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The EGF receptor is a classical receptor-tyrosine kinase. In
the absence of ligand, the receptor adopts a closed conforma-
tion in which the dimerization arm of subdomain II interacts
with the tethering arm in subdomain IV. Following the bind-
ing of EGF, the receptor opens to form a symmetric, back-to-
back dimer. Although it is clear that the dimerization arm of
subdomain II is central to the formation of receptor dimers,
the role of the tethering arm of subdomain IV (residues 561—
585) in this configuration is not known. Here we use '>°I-EGF
binding studies to assess the functional role of the tethering
arm in the EGF receptor dimer. Mutation of the three major
residues that contribute to tethering (D563A,H566A,K585A -
EGF receptor) did not significantly alter either the ligand bind-
ing properties or the signaling properties of the EGF receptor.
By contrast, breaking the Cys®>%-Cys®®” disulfide bond through
double alanine replacements or deleting the loop entirely led
to a decrease in the negative cooperativity in EGF binding and
was associated with small changes in downstream signaling.
Deletion of the Cys®”!-Cys®*? disulfide bond abrogated coop-
erativity, resulting in a high affinity receptor and increased
sensitivity of downstream signaling pathways to EGF. Releas-
ing the Cys®”*-Cys®%? disulfide bond resulted in extreme nega-
tive cooperativity, ligand-independent kinase activity, and im-
paired downstream signaling. These data demonstrate that the
tethering arm plays an important role in supporting cooperat-
ivity in ligand binding. Because cooperativity implies subunit-
subunit interactions, these results also suggest that the tether-
ing arm contributes to intersubunit interactions within the
EGF receptor dimer.

The EGF receptor is a receptor-tyrosine kinase composed
of an extracellular ligand binding domain, a single a-helical
transmembrane domain, and a cytoplasmic tyrosine kinase
domain (1). In the absence of ligand, the EGF receptor exists
as a monomer, although substantial evidence suggests that it
is also present as an inactive predimer (2—5). Binding of EGF
induces dimerization of the receptor and leads to the stimula-
tion of its intracellular tyrosine kinase activity (6).
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The primary target of this tyrosine kinase is the receptor
itself, with phosphorylation occurring in trans on the C-ter-
minal tail of the receptor (7). These phosphotyrosine residues
serve as sites for the binding of Src homology 2 and PTB do-
main-containing proteins that promote the assembly of the
signaling complexes that mediate the intracellular effects of
EGE (8-11).

The extracellular domain of the EGF receptor is composed
of four subdomains referred to as subdomains I-1V (12, 13).
Subdomains I and III are homologous and together form the
site at which EGF is bound. Subdomains II and IV are also
homologous and are regions of high cysteine content. In the
absence of ligand, the extracellular domain is held in a closed
conformation by interactions between the dimerization arm
in subdomain II and the tethering arm in subdomain IV (14).
Upon binding ligand, this intramolecular tether is released,
and the EGF receptor opens into its extended conformation.
In this configuration, the dimerization arm in subdomain II,
which had previously been involved in the intramolecular
tether, mediates the formation of a back-to-back receptor
dimer (15, 16).

Although the function of the subdomain IT dimerization
arm in EGF receptor dimer formation is well documented
(15-17), the role of the tethering arm of subdomain IV re-
mains unclear. The tethering arm is strongly conserved in all
ErbB family receptors, even ErbB2, which does not adopt a
tethered conformation (18, 19). This suggests that this por-
tion of the extracellular domain plays a role in receptor func-
tion beyond simple tethering.

The tethering arm is not present in either of the reported
crystal structures of the ligand-occupied EGF receptor (15,
16). Thus, it is not clear how, or whether, this domain inter-
acts with other portions of the extracellular domain in the
receptor dimer. Modeling of the position of subdomain IV in
the EGF receptor dimer, based on its structure in the tethered
receptor monomer, suggests that the subdomains IV cross in
the extended, dimerized form of the EGF receptor (14, 18).
This conclusion is supported by negative stain electron mi-
croscopy (20). Molecular dynamics simulations suggest that
the putative crossing could occur at multiple different posi-
tions in subdomain IV (21), raising the possibility that subdo-
main IV-subdomain IV interactions may be highly dynamic.

In the absence of structural data, functional studies of the
role of the tethering arm have been pursued. Some studies
have suggested that the tethering arm exerts limited control
over EGF receptor binding and kinase activity (22). Consistent
with this conclusion, small angle x-ray scattering analysis of
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the soluble extracellular domain of the EGF receptor indi-
cated that the unoccupied EGF receptor retains its closed
configuration even when the entire tethering arm is deleted
(23). On the other hand, mutagenesis studies have suggested
that deletion of the tethering arm alters EGF binding (22, 24,
25) and signal transduction (24). Thus, the biological data on
the role of the tethering arm in EGF receptor function are
equivocal.

We have recently used a new method for analyzing ligand
binding data to show that the binding of EGF to its receptor is
negatively cooperative (26, 27). Cooperativity implies subunit-
subunit interactions, and indeed, when receptor dimerization
is blocked by mutation of the dimerization arm, ligand bind-
ing cooperativity is abrogated (26). Therefore, this analysis of
ligand binding can be used as a probe for functional subunit-
subunit interactions.

Here we use this methodology to explore the role of the
tethering arm in the regulation of ligand binding and signal
transduction by the EGF receptor. Our data indicate that
the tethering arm actively participates in the intersubunit
interactions that give rise to the negative cooperativity in
EGF binding. In addition, this arm appears to play a key role
in the ability of the extracellular domain to regulate the state
of activation of the cytoplasmic tyrosine kinase. These find-
ings provide functional evidence that the tethering arm is en-
gaged in receptor-receptor interactions and identify a previ-
ously unrecognized role for this subdomain in the regulation
of ligand binding allostery.

