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ABSTRACT: The intracellular juxtamembrane domain of the EGF receptor has been shown to be involved
in the stimulation of the receptor’s tyrosine kinase activity. To further explore the function of this portion
of the EGF receptor, a consensus site for protein palmitoylation was inserted at the beginning of the
juxtamembrane domain of the receptor. The altered EGF receptor incorporated [3H]palmitate, demonstrating
that it was palmitoylated. Compared to the wild-type EGF receptor, the palmitoylated EGF receptor was
significantly impaired in EGF-stimulated receptor autophosphorylation as well as ligand-induced receptor
internalization. While both the wild-type and the palmitoylated EGF receptors exhibited a similar propensity
to associate with lipid rafts, only the wild-type receptor exited lipid rafts in response to EGF. Binding of
[125I]EGF to the wild-type EGF receptor showed a curvilinear Scatchard plot with both high- and low-
affinity forms of the receptor. By contrast, the palmitoylated receptor exhibited only low-affinity EGF
binding. These data suggest that the cytoplasmic juxtamembrane domain is involved not only in the
transmission of the proliferative signal generated by ligand binding but also in facilitating the adoption of
the high-affinity conformation by the extracellular ligand binding domain.

The EGF1 receptor is a classical receptor tyrosine kinase
composed of an extracellular domain that recognizes and
binds EGF, a single-pass transmembrane segment, and an
intracellular tyrosine kinase domain (1). The EGF receptor
is thought to exist in the membrane as a monomer. However,
once the ligand binds, the receptor forms a back-to-back
dimer with a second EGF receptor monomer (2-4). This
leads to the activation of the intracellular tyrosine kinase
domain and phosphorylation of the receptor in trans (5).

Scatchard plots of the binding of [125I]EGF to its receptor
show upward concavity, indicating heterogeneity in the
affinity of the receptor for EGF. We have recently shown
that ligand binding in the EGF receptor system is best
described by a model incorporating negative cooperativity
in an aggregating system (6). In this model, monomers and
dimers are present in a preexisting equilibrium. Ligand can
bind to receptor monomers, to the first site on a receptor
dimer or to the second site on a singly occupied receptor
dimer. Binding to receptor monomers and the first site on
receptor dimers has a high affinity (∼200 pM), whereas
binding to the second site on a receptor dimer has a
substantially lower affinity (∼3 nM). The difference in
affinity between binding to the first site versus the second
site on an EGF receptor dimer is a classic example of
negative cooperativity and gives rise to the curvilinear
Scatchard plots.

Binding of EGF not only leads to dimerization of the
extracellular domain of the EGF receptor but also leads to
the formation of an activating asymmetric dimer of the
intracellular kinase domains (7). In this dimer, the N-terminal
lobe of one kinase monomer interacts with the C-terminal
lobe of a second kinase monomer, stimulating the kinase
activity of the first monomer. The crystal structure of the
asymmetric kinase dimer (7) shows that the interface on the
C-terminal lobe is comprised of the loop between helices
RG and RJ, helix RH, and the end of helix RI. The interface
on the N-terminal lobe is formed by helix C, the loop
between strands �4 and �5, and the juxtamembrane extension
of the kinase domain (residues 672-685). Recently, Thiel
and Carpenter (8) demonstrated that the cytoplasmic jux-
tamembrane domain (roughly residues 645-672) is indis-
pensable for kinase activation, even in the context of the
purified soluble intracellular domain. Deletion of residues
645-662, a region not included in the asymmetric dimer
interface, decreased the level of autophosphorylation of the
soluble kinase by 80%. This suggests that juxtamembrane
sequences outside of the asymmetric dimer interface proper
are important in kinase activation.

Exactly how ligand-induced dimerization of the extracel-
lular domain of the EGF receptor leads to formation of
asymmetric kinase dimers remains unclear. It has been
reported that the transmembrane domain of the EGF receptor
can form homodimers (9, 10) and that activation of the EGF
receptor tyrosine kinase involves ligand-induced rotation of
its transmembrane domain (11). Rotation of the transmem-
brane domains within an EGF receptor dimer could produce
movement of the juxtamembrane domains that would bring
the two intracellular kinase domains into close apposition.
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If so, mutation of the juxtamembrane domain might impair
the ability of EGF to induce activation of the receptor kinase
domain.

