EGF for unoccupied receptor
monomers and dimers in the wild type receptor. This masks the
positive linkage that is present in the kinetically early phases of
ligand binding. Because the three kinase-compromised
mutants (K721A-, L680N-, and ¢'973-EGF receptors) cannot
undergo autophosphorylation, they continue to exhibit positive
linkage in the long term equilibrium binding assays. Thus, the
answer to the conundrum regarding the apparent lack of posi-
tive linkage between ligand binding and EGF receptor dimer-
ization is phosphorylation. Prior to phosphorylation, the EGF
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receptor shows positive linkage. However, once the receptor
undergoes autophosphorylation, the positive linkage is lost
(Fig. 6).

How autophosphorylation of the receptor leads to a change
in receptor affinity is not known. Studies with the purified cyto-
plasmic domain of the EGF receptor have indicated that the
C-terminal tail adopts a more extended conformation follow-
ing phosphorylation (30-32). In addition, we have recently
demonstrated a phosphorylation-dependent conformational
change in the full-length EGF receptor in live cells using lucif-
erase fragment complementation imaging (33). Thus, the
change in ligand binding affinity may occur in response to an
alteration in the conformation of the cytoplasmic domain of the
receptor. This could be due to the phosphorylation event itself,
the binding of SH2- and PTB domain-containing proteins to
the receptor, or the binding of other proteins that become acti-
vated as a result of receptor stimulation. Regardless of the
molecular trigger, it appears that information regarding alter-
ations within the intracellular domain is transmitted to the
extracellular domain to effect a change in ligand binding affin-
ity. This implies that there is inside-out signaling in the EGF
receptor system.

Unlike linkage, the negative cooperativity observed within
the EGF receptor dimer is not affected by phosphorylation of
the receptor. Phosphorylation reduces the affinity of EGF for
binding to both the first site and the second site on the dimer by
about an order of magnitude. As a result, the wild type and
kinase-compromised receptors exhibit a similar degree of neg-
ative cooperativity. As cooperativity appears to be independent
of phosphorylation status, it is likely that it occurs via a mech-
anism that is distinct from that involved in generating positive
linkage.

Structurally, both negative cooperativity and positive linkage
appear to be dependent on the presence of the juxtamembrane
domain. In the absence of the entire cytoplasmic domain of the
receptor (the AC-EGF receptor), both positive linkage and neg-
ative cooperativity were essentially eliminated. Simply adding
back the intracellular juxtamembrane domain (the ¢'698-EGF
receptor) restored both positive linkage and negative cooperat-
ivity to near normal levels. Because the presence of the jux-
tamembrane domain of the receptor modulates the affinity
of the receptor for ligand, it is clear that information relating to
the presence and/or position of this intracellular domain is
transmitted to the extracellular domain. These data provide
further evidence of inside-out signaling in the EGF receptor.

It is possible that the position of the juxtamembrane domain
controls the rotation or tilt of the transmembrane helix, that in
turn, changes the conformations accessible to the extracellular
domain. The observation that tying the juxtamembrane
domain to the membrane via palmitoylation (the CC-EGF
receptor) ablates both cooperativity and linkage is consistent
with the hypothesis that the relative orientation of the trans-
membrane and intracellular juxtamembrane domains is impor-
tant for the allosteric regulation of ligand binding to the EGF
receptor.

Eight of the first 13 residues (645—657) of the intracellular
juxtamembrane domain are either arginines or lysines. Hence,
this segment is highly positively charged. It has been hypothe-
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sized that this sequence may interact with the negatively
charged head groups of the lipids in the membrane bilayer,
leading to the association of this sequence with the membrane
(1, 34). By contrast, Aifa et al. (35, 36) have proposed that a
negatively charged stretch of amino acids from residues 979 —
991 in the C-terminal tail interacts with the basic residues in the
juxtamembrane domain of the EGF receptor. As residues 979 —
991 are absent in the ¢'698- and ¢'973-EGF receptors, both of
which exhibit negative cooperativity and positive linkage, these
negatively charged residues cannot be involved in the allosteric
regulation of EGF binding affinity. We therefore favor the inter-
pretation that the juxtamembrane domain supports negative
cooperativity and positive linkage by interacting directly with
the membrane or possibly by interacting in trans with the jux-
tamembrane domain of another EGF receptor. Additional
experimental work will be necessary to test this hypothesis and
determine how such interactions could modulate the confor-
mation of the extracellular domain.

In summary, our data demonstrate the existence of positive
linkage between ligand binding and receptor dimerization only
in the unphosphorylated EGF receptor. This finding provides
an explanation for the failure of equilibrium binding experi-
ments on wild type receptors to uncover evidence for EGF-
induced receptor dimer formation. Negative cooperativity is
retained in the receptor regardless of its phosphorylation sta-
tus, demonstrating that it is mechanistically distinct from the
phenomenon of linkage. Nonetheless, both linkage and coop-
erativity require the presence of the intracellular juxtamem-
brane domain. The fact that amino acid sequences and confor-
mational changes within the intracellular domain modulate
receptor binding affinity indicates that there is inside-out sig-
naling in the EGF receptor system. The intracellular juxtamem-
brane domain has previously been shown to be required for the
activation of the EGF receptor tyrosine kinase (5, 6). Our exper-
iments expand the role of this domain to include the allosteric
control of ligand binding, further underscoring the importance
of the juxtamembrane domain in the regulation of EGF recep-
tor function.
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