EXPERIMENTAL PROCEDURES

Materials—The CHO-K1 Tet-On cell line, the pBI Tet vec-
tor, and the doxycycline were from Clontech (Mountain
View, CA). PfuTurbo DNA polymerase was from Stratagene
(La Jolla, CA). Lipofectamine 2000, hygromycin, and Dyna-
beads Protein A were from Invitrogen. Anti-phosphotyrosine
antibodies (PY20) were from BD Transduction Laboratories
(San Jose, CA). The EGF receptor was detected using a mix-
ture of antibodies from Cell Signaling (Danvers, MA) and
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies
against Akt and phospho-Akt antibody were from Cell Signal-
ing (Danvers, MA). Anti-G antibodies were from Santa Cruz
Biotechnology, Inc. The MAPK antibody was from Upstate
(Lake Placid, NY), and the phospho-specific MAPK antibody
was from Promega (Madison, WI). Anti-transferrin receptor
antibodies were from Zymed Laboratories Inc. (San Francisco,
CA). Murine EGF was purchased from Biomedical Technolo-
gies, Inc. (Stoughton, MA). Na'?*I was from PerkinElmer Life
Sciences. Opti-Prep was from Greiner Bio-One. Sulfo-NHS-
LC-Biotin and HRP-conjugated streptavidin were purchased
from Thermo-Scientific (Rockford, IL). Polyvinylidene difluo-
ride membranes were from Millipore. The ECL reagents were
from GE Healthcare. G418 and all other chemicals were from
Sigma.

Construction of EGF Receptor Mutants and Plasmids—The
triple point mutant (D563A,H566A,K585A-EGF receptor)
and the two double point mutants, C558A,C567A- and
C571A,C593A-EGF receptors, were constructed using the
QuikChange site-directed mutagenesis kit (Stratagene) on the
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pEGFR-WT plasmid that contains the wild type human EGF
receptor in the pcDNAS5FRT plasmid. To generate the EGF
receptor mutants lacking the first (residues 558 —567) or the
second (residues 571-593) disulfide loop of the tethering arm,
a two-step PCR method with internal primer overlap was
used with pEGFR-WT as the template. The resulting PCR
product was purified and cut with Nhel and BstEII and ligated
into pcDNASFRT. The construct was confirmed by sequenc-
ing. This construct was then digested with Nhel and EcoRV
and inserted into the pBI Tet vector to generate the various
EGF receptor mutants on the inducible plasmid. The pBI Tet
vector product was confirmed by sequencing.

Cells and Tissue Culture—Chinese hamster ovary (CHO)-
K1 Tet-On cells were co-transfected with pTK-Hyg and the
pBI Tet vector engineered to express wild type or mutant EGF
receptors, using Lipofectamine 2000 according to the manu-
facturer’s instructions. Stable clones were isolated by selection
in 500 ug/ml hygromycin. Cells were maintained in DMEM
containing 10% FetalPlex, 1000 ug/ml penicillin/streptomy-
cin, 100 pug/ml G418, and 100 ug/ml hygromycin. Forty-eight
hours before use, 1.1 X 10° cells were seeded into a 35-mm
well in medium containing doxycycline at the indicated con-
centration to induce the expression of EGF receptors.

125]_EGF Synthesis and Binding—"**1-EGF was synthesized
using the oxidative ICl procedure of Doran and Spar (28). Ra-
dioligand binding was performed as described previously (26).
Briefly, cells in 6- well dishes were incubated overnight on ice
in 3 ml/well Ham’s F-12 medium containing 3 mg/ml BSA
and 25 mm Hepes, pH 7.0, plus 20— 40 pm '**I-EGF and in-
creasing concentrations of unlabeled EGF. The binding me-
dium was aspirated, and the monolayers were washed three
times in ice-cold Hanks’ balanced salt solution. The cells were
dissolved in 1 N NaOH, and the lysates were counted for '*°I.
Assays were done in triplicate. Nonspecific binding was deter-
mined by fitting the raw data to a competition binding model
and using the fitted bottom value as nonspecific. Data from all
binding isotherms were globally fit to the equation,

K11[EGF] + Lyo[R]K,1[EGF](1 + 2K,,[EGF])

V= (1 + Kn[EGF]) + 2L, [RI(1 + Ky[EGF](1 + K»[EGF]))

(Eq.1)

where R, = total concentration of EGF receptors as derived
by Wyman and Gill (29), using GraphPad Prism 4.0 as de-
scribed previously (26).

Signaling Assays and Western Blotting—CHO cells were
grown for 48 h in 6-well dishes. For the assay, cells were
transferred into Ham’s F-12 medium containing 25 mm
Hepes, pH 7.2, and 1 mg/ml BSA plus varying concentrations
of EGF. After the indicated time, the culture medium was re-
moved, and the cells were washed in ice-cold PBS. The mono-
layers were scraped into radioimmune precipitation assay
buffer (150 mm NaCl, 10 mm Tris, pH 7.2, 0.1% SDS, 1% Tri-
ton X-100, 17 mm deoxycholate, and 2.7 mm EDTA) contain-
ing 20 mm p-nitrophenyl phosphate, 1 mm sodium orthovana-
date, and protease inhibitors. Equal amounts of protein were
separated by SDS-PAGE and then transferred to polyvinyli-
dene difluoride membranes. Western blots were blocked with
10% nonfat milk, and specific proteins were detected by
chemiluminescence.
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Cell Surface Biotinylation—CHO cells were grown to con-
fluence in 6-well dishes. Cultures were washed twice with ice-
cold PBS, pH 8.0. Cell surface proteins were biotinylated by
incubating the cells in 1 mg/ml sulfo-NHS-LC-biotin in PBS
for 45 min at 4 °C. Unreacted biotin was quenched and re-
moved by three washes of ice-cold PBS supplemented with
100 mwm glycine. The cells were then washed once with ice-
cold PBS and scraped into radioimmune precipitation assay
buffer. Cell lysates containing 140 ug of protein were incu-
bated for 3 h at 4 °C with 10 ul of packed Dynabeads Protein
A to which had been bound 2 ug of an anti-EGF receptor an-
tibody. The unbound fractions were collected after centrifu-
gation to pellet the Dynabeads. The protein-bead complexes
were washed three times with lysis buffer. Bound EGF recep-
tors were eluted by boiling for 10 min in a 1:1 mixture of ra-
dioimmune precipitation assay buffer and SDS gel sample
buffer. Samples were analyzed by SDS-PAGE and transferred
to polyvinylidene difluoride membranes for Western blotting
as described above. Biotinylated EGF receptors were detected
by ECL after incubating the blots with HRP-conjugated
streptavidin.