To test this hypothesis, we generated a consensus palmi-
toylation site in the EGF receptor by introducing two cysteine
residues at the beginning of the cytoplasmic juxtamembrane
domain. We reasoned that linking this region of the receptor
to the membrane might restrict its mobility or limit its
accessible conformations, thereby impairing receptor activa-
tion. We report here that this mutant is palmitoylated and
that it exhibits severely compromised activation properties.
In addition, its interaction with lipid rafts is altered.
Unexpectedly, this mutation also abrogated high-affinity
binding to the EGF receptor. These data suggest that the
cytoplasmic juxtamembrane domain is involved not only in
the transmission of the proliferative signal generated by
ligand binding but also in facilitating the adoption of the
high-affinity conformation by the extracellular ligand binding
domain.

EXPERIMENTAL PROCEDURES

Materials. Methyl-�-cyclodextrin was from Fluka. Re-
combinant mouse EGF was purchased from Biomedical
Technologies. Na125I was from Perkin-Elmer. PfuTurbo DNA
polymerase was from Stratagene. The CHO-K1 Tet-On cell
line and the pBI Tet vector were from Clontech. Lipo-
fectamine 2000 and hygromycin were from Invitrogen. Anti-
phosphotyrosine antibodies (PY20) were from BD Trans-
duction Laboratories. Anti-pTyr-845, anti-pTyr-992, anti-
pTyr-1045, anti-pTyr-1068, and anti-EGF receptor antibodies
were from Cell Signaling. Anti-pTyr-1173 antibodies were
from Upstate Biotechnology. Anti-Gq antibodies were from
Santa Cruz. Anti-transferrin receptor antibodies were from
Zymed Laboratories. Opti-Prep was from Greiner Bio-One.
BS3 was from Pierce. All other chemicals were from Sigma.

Mutagenesis. The cDNA for the wild-type EGF receptor
was ligated into pcDNA5/FRT between the NheI and HindIII
sites. The QuikChange site-directed mutagenesis method was
employed to generate the R647C/V650C (CC) and R647S/
V650S (SS) mutants. Forward and reverse primers containing
the desired mutations (underlined) were synthesized: CC
forward, 5′-CCTCTTCATGCGAAGGTGCCACATTTGC-
CGG-3′; CC reverse, 5′-CCGGCAAATGTGGCACCTTCG-
CATGAAGAGG-3′; SS forward, 5′-TCTTCATGCGAAG-
GAGCCACATCAGTCGGAAGCGCACGC-3′;andSSreverse,
5 ′ -GCGTGCGCTTCCGACTGATGTGGCTCCT-
TCGCATGAAGA-3′.

PCR was carried out using pcDNA5/FRT-EGFR WT as
a template. The reaction mix was digested with DpnI and
transformed directly into XL-1 Blue competent cells. Positive
colonies were screened by PCR, and the entire EGF receptor
open reading frame was sequenced. The EGF receptor
fragment was then excised with NheI and EcoRV and the
restriction fragment ligated into multiple cloning site 1 of
the pBI Tet vector.

Cells and Tissue Culture. Chinese hamster ovary (CHO)-
K1 tet-on cells were purchased from Clontech. Cells were
cotransfected with pTK-Hyg and the pBI Tet vector engi-
neered to express wild-type or mutant EGF receptors from
a single side, using Lipofectamine 2000 according to the
manufacturer’s instructions. Stable clones were isolated by

selection in 400 µg/mL hygromycin. Clonal lines were grown
in DMEM containing 10% fetal bovine serum, 100 µg/mL
hygromycin, and 100 µg/mL G418. EGF receptor expression
was induced by the addition of 1 µg/mL doxycycline for
48 h prior to being screened by Western blot for EGF
receptor expression.

For experiments, cells were plated at a density of 1 × 105

cells per 35 mm well into a DMEM/10% fetal bovine serum
mixture containing the appropriate concentration of doxy-
cycline. Concentrations of 140, 400, and 100 ng/mL were
used to obtain equal levels of expression of receptors in wild-
type, CC, and SS cells, respectively, after 48 h.

Labeling of Cells with [3H]Palmitate. Cells expressing
wild-type or CC-EGF receptors were grown to confluence
in 60 mm diameter dishes. The medium was removed and
replaced with 1 mL of Ham’s F12 medium containing 5%
serum and 1 mCi/mL [3H]palmitate. Cells were grown in
labeling medium for 4 h. At the end of the incubation, the
medium was removed and the cells were washed with ice-
cold Hepes-buffered saline. Monolayers were solubilized in
500 µL of RIPA buffer containing protease inhibitors. After
centrifugation, the supernatants were precleared with Protein
A-Sepharose, and the EGF receptor was immunoprecipitated
by incubation with an anti-EGF receptor antibody preloaded
onto Protein A-Sepharose. The beads were boiled in SDS
sample buffer and the supernatants run on a 7% polyacry-
lamide gel. The gel was fixed and incubated in En3Hance
before being dried and exposed to X-ray film. Parallel
samples were run on a gel and Western blotted for EGF
receptor levels.