Isolation of Lipid Rafts—Lipid rafts were prepared accord-
ing to the method of Macdonald and Pike (30). This is a deter-
gent-free preparation that involves the isolation of rafts on a
continuous, linear density gradient of Opti-Prep. The 12-ml
gradients were fractionated into 18 equal volume fractions,
beginning at the top of the gradient. Equal aliquots of each
fraction were separated by polyacrylamide gel electrophoresis
and analyzed by Western blotting for EGF receptors, G, and
the transferrin receptor. The amount of EGF receptor present
in each gradient fraction was quantitated by densitometry
using Image J software. Fractions 1-5 are considered raft
fractions.

RESULTS

Releasing the Tether—The tethering “arm” of subdomain IV
of the EGF receptor has been defined as the region between
residues 561 and 585 (14). This region is composed of two
different disulfide loops, one between Cys**® and Cys**” and
the other between Cys®”! and Cys*”* (Fig. 1). Residues from
both loops of the tethering arm form hydrogen bonds with
residues in the dimerization arm in subdomain II of the EGF
receptor (14). Asp>®?, His**°, and Lys*®* in subdomain IV
have been identified as the main residues that participate in
the tethering interactions (14).

To assess the role of tethering in EGF receptor function,
we first characterized the D563A,H566A,K585A-EGF re-
ceptor triple point mutant with respect to its signaling and
ligand binding functions. Mutation of these three residues
to alanine alters the major residues that participate in teth-
ering. If the tethering interactions are important for receptor
function, the biological properties of this receptor should be
altered. As shown in Fig. 2, the wild type EGF receptor and
the D563A,H566A,K585A-EGF receptor supported a compa-
rable level of EGF-stimulated receptor autophosphorylation
and exhibited similar EC, values. Despite the loss of all major
tethering interactions, no ligand-independent kinase activity
was apparent. This is consistent with the observations of Ma-
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FIGURE 1. Structure of the EGF receptor. The structure at the top shows
the tethered form of the EGF receptor (Protein Data Bank entry TNQL) (14).
The EGF ligand is shown in magenta. The disulfide bonds in subdomain IV
are shown in yellow. The tethering arm disulfide loops are shown in blue (resi-
dues 558-567) or red (residues 571-593). The bottom structure shows an ex-
panded view of the tether itself highlighting the interactions between the
dimerization arm (in gray) and the two disulfide loops in the tethering arm.

toon et al. (22), who found no increase in basal autophos-
phorylation in a series of tethering arm mutations. The wild
type and D563A,H566A,K585A-EGF receptors also mediated
similar levels of activation of MAPK and Akt over the same
concentration range. Thus, releasing all of the major tethering
interactions had a negligible effect on the signaling properties
of the receptor.

It has long been recognized that there is heterogeneity in
the affinity of EGF for binding to its receptor (22, 25, 31-34).
We have recently shown that this heterogeneity can best be
explained by a model that involves negative cooperativity in
an aggregating system (26). In this model (Fig. 3A4), the EGF
receptor is present in a pre-existing equilibrium between
monomers and dimers. EGF can then bind to three species:
the monomer (described by the association constant, K7,), the
first site on the dimer (described by K,), and the second site
on the dimer (described by K,,). Heterogeneity in EGF bind-
ing affinity arises when EGF binds with a different affinity to
these different species. Because the position of the monomer-
dimer equilibrium depends on the concentration of EGF re-
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FIGURE 2. Signal transduction by the wild type EGF receptor and the
D563A,H566A,K585A-EGF receptor mutant. Cells expressing the wild
type or mutant EGF receptor were treated with concentrations of doxycy-
cline to give approximately equivalent levels of EGF receptor expression.
Cultures were treated with the indicated concentration of EGF for 5 min.
Lysates were prepared and analyzed by SDS-PAGE followed by Western
blotting with the indicated antibodies.

ceptors on the cell surface, the position of the saturation
binding isotherm will shift as the concentration of EGF recep-
tors increases if the monomeric and dimeric species exhibit
different affinities for EGF.

Using this model as the basis for our analysis, the '*°I-EGF
binding properties of the wild type and D563A,H566A,K585A -
EGF receptor were compared. Fig. 3B shows the saturation
binding isotherms in CHO cells expressing increasing con-
centrations of wild type EGF receptors. For this receptor, the
saturation binding isotherms shift from left to right as the
number of cell surface EGF receptors increases. Global fitting
of the data from all six binding curves yields the parameters
given in the lower right corner of Fig. 3B. All parameters are
given as association constants. The results are consistent with
our previous studies and indicate that the wild type EGF re-
ceptor exhibits negative cooperativity (26, 27). Ligand binds
to the first site on the dimer with about a 7-fold higher affinity
than to the second site on the dimer.

Fig. 3C shows the saturation binding isotherms in
CHO cells expressing increasing concentrations of the
D563A,H566A,K585A-EGF receptor. As was the case for the
wild type receptor, the binding isotherms shift from left to
right as the number of cell surface EGF receptors increases.
Global fitting of the data indicates that, like the wild type re-
ceptor, the D563A,H566A,K585A-EGF receptor exhibits neg-
ative cooperativity in which binding to the first site on the
dimer occurs with an affinity that is about 7-fold higher than
that for binding to the second site on the dimer. The affinity
of EGF for binding to either of the sites on the mutant dimer
is slightly increased as compared with the wild type receptor,
consistent with the reported increase in affinity of the soluble
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FIGURE 3. '®°I-EGF binding to wild type EGF receptor and the
D563A,H566A,K585A-EGF receptor mutant. A, model for EGF binding in
an aggregating system. Unoccupied receptor subunits are shown as open
circles. E indicates a bound EGF molecule. Equilibrium association constants
are indicated. B and C, '**I-EGF binding isotherms for cells expressing wild
type EGF receptors (B) or D563A,H566A,K585A-EGF receptors (C). Receptors
were expressed on a tetracycline-inducible plasmid in CHO cells. Cells were
grown for 48 h in the presence of increasing concentrations of doxycycline
followed by analysis of the binding of '2°I-EGF as described under “Experi-
mental Procedures.” Fitted values for the equilibrium constants are given in
the lower right corner of Band C.

extracellular domain of this mutant (14, 17). These data sug-
gest that simply releasing the tether has relatively little effect
on ligand binding of the D563A,H566A,K585A-EGF receptor
and, in particular, does not alter the allosteric properties of
the receptor.

Disulfide Loop Mutants in the Tethering Arm—The results
with the D563A,H566A,K585A-EGF receptor suggest that selec-
tively altering residues involved in tethering interactions does
not affect EGF receptor function. Nonetheless, the tether region
is highly conserved among ErbB family receptors. To further
examine the role of the subdomain IV tethering arm in EGF re-
ceptor function, two different types of mutations were made (Fig.
4A). In one, Cys®*® and Cys®®” (C558A,C567A-EGF receptor)
or Cys®”" and Cys®?® (C571A,C593A-EGF receptor) were sub-
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FIGURE 4. Expression of EGF receptor tethering arm mutants. A, se-
quence of the tethering arm mutants characterized in these studies. B and
C, cells expressing the 558 -567 loop mutants or the 571-593 loop mutants
were subjected to cell surface biotinylation as described under “Experimen-
tal Procedures,” and lysates were prepared using radioimmune precipita-
tion assay buffer. Lysates were analyzed by SDS-PAGE and Western blotting
with an anti-EGF receptor antibody (left panels). Aliquots of the lysates were
immunoprecipitated (/P) with an anti-EGF receptor antibody and analyzed
by SDS-PAGE and Western blotting (/B) with an anti-EGF receptor antibody
(middle panels) or HRP-conjugated streptavidin (right panels).

stituted with alanines to release the disulfide bond while re-
taining all of the other residues in the respective loops. In a
second type of mutant, the entire disulfide loop was deleted
from cysteine to cysteine, yielding the A558 —-567-EGF recep-
tor and the A571-591-EGF receptor. These constructs were
stably transfected into Tet-On CHO cells.

Both of the 558 —567 loop mutants (Fig. 4B) and both of the
571-593 loop mutants (Fig. 4C) were expressed in CHO cells
and could be identified in cell lysates by Western blotting
with an anti-EGF receptor antibody (left panels). However, all
four mutant receptors were expressed as a pair of bands as
opposed to the single band observed in cells expressing the
wild type EGF receptor. Because alterations in the two disul-
fide loops could affect the intracellular transport or trafficking
of the mutant receptors, a cell surface biotinylation experi-
ment was performed to determine which of the forms of the
mutant receptors were present on the cell surface.

CHO cells expressing wild type or one of the four mutant
EGF receptors were subjected to cell surface biotinylation
with the membrane-impermeable reagent, Sulfo NHS-LC-
biotin. Cells were lysed, and the EGF receptor was immuno-
precipitated with an anti-EGF receptor antibody. The immu-
noprecipitates were analyzed by SDS-PAGE and Western
blotting with an anti-EGF receptor antibody (middle panels of
Fig. 4, B and C) or horseradish peroxidase-conjugated strepta-
vidin (right panels of Fig. 4, B and C). As can be seen from the
figure, the immunoprecipitates contained both the higher and
lower molecular weight forms of the mutant EGF receptors.
However, in all cases, only the higher molecular weight form
was recognized by streptavidin, indicating that it had been
biotinylated. These data indicate that for all four disulfide
loop mutants, the high molecular weight form is present on
the cell surface, whereas the low molecular weight form is in
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FIGURE 5. '>°I-EGF binding to the 558-567 disulfide loop EGF rece-
ptor mutants. '2°I-EGF binding isotherms for receptors expressing
C558A,C567A-EGF receptors (A) or A558-567-EGF receptors (B). Receptors
were expressed on a tetracycline-inducible plasmid in CHO cells. Cells were
grown for 48 h in the presence of increasing concentrations of doxycycline
followed by analysis of the binding of "**I-EGF as described under “Experi-
mental Procedures.” Fitted values for the equilibrium constants are given in
the lower right corner of A and B.

an intracellular compartment. Therefore, for all subsequent
comparisons of receptor levels and phosphorylation done by
Western blotting, only the higher molecular weight band was
considered.

Binding and Kinase Activity of the 558 -567 Disulfide Loop
Mutants—Fig. 5, A and B, show the results of 1251_EGF bind-
ing studies performed on CHO cells expressing increasing
levels of EGF receptors in which the 558 =567 disulfide was
either broken (C558A,C567A-EGF receptor) or deleted
(A558 —567-EGF receptor). The binding patterns for these
two mutants are significantly different from those of the wild
type receptor (Fig. 3B). In the C558A,C567A-EGF receptor
(Fig. 5A), the binding isotherms are very close together but
move from right to left with increasing receptor concentra-
tion. Global fitting of all of the binding isotherms yields a set
of parameters that indicates that negative cooperativity has
been modestly weakened in this mutant. There is only about a
3-fold difference in affinity of EGF for binding to the first site
versus the second site on the dimer. Binding to the A558 —
567-EGF receptor (Fig. 5B) shows a similar effect. Although
cooperativity is still present, the affinity difference between
the first and second sites on the dimer has been reduced to
only 2-fold. Thus, alterations in the 558 -567 disulfide bond
lead to small but noticeable changes in the ligand binding prop-
erties of the EGF receptor, suggesting that this region of the re-
ceptor makes a limited contribution to the receptor-receptor
interactions that mediate ligand binding cooperativity.

Although these two 558 —567 disulfide loop mutants bound
EGF with good affinity and were expressed at high levels on
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FIGURE 6. Signal transduction by the wild type EGF receptor and the 558 -567 disulfide loop EGF receptor mutants. Cells expressing the wild type or
mutant EGF receptors were treated with concentrations of doxycycline to give approximately equivalent levels of EGF receptor expression. Cultures were
treated with the indicated concentration of EGF for 5 min. Lysates were prepared and analyzed by SDS-PAGE followed by Western blotting with the indi-
cated antibodies. Panel A, phosphotyrosine and EGF receptor; panel B, phospho-MAPK and MAPK; panel C, phospho-Akt and Akt. The right panels provide
quantitation of the Western blots with phosphorylation normalized to the amount of that specific protein present. A replicate experiment is shown in

supplemental Fig. 1.

the cell surface, both were severely impaired with respect to
their ability to mediate receptor autophosphorylation. Fig. 64
shows the dose-response curves for EGF-stimulated receptor
autophosphorylation in the wild type, C558A,C567A-, and
A558 -567-EGF receptors. The results are quantitated in the
graph at the right. As is clear from the figure, both the
C558A,C567A-EGF receptor and the A558 -567-EGF recep-
tor exhibited relatively weak kinase activity as compared with
the wild type receptor. For the average of four separate exper-
iments, the maximal level of autophosphorylation in the mu-
tants was significantly less that of the wild type receptor (35 *
14 and 24 = 7% of wild type for C558A,C567A- and A558 —
567-EGF receptors, respectively, both p < 0.05). However,
their EC,, values did not differ significantly from that of wild
type.