[125I]EGF Binding and Internalization. [125I]EGF was
synthesized using the oxidative ICl method of Doran and
Spar (12). Cells were plated into six-well dishes and grown
to confluence in the presence of the appropriate concentration
of doxycycline for 48 h. Cultures were washed twice in ice-
cold Hepes-buffered saline and then incubated overnight on
ice in Ham’s F12 medium containing 25 mM Hepes (pH
7.2), 3 mg/mL bovine serum albumin, and 20 pM [125I]EGF
with increasing concentrations of unlabeled EGF. Cultures
were washed three times with 2 mL of Hepes-buffered saline
and the monolayers solubilized in 1 mL of NaOH. The NaOH
was transferred to tubes that were counted in a gamma
counter. All points were done in triplicate. Data were
analyzed using GraphPad Prism 4.0.

Internalization of [125I]EGF was assessed in a similar
fashion except that cells were incubated with 1 nM [125I]EGF
for the indicated time at 37 °C. To determine the total amount
of cell-associated [125I]EGF, cultures were washed three times
in 2 mL of Hepes-buffered saline at 4 °C. To determine the
amount of internalized [125I]EGF, cultures were washed twice
for 2 min with acid wash [50 mM glycine (pH 3.0) and 100
mM NaCl]. Nonspecific binding was assessed in replicate
cultures containing 50 nM EGF.

EGF Receptor Autophosphorylation. Monolayers were
treated with 30 µM phenylarsine oxide for 1 h on ice in
Hank’s balanced salt solution to block phosphatase activity.
Cells were washed twice with PBS at 37 °C prior to
stimulation with EGF for 2 min in DMEM containing 25
mM HEPES (pH 7.2) and 1 mg/mL bovine serum albumin.
Cells were washed with cold PBS and scraped into RIPA
buffer [10 mM Tris-HCl (pH 7.2), 150 mM NaCl, 0.1%
sodium dodecyl sulfate, 1% Triton X-100, 0.7% deoxycho-
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late, and 2.5 mM EDTA] containing 20 mM p-nitrophe-
nylphosphate, 100 µM sodium orthovanadate, and a protease
inhibitor cocktail (Sigma). Protein concentrations were
determined by BCA analysis. Equivalent amounts of protein
were loaded onto 9% SDS-polyacrylamide gels. Gels were
transferred onto PVDF and blotted with anti-phosphotyrosine
or anti-EGF receptor antibodies.

For assays in which cells were depleted of cholesterol,
monolayers were treated with 10 mM methyl-�-cyclodextrin
in DMEM containing 25 mM HEPES (pH 7.2) and 1 mg/
mL bovine serum albumin for 30 min at 37 °C prior to
stimulation by EGF.

Cross-Linking of EGF Receptors. CHO cells expressing
wild-type, SS-, or CC-EGF receptors were incubated with
25 nM EGF for 3 min prior to the addition of BS3 to a final
concentration of 3 mM in a reaction mixture buffered to pH
8.0. After 30 min, the cross-linking reactions were quenched
by the addition of glycine to a final concentration of 1 M
(pH 7.5). Cells were lysed as described above, and equal
amounts of protein were loaded onto a 4 to 7.5% gradient
SDS-polyacrylamide gel. After electrophoresis and transfer
to PVDF, EGF receptors were visualized by Western blotting
with anti-EGF receptor antibodies.

Isolation of Lipid Rafts. The protocol of Macdonald and
Pike (13) for the production of detergent-free lipid rafts was
followed. Briefly, three 150 mm diameter plates of cells were
treated without or with 25 nM EGF for 3 min at 37 °C.
Cultures were washed in cold PBS and scraped into lysis
buffer [250 mM sucrose, 20 mM Tris (pH 7.8), 100 µM
CaCl2, 100 µM MgCl2, 1 mM sodium orthovanadate, 20 mM
p-nitrophenylphosphate, and protease inhibitors]. The lysate
was passed through a 22 gauge needle 40 times and then
centrifuged at 1000g for 10 min. The postnuclear supernatant
was collected and mixed with an equal volume of 50% Opti-
Prep in lysis buffer and placed in the bottom of a 12 mL
centrifuge tube. The lysate was overlaid with a continuous
gradient of 2 to 18% Opti-Prep and centrifuged at 52000g
for 90 min. The gradient was fractionated into 666 µL
fractions starting 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, Gq, and the transferrin receptor.