Although it exhibited a significantly reduced level of EGF-
induced autophosphorylation, stimulation of the A558 —567-
EGF receptor mediated essentially wild type levels of activa-
tion of both MAPK (Fig. 6B) and Akt (Fig. 6C). The
observation that downstream signaling via MAPK was much
less severely affected than the tyrosine kinase activity of the
receptor is consistent with previous studies that suggest that
relatively few EGF receptors must be activated to achieve full
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activation of these kinases (35). Stimulation of cells expressing
the C558A,C567A-EGF receptor resulted in somewhat lower
levels of activation of MAPK and Akt than wild type (62 = 9
and 50 £ 12%, respectively, n = 2). Thus, this receptor was
capable of transmitting a signal across the membrane al-
though with somewhat reduced efficacy.

Binding and Kinase Activity of the 571-593 Disulfide Loop
Mutants—The "*°I-EGF saturation binding isotherms for the
EGF receptors with mutations in the 571-593 disulfide loop are
shown in Fig. 7, A and B. It is apparent that breaking versus delet-
ing the disulfide loop resulted in dissimilar effects on the ligand
binding properties of the receptors. As shown in Fig. 74, the
C571A,C593A-EGF receptor, in which the disulfide loop has
been broken, shows a pattern somewhat similar to that seen in
the wild type receptor. The binding isotherms shift from left to
right with increasing concentrations of EGF receptor. However,
the final fitted parameters are substantially different from those
of the wild type receptor. Specifically, the affinity of EGF for
binding to either site on the dimer has been significantly re-
duced. In particular, the affinity of EGF for the second site on the
receptor dimer is at least 2 orders of magnitude lower in the mu-
tant than in the wild type receptor. Thus, this mutant exhibits
extreme negative cooperativity.
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FIGURE 7. ">*I-EGF binding to the 571-793 disulfide loop EGF rece-
ptor mutants. A, '*°I-EGF binding isotherms for receptors expressing
C571A,C593A-EGF receptor. B, '?°I-EGF binding isotherms for receptors
expressing 571-593-EGF receptors. Receptors were expressed on a tetracy-
cline-inducible plasmid in CHO cells. Cells were grown for 48 h in the pres-
ence of increasing concentrations of doxycycline followed by analysis of the
binding of "*°I-EGF as described under “Experimental Procedures.” Fitted
values for the equilibrium constants are given in the lower right corner of A
and B.

The saturation binding isotherms for the A571-593-EGF
receptor (Fig. 7B), in which the second disulfide loop was de-
leted, showed no shift with increasing concentrations of EGF
receptors. The data fit to a model with a single affinity of
~300 p™ for both the monomeric and dimeric species. Thus,
deletion of the 571-593 disulfide loop appears to abrogate the
receptor-receptor interactions necessary for ligand binding
cooperativity and results in a receptor that has a uniform and
relatively high affinity for EGF.

Despite these significant changes in ligand binding proper-
ties, both the C571A,C593A-EGF receptor and the A571—
593-EGF receptor underwent EGF-stimulated receptor auto-
phosphorylation. Fig. 84 shows the dose response to EGF for
the wild type, C571A,C593A-, and A571-593-EGF receptors.
Although it lacks ligand binding cooperativity, the A571-593-
EGF receptor exhibited about 60% of wild type kinase activity.
Consistent with its higher ligand binding affinity, the A571-
593-EGF receptor exhibited an EC,, for EGF that was slightly
better than that of the wild type receptor (see the legend to
Fig. 8 for details). The C571A,C593A-EGF receptor exhibited
essentially wild type levels of EGF-stimulated receptor auto-
phosphorylation and an EC,, value that was not significantly
different from wild type. However, in contrast to all of the
other receptors, the C571A,C593A-EGF receptor consistently
showed a significant basal kinase activity.

To further explore the ligand-independent kinase activity
in the C571/593A-EGF receptor, cells expressing the wild
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FIGURE 8. Autophosphorylation of the wild type EGF receptor and the
571-593 disulfide loop EGF receptor mutants. A, cells expressing the
wild type or mutant EGF receptors were treated with concentrations of
doxycycline to give approximately equivalent levels of EGF receptor expres-
sion. Cultures were treated with the indicated concentration of EGF for 5
min. Lysates were prepared and analyzed by SDS-PAGE followed by West-
ern blotting with anti-phosphotyrosine antibodies (top) or anti-EGF recep-
tor antibodies (bottom). The lower graph provides quantitation of the West-
ern blots with phosphorylation normalized to the amount of EGF receptor
present. For the mutant receptors, only the higher molecular weight cell
surface form of the receptor was considered. A replicate experiment is
shown in supplemental Fig. 2. Maximal autophosphorylation of the A571-
593-EGF receptor was 57 = 7% of wild type levels (n = 5, p < 0.05). Maximal
autophosphorylation of the C571A,C593A-EGF receptor was 114 = 23% of
wild type (n = 5, not significant). The ECs, of the wild type receptor for EGF
was 3.7 = 1.5 nm (n = 5) but was 0.76 = 0.25 nm for the A571-593-EGF re-
ceptor (n = 5, p < 0.05 as compared with wild type) and was 5.4 = 3 nm

(n = 5, not significant) for the C571A,C593A-EGF receptor. B, cells express-
ing wild type or mutant EGF receptors were treated with increasing concen-
trations of doxycycline to induce receptor expression. Cultures were treated
with or without 25 nm EGF for 5 min. Lysates were prepared and analyzed
by SDS-PAGE followed by Western blotting with anti-phosphotyrosine
(pTyr) antibodies (top panels) or anti-EGF receptor antibodies (bottom
panels).

type EGF receptor as well as the C571A,C593A-EGF receptor
and the A571-593-EGF receptor were treated with increasing
concentrations of doxycycline to induce increasing levels of
receptor expression. The ability of EGF to stimulate receptor
autophosphorylation was then assessed in all three cell lines.
The results are shown in Fig. 8B.

As expected, increasing the level of expression of the wild
type receptor resulted in visibly increased levels of EGF-stim-
ulated autophosphorylation. However, no increase in basal
autophosphorylation of the receptor was seen even at the
highest levels of receptor expression. This pattern was also
observed in the A571-593-EGF receptor, although extremely
high levels of receptor expression could not be achieved using
this mutant. By contrast, even at very low levels of receptor
expression, the C571A,C593A-EGF receptor exhibited some
basal autophosphorylation. As the level of receptor expression
increased, the extent of basal autophosphorylation increased
such that at very high levels of expression, receptor autophos-
phorylation became entirely ligand-independent. In addition,
both the higher molecular weight cell surface form of the re-
ceptor and the lower molecular weight intracellular form of
the receptor became phosphorylated. This indicates that
phosphorylation of the C571A,C593A-EGF receptor can oc-
cur intracellularly and is consistent with the ligand-indepen-
dent nature of its phosphorylation at high levels of expression.

As shown in Fig. 9, A and B, the A571-593-EGF receptor,
which lacked cooperativity, mediated essentially wild type (or
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FIGURE 9. Signal transduction by the wild type EGF receptor and the 558 -567 disulfide loop EGF receptor mutants. Cells expressing the wild type or
mutant EGF receptors were treated with concentrations of doxycycline to give approximately equivalent levels of EGF receptor expression. Cultures were
treated with the indicated concentration of EGF for 5 min. Lysates were prepared and analyzed by SDS-PAGE followed by Western blotting with the indi-
cated antibodies. The right panels provide quantitation of the Western blots with phosphorylation normalized to the amount of that specific protein pres-
ent. A replicate experiment is shown in supplemental Fig. 2. In two separate experiments, maximal activation of MAPK (A) by the C571A,C593A-EGF recep-
tor was 62 * 5% of wild type (p < 0.05) and was 122 = 4% of wild type for the A571-593-EGF receptor (not significant). Maximal activation of Akt (B) by the
C571A,C593A-EGF receptor was 41 = 2% of wild type (p < 0.05) and was 101 =* 3.5% of wild type for the A571-593-EGF receptor (not significant). The ECy,
values for activation of MAPK were 0.47 + 0.15, 2.3 = 1, and 0.13 = 0.035 nm for wild type, C571A,C593A-EGF, and A571-593A-EGF receptors, respectively.
The ECs, values for activation of Akt were 0.48 = 0.04, 1.2 = 0.3, and 0.12 % 0.04 nm for wild type, C571A,C593A-EGF, and A571-593A-EGF receptors,

respectively.

better) levels of MAPK and Akt activation. Consistent with its
higher binding affinity, cells expressing the A571-593-EGF
receptor showed a greater sensitivity to EGF for activating
MAPK and Akt (see the legend to Fig. 9 for details). By con-
trast, the C571A,C593A-EGF receptor, which exhibited
strong negative cooperativity, showed a modestly decreased
activation of MAPK and Akt with a reduced sensitivity to
EGE. Thus, the absence of negative cooperativity was associ-
ated with greater sensitivity to EGF, whereas high negative
cooperativity was associated with reduced sensitivity of down-
stream pathways to EGF.

Raft Localization of Tethering Arm Mutants—The EGF re-
ceptor has been shown to partition into membrane microdo-
mains known as lipid rafts (36 —39). Stimulation of cells with
EGF leads to the migration of the EGF receptor out of mem-
brane rafts and into the bulk plasma membrane (36). The
most membrane-proximal 60 amino acids of the extracellular
domain have been implicated in the ability of the EGF recep-
tor to partition into membrane rafts (40). Because this region
includes the tethering arm, we assessed the effect of our teth-
ering arm mutations on the ability of EGF to partition into
rafts. The results are shown in Fig. 10.

For these studies, the membrane rafts were prepared by a
non-detergent, OptiPrep gradient method reported previ-
ously (30). In these preparations, fractions 1-5 represent the
low density raft fractions of the gradient. Fig. 104 shows the
distribution of the various EGF receptors across the OptiPrep
gradients. The data are quantitated in Fig. 10B. Because only
the higher molecular weight species of each of the mutants
appears to be located on the cell surface (see Fig. 4), only the
partitioning of this form was considered. As shown in Fig.
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FIGURE 10. Raft localization of wild type and tethering arm mutant EGF
receptors. Cells expressing the wild type or mutant EGF receptors were
treated with concentrations of doxycycline to give approximately equiva-
lent levels of EGF receptor expression. Membrane rafts were prepared using
the non-detergent method of Macdonald and Pike (30). Equal aliquots of
each gradient fraction were separated on SDS gels and blotted for EGF re-
ceptors (A), G, (0), or transferrin receptor (D). B shows the quantitation of
the fraction o? EGF receptors in the raft fractions (fractions 1-5). For the
mutant receptors, only the higher molecular weight cell surface form of
the receptor was considered in this analysis. The experiment was re-
peated three times, and the results were used for analysis of the signifi-
cance of the observed differences. *, value is different from wild type at
alevel of p < 0.05.
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10B, ~50% of the wild type EGF receptor was recovered in
the low density fractions of the gradient. A similar fraction of
the cell surface C558A,C567A-EGF receptor was found in the
raft fractions, indicating that releasing this disulfide bond did
not affect the ability of the EGF receptor to partition into
membrane rafts. By contrast, deletion of the 558 -567 disul-
fide loop resulted in a receptor that was significantly less lo-
calized to membrane rafts. A similar pattern was seen for the
mutants in the 571-593 disulfide loop. Releasing the disulfide
loop (the C571A,C593A-EGF receptor) had a modest but not
significant effect on the partitioning of the EGF receptor into
membrane rafts. However, deletion of the 571-593 disulfide
loop consistently resulted in a significant decrease in the frac-
tion of the cell surface EGF receptor recovered in the low
density raft fractions. These differences cannot be attributed
to differences among the gradients because the distribution of
G, (Fig. 10C), another raft marker, as well as the transferrin
receptor (Fig. 10D), a plasma membrane marker, did not dif-
fer significantly among the various receptor mutants. These
data are consistent with the involvement of sequences in the
tethering arm in directing the partitioning of the EGF recep-
tor into membrane rafts.