RESULTS

Generation of a Palmitoylated EGF Receptor. In trans-
membrane domain proteins, palmitoylation often occurs at
cysteine residues adjacent to the membrane-cytoplasm
interface (14, 15). Figure 1A shows the juxtamembrane
domain sequence of the EGF receptor immediately C-
terminal to the transmembrane domain. To generate a site
for palmitoylation on the EGF receptor, we replaced Arg-
647 and Val-650 with cysteines. We refer to this mutant as
the CC-EGF receptor.

The wild-type and the CC-EGF receptor were stably
expressed in CHO cells that lack endogenous EGF receptors.
To determine whether the CC-EGF receptor was palmitoy-
lated, cells expressing either wild-type or CC-EGF receptors
were labeled with [3H]palmitate as described in Experimental
Procedures, immunoprecipitated with an anti-EGF receptor
antibody, and analyzed by SDS-polyacrylamide gel elec-
trophoresis. As shown in Figure 1B, although the levels of

the wild-type and CC-EGF receptors were comparable in
the immunoprecipitates, only the CC-EGF receptor incor-
porated [3H]palmitate during the labeling period. As the
labeling period was short enough to preclude significant
metabolism of the palmitate, these data indicate that the CC-
EGF receptor is palmitoylated in vivo.

Because the CC-EGF receptor contains mutations in the
juxtamembrane region that permitted receptor palmitoylation,
it was necessary to distinguish the effects of palmitoylation
on EGF receptor function from any effects that might be
due simply to the mutation of Arg-647 and Val-650. To this
end, a double serine mutation, the SS-EGF receptor, was
constructed in which Arg-647 and Val-650 were replaced
with serines. As serine residues cannot be palmitoylated, the
SS-EGF receptor represents a control for phenotypic changes
that might arise from mutation of residues 647 and 650
unrelated to receptor palmitoylation.

Effect of Palmitoylation on EGF Receptor Function. Figure
2 shows Scatchard plots for the binding of [125I]EGF to wild-
type, CC-, and SS-EGF receptors. As expected, the Scatchard
plot for the wild-type EGF receptor was upwardly concave,
demonstrating the presence of high- and low-affinity forms
of the EGF receptor that we have recently shown is the result
of negative cooperativity in EGF binding (6). The Scatchard
plot for the binding of [125I]EGF to the SS-EGF receptor
was also curvilinear, indicating that mutation of Arg-647 and
Val-650 to nonpalmitoylatable serines does not significantly
alter the ligand binding properties of the EGF receptor. By
contrast, the Scatchard plot for the binding of [125I]EGF to
the CC-EGF receptor was linear with a slope similar to that
of the low-affinity form of the wild-type receptor. These data
suggest that palmitoylation abolishes high-affinity binding
to the EGF receptor.

Mutations of the EGF receptor that block receptor dimer-
ization, such as Y246D (3, 4, 16), also lead to receptors that
exhibit a single class of low-affinity binding sites (6). To
determine whether palmitoylation affected the ability of the
CC-EGF receptor to oligomerize, a chemical cross-linking
experiment was performed. Cells expressing wild-type, CC-,
and SS-EGF receptors were incubated without or with EGF,
and the receptors were cross-linked with BS3. The lysates
were separated on an SDS gel and blotted with an anti-EGF
receptor antibody. The data in Figure 3 demonstrate that all
three receptors showed a similar ability to be cross-linked

FIGURE 1: Palmitoylation of the CC-EGF receptor. (A) Sequence
of the proximal juxtamembrane region of the EGF receptor showing
the residues mutated to cysteines in the CC-EGF receptor. (B) CHO
cells expressing wild-type or CC-EGF receptors were labeled with
[3H]palmitate and the EGF receptors immunoprecipitated as
described in Experimental Procedures. Immunoprecipitates were
run on SDS-polyacrylamide gels and Western blotted for EGF
receptors (left) or exposed to X-ray film to detect 3H (right).
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into high-molecular weight species, indicating that there was
no obvious defect in oligomerization of the CC-EGF receptor.