DISCUSSION

The tethering arm of the EGF receptor is known to be in-
volved in interactions that stabilize the receptor in its closed
configuration (14). However, this arm does not appear to be
required for the maintenance of the tethered conformation
because its removal does not lead to the adoption of the ex-
tended conformation (23). The fact that the sequence of this
domain is relatively well conserved in ErbB family receptors,
including the non-tethered ErbB2 (18, 19), suggests that it
plays a role in some receptor function other than tethering.
We therefore sought evidence for a role of this domain in ac-
tivity-related functions of the EGF receptor. Because the sub-
domains IV are predicted to cross in the EGF receptor dimer
(14, 18, 21), we looked for an indication that the tethering arm
participated in intersubunit interactions.

To do this, we took advantage of our recent finding that the
binding of EGF to its receptor is negatively cooperative (26,
27). Because cooperativity arises from subunit-subunit inter-
actions, changes in cooperativity are an indication of alter-
ations in subunit-subunit interactions. We can detect such
changes by examining the binding of EGF in cells expressing
increasing levels of EGF receptors (26, 27). Our data reported
here provide clear evidence that the tethering arm contributes
significantly to subunit-subunit interactions within the EGF
receptor dimer.

Our characterization of the D563A,H566A,K585A -

EGF receptor is consistent with previous studies showing
no effect of the removal of the tethering interactions

on EGF receptor-mediated signaling (22). Interestingly,
our binding analysis showed essentially no difference

in the affinity of EGF for binding to the wild type or
D563A,H566A,K585A-EGF receptor monomers. This implies
that ligand binding heterogeneity is not due to differences in
the affinity of EGF for tethered versus untethered monomers.
However, the D563A,H566A,K585A-EGF receptor did show
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an ~3-fold increase in affinity for binding to either site on the
dimer as compared with wild type receptor. This suggests that
removal of the tethering interactions does reduce the energy
barrier that must be overcome for the receptor to adopt the
open conformation.

Subdomain IV of the EGF receptor contains 10 disulfide
bonds. They form a spine down the center of this rodlike
domain (see Fig. 1). The tethering arm is composed of two
disulfide loops, 558 =567 and 571-593. In this work, we either
deleted each disulfide loop independently or broke each disul-
fide bond by replacing the relevant cysteines with alanines. If
residues in a loop were involved in receptor-receptor interac-
tions, then deletion of those residues should abrogate those
interactions. By contrast, if the disulfide bond were important
largely because of the structural stability it provided, then de-
letion of the residues in the loop should have a relatively mod-
est effect on receptor function.

Both deletion and release of the 558 —567 disulfide loop
resulted in receptors in which the negative cooperativity asso-
ciated with binding of EGF to the second site on the dimer
was modestly reduced in the mutant as compared with the
wild type receptor. As a result, the affinity of EGF for the
monomer and both sites on the dimer is similar, and conse-
quently, the binding isotherms lie close together. These data
suggest that the 558 —567 disulfide loop participates in a lim-
ited fashion in the receptor-receptor interactions that give
rise to the observed cooperativity in EGF binding.

In contrast to what was seen with the 558 —-567 loop muta-
tions, deletion of the 571-593 disulfide loop (the A571-593-
EGF receptor) resulted in the complete loss of cooperativity in
EGF binding. This suggests that residues in this loop are di-
rectly involved in the intersubunit interactions that give rise
to binding cooperativity in the EGF receptor dimer. Interest-
ingly, in the absence of cooperativity, the A571-593-EGF re-
ceptor shows a relatively high affinity for EGF. This implies
that the interactions mediated by the 571-593 disulfide loop
serve to reduce the affinity of a high affinity binding site. This
is consistent with the observation of Elleman et al. (41), who
showed that the affinity of EGF for a soluble EGF receptor
(residues 1-501) fragment was higher than for the full-length
(residues 1-621) EGF receptor extracellular domain. Because
we could not express the A571-593-EGF receptor at ex-
tremely high levels, it is possible that some small degree of
cooperativity is retained that we cannot detect. However, the
characteristics of the C571A,C593A-EGF receptor mutant
provide additional support for the importance of the 571-591
disulfide loop of the tethering arm in ligand binding
cooperativity.

Breaking the 571-593 disulfide bond in the C571A,C593A-
EGF receptor mutant also substantially altered the ligand
binding properties of the receptor. The affinity of EGF for
binding to the first site on the dimer was somewhat lowered.
However, binding to the second site on the receptor dimer
was markedly reduced compared with the wild type receptor
so that the receptor exhibited an extreme form of negative
cooperativity. K,,, the association constant for the binding of
EGF to the second site on the dimer, was reduced to the point
that this site would be unable to bind EGF, even at pharmaco-
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logic doses of the growth factor. As a result, doubly occupied
dimers would never form, and at high concentrations of EGF,
the dimer would dissociate into monomers that possess a
more favorable binding affinity for ligand. Together with the
effect of deletion of the 571-593 disulfide loop, these findings
indicate that this loop plays a major role in the subunit-sub-
unit interactions that underlie cooperative ligand binding

in the EGF receptor. These interactions appear to be
independent of the tethering function of this domain be-
cause negative cooperativity was essentially normal in the
D563A,H566A,K585A-EGF receptor triple point mutant.

Our binding data provide functional evidence that the teth-
ering arm participates in intersubunit interactions in EGF
receptor dimers. Tests of the signaling activity of the tethering
arm mutants suggest that this domain is also important for
transducing the EGF binding signal across the cell membrane.
For both mutants in the 558 =567 loop, there was a significant
decrease in EGF-stimulated receptor autophosphorylation as
compared with the wild type receptor. Thus, although alter-
ations in this loop result in relatively minor changes in ligand
binding cooperativity, the integrity of this loop is clearly nec-
essary for transmission of the EGF binding signal across the
membrane to the kinase domain.