Although the CC-EGF receptor was able to bind ligand
and to oligomerize, the ability of EGF to stimulate auto-
phosphorylation was significantly hampered in the CC-EGF
receptor as compared to the wild-type and SS-EGF receptors.
As shown in Figure 4A and quantitated in Figure 4B, the
maximal level of phosphorylation of the CC-EGF receptor
was only ∼20% of that seen for the wild-type or SS-EGF
receptors expressed at comparable levels (∼100000 receptors/
cell). Nevertheless, the EC50 values for EGF were similar
for all three receptors (2.6, 2.0, and 1.1 nM for wild-type,
CC-, and SS-EGF receptors, respectively), suggesting that
this was not the result of the differences in ligand binding
affinity.

If palmitoylation of the EGF receptor were responsible
for the observed decrease in the level of autophosphorylation
of the CC-EGF receptor, then blocking palmitoylation of this
receptor should reverse the decline in the level of autophos-
phorylation observed in this mutant but should have no effect
on the kinase activity of the wild-type or SS-EGF receptors.
As shown in Figure 4C, treatment of cells with 2-bro-
mopalmitate, an inhibitor of protein palmitoylation (17), led
to a marked increase in the kinase activity of the CC-EGF
receptor compared to untreated controls. By contrast, treat-
ment of cells expressing either wild-type EGF receptors or
SS-EGF receptors with 2-bromopalmitate failed to alter the
autophosphorylation of these receptors. These data are

consistent with the interpretation that palmitoylation of the
CC-EGF receptor is responsible for its altered tyrosine kinase
activity.

In addition to stimulating receptor phosphorylation, EGF
also promotes the internalization of its receptor. To determine
whether this function of the receptor was affected by

FIGURE 2: Scatchard analysis of [125I]EGF binding to EGF receptors. CHO cells were stably transfected with wild-type, CC-, or SS-EGF
receptors. Cells were subjected to [125I]EGF binding and Scatchard analysis as described in Experimental Procedures. Values represent the
mean ( standard deviation of triplicate determinations.

FIGURE 3: Cross-linking of EGF receptors. CHO cells expressing
wild-type, CC-, or SS-EGF receptors were incubated in the absence
or presence of 25 nM EGF for 3 min prior to the addition of BS3.
Reaction mixtures were quenched, run on an SDS gel, and Western
blotted using anti-EGF receptor antibodies.

FIGURE 4: EGF-stimulated autophosphorylation of wild-type and
EGF receptor mutants. CHO cells expressing similar levels of wild-
type, CC-, and SS-EGF receptors were treated with increasing
concentrations of EGF for 2 min at 37 °C. Lysates were prepared
and analyzed by SDS-polyacrylamide gel electrophoresis. In panel
C, cells were treated without or with 100 µM 2-bromopalmitate
for 24 h prior to assay. (A) Western blots of lysates with an anti-
phosphotyrosine antibody (left) or an anti-EGF receptor antibody
(right). (B) Quantitation of the Western blots in panel A. (C) Effect
of 2-bromopalmitate on EGF receptor autophosphorylation.
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palmitoylation, the internalization of wild-type, CC-, and SS-
EGF receptors was compared by monitoring the internaliza-
tion of [125I]EGF over time at 37 °C. The data are presented
as a plot of the ratio of internalized [125I]EGF to surface-
bound [125I]EGF (In/Sur) as a function of time. As shown in
Figure 5, the rates of internalization of [125I]EGF by the wild-
type and SS-EGF receptors were similar, but the palmitoy-
lated CC-EGF receptor internalized ligand ∼3-fold slower
than either of these receptors. Thus, like receptor autophos-
phorylation, [125I]EGF internalization was significantly im-
paired in the palmitoylated EGF receptor.

Lipid Raft Localization of the Palmitoylated EGF Recep-
tor. The EGF receptor is known to partition into lipid
rafts (13, 18, 19). As palmitoylation can target proteins to
lipid rafts (17, 20-22), it was possible that this modification
could alter the interaction of the CC-EGF receptor with these
cholesterol-rich domains. We therefore compared the ability
of all three receptors to partition into lipid rafts. CHO cells
expressing wild-type, CC-, or SS-EGF receptors were
incubated without or with 25 nM EGF for 3 min, and
nondetergent lipid rafts were prepared by density gradient
centrifugation (13). Equal aliquots of each fraction were run
on SDS gels and blotted for EGF receptors, Gq, and the
transferrin receptor. Like the EGF receptor, Gq partitions
into rafts and thus serves as an independent marker for these
domains. The transferrin receptor is a nonraft plasma
membrane protein used to determine the position of bulk
plasma membrane proteins in the gradients. The data are
shown in Figure 6.