Deletion of the 571-593 disulfide loop had a modest effect
on the level of EGF-stimulated receptor autophosphorylation
and had essentially no impact on the activation of MAPK and
Akt. In fact, the activation of both of these kinases was slightly
enhanced in A571-593-EGF receptor-expressing cells. This
may be due to the absence of allosteric regulation in this re-
ceptor, which probably mediates desensitization of the recep-
tor (27). Ablation of receptor desensitization would lead to
enhanced signaling. Interestingly, the C571A,C593A-EGF
receptor, in which the disulfide bond had been broken, re-
tained nearly normal levels of tyrosine kinase activity but be-
came ligand-independent at high concentrations of receptor.
This finding is reminiscent of the finding of Sorokin (42), who
observed constitutive tyrosine kinase activity when he placed
a 40-amino acid flexible linker after position 618 in the extra-
cellular domain of the EGF receptor.

Jura et al. (43) have recently suggested that one role of the
extracellular domain of the EGF receptor might be to hold
the transmembrane helices apart in the predimerized form of
the receptor to prevent the formation of the activating asym-
metric kinase dimers. Our data are consistent with this view.
Release of the Cys®”*'-Cys®®? disulfide bond would certainly
increase the flexibility of this portion of subdomain IV. The
loss of conformational rigidity could prevent the extracellular
domains from holding the transmembrane helices and their
attendant kinase domains apart, resulting in constitutive acti-
vation of the kinase domain. Simply deleting the entire loop
(the A571-593-EGF receptor) would not generate such flexi-
bility and, indeed, did not give rise to ligand-independent ki-
nase activation.

Despite the fact that the C571A,C593A-EGF receptor ex-
hibited an elevated level of basal autophosphorylation, it did
not support ligand-independent activation of MAPK or Akt.
In fact, the activation of these two downstream pathways
by EGF was only about half as great in cells expressing the
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C571A,C593A-EGF receptor as in cells expressing the wild
type receptor. It is possible that the constitutive tyrosine ki-
nase activity leads to partial desensitization of the receptor or
that other adaptations are made by the cells to limit signaling.
Alternatively, the apparent inability of this receptor to form
doubly occupied dimers, as judged by the very low value of
K,,, may selectively impair its ability to stimulate these down-
stream signaling events.

Membrane rafts are low density, cholesterol- and sphingo-
lipid-enriched microdomains present in many cell types (44).
Residues 557—-617 of the EGF receptor have previously been
shown to contain targeting information necessary to localize
the receptor to membrane rafts (40). We therefore assessed
the ability of our tethering arm mutants to partition into rafts.
Releasing either disulfide bond failed to significantly affect the
ability of the EGF receptor to partition into the low density
membrane fraction. However, wholesale deletion of either
loop resulted in a 40% decrease in the fraction of the EGF re-
ceptor that was recovered in low density membranes.

Exactly how these disulfide loops serve to target the EGF
receptor to membrane rafts is unclear. The extracellular do-
main of the EGF receptor has been shown to interact with
gangliosides, particularly GM3? (45— 48), that partition into
lipid rafts. Thus, it is possible that these disulfide loops inter-
act with gangliosides, thereby directing the receptor into
membrane microdomains. Alternatively, in the tethered
monomer, the two loops could support the formation of a
specific conformation of the receptor that exposes a targeting
signal located elsewhere in the receptor.

Together, our findings suggest that in the human EGF re-
ceptor dimer, the two subdomains IV interact functionally to
enable ligand binding cooperativity and regulate signal trans-
duction. The observation that the 571-593 disulfide loop is
the most important portion of the tethering arm is in agree-
ment with the molecular dynamics simulations of Késtner ez
al. (21), who predicted that residues in this loop would be in-
volved in all three predicted “crossing modes” of the subdo-
mains IV in EGF receptor dimers. In this context, it is inter-
esting to note that mutations at four different positions in the
571-593 disulfide loop, none of which are involved in tether-
ing, have been reported to be associated with the formation of
tumors in humans (49). Examination of the properties of
these receptors may provide additional insight into the role of
this loop in regulating EGF receptor function.

Alvarado et al. (50) recently reported the structural basis of
negative cooperativity in the Drosophila EGF receptor. In the
absence of ligand, the Drosophila EGF receptor can form a
symmetric dimer in which the subdomains IV cross (51).
Upon binding of Spitzg g, the structure adopts an asymmetric
conformation in which the binding sites for Spitzg . are
structurally distinct in the two subunits. In this asymmetric
dimer, the subdomains IV move apart from each other, indi-
cating that the optimization of ligand binding leads to a con-
formational change in a domain far removed from the actual
binding site. Given the homology between the human and

2 The abbreviation used is: GM3, ganglioside GM3.
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Drosophila EGF receptors, it is not unlikely that ligand bind-
ing in the human EGF receptor would also be associated with
changes in the position of subdomain IV.

Our data suggest the following model for ligand binding
cooperativity in the EGF receptor. Binding of EGF to a recep-
tor monomer (or the first site on a preassembled dimer) leads
to the formation of a singly occupied EGF receptor dimer. In
this dimer, which exhibits high affinity for EGF, subdomain
IV interactions are weak or non-existent, possibly due to a
lateral separation of the domains. In this configuration, the
asymmetric kinase dimer could form, leading to activation of
the tyrosine kinase activity. Binding of the second ligand in-
duces a conformational change that promotes subdomain
IV-mediated interactions. These interactions restrict the con-
formations accessible to the ligand binding site, leading to a
reduction in EGF binding affinity. Deletion of the 571-593
loop removes these limitations, allowing the dimer to assume
a conformation that has high affinity for both ligands. Release
of the Cys®”*-Cys**? disulfide bond facilitates these subdo-
main IV-subdomain IV interactions, ultimately making it im-
possible for a second ligand to bind to the dimer. The closer
approximation of the fourth subdomains in the doubly occu-
pied extracellular domain dimer may force a change in the
configuration of the intracellular kinase dimers, causing the
conversion of one asymmetric dimer into the reciprocal one
or possibly inducing the complete dissociation of the dimer.
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