As can be seen from the figure, in the absence of EGF,
all three EGF receptors exhibited a similar propensity to
partition into lipid rafts. Approximately half of each receptor
was found in the low-density, lipid raft fractions (fractions
1-5) of the gradient. A similar proportion of Gq was found
in the low-density fractions, whereas the transferrin receptor,
a nonraft plasma membrane protein, was found primarily in
fractions of much higher density.

Addition of EGF did not change the distribution of either
Gq or the transferrin receptor, indicating that there was no
general effect of the growth factor on membrane properties.
However, treatment with EGF led to a significant shift of
both the wild-type and SS-EGF receptors out of the low-

density fractions. By contrast, the distribution of the CC-
EGF receptor changed very little in response to EGF. Thus,
palmitoylation of the EGF receptor appeared to inhibit the
ability of the EGF receptor to exit lipid rafts upon stimulation
with growth factor.

This change in receptor distribution was reflected in the
partitioning of autophosphorylated EGF receptors between
raft and nonraft fractions. In the experiment shown in Figure
7, cells expressing wild-type, CC-, or SS-EGF receptors were
stimulated with 25 nM EGF for 3 min and lipid rafts were
prepared. The EGF receptor-containing raft and nonraft

FIGURE 5: Internalization of [125I]EGF by wild-type and mutant EGF
receptors. CHO cells expressing wild-type, CC-, or SS-EGF
receptors were incubated with 1 nM [125I]EGF for the indicated
times, and the amount of internalized [125I]EGF was measured as
described in Experimental Procedures. Values represent the mean
( standard deviation of duplicate determinations.

FIGURE 6: Localization of EGF receptors to lipid rafts. CHO cells
expressing wild-type, CC-, or SS-EGF receptors were treated
without or with 25 nM [125I]EGF for 3 min and then lysed and
lipid rafts prepared by density gradient centrifugation as described
in Experimental Procedures. Equal volumes of each fraction were
analyzed by SDS-polyacrylamide gel electrophoresis and Western
blotting with the indicated antibodies.
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fractions were pooled separately and subjected to SDS-
polyacrylamide gel electrophoresis followed by Western
blotting with a general anti-phosphotyrosine antibody (PY20)
or with antibodies directed against specific sites of phos-
phorylation on the EGF receptor. The fractions were also
blotted for EGF receptors. The receptor distribution between
raft and nonraft fractions is quantitated for both control
(Figure 7A) and EGF-stimulated cells (Figure 7B). However,
since no receptor autophosphorylation was detected in the
absence of EGF, the phosphorylation data are from EGF-
treated cells only (Figure 7C-G).

As expected, addition of EGF stimulated the migration of
the wild-type and SS-EGF receptors out of lipid rafts
(compare raft vs nonraft fractions in panels A and B of Figure
7). Western blots for total tyrosine phosphorylation of both
the wild-type and SS-EGF receptors (Figure 7C) showed that
the vast majority of the phosphorylated receptor (∼90%) was
present in the nonraft fraction. A similar distribution of
phosphorylated receptors was apparent when individual sites
of EGF receptor autophosphorylation were examined, includ-
ing Tyr-992, Tyr-1045, Tyr-1068, and Tyr-1173. As the
distribution of EGF receptor protein was ∼30% in rafts and
∼70% in the nonraft fraction in EGF-stimulated cells, the
data suggest that phosphorylated EGF receptors are prefer-
entially located in the nonraft fractions.

Like the wild-type and SS-EGF receptors, the palmitoy-
lated EGF receptor was evenly distributed between raft and
nonraft fractions in control cells (Figure 7A). But unlike those
receptors, the CC-EGF receptor did not shift into the nonraft
fraction after EGF treatment (Figure 7B). This difference in
receptor partitioning was associated with a more even
distribution of the total tyrosine-phosphorylated CC-EGF

receptors between raft and nonraft fractions than was seen
in the wild-type or SS-EGF receptors (Figure 7C). Likewise,
CC-EGF receptors phosphorylated at Tyr-992 and Tyr-1068
were relatively evenly distributed between raft and nonraft
fractions (Figure 7D,F). However, CC-EGF receptors phos-
phorylated at Tyr-1045 and Tyr-1173 tended to partition
preferentially into the nonraft fraction (Figure 7E,G).

Depletion of cholesterol from cells has been shown to
disrupt lipid rafts and enhance EGF-stimulated receptor
autophosphorylation (23-25). As shown in Figure 8, treat-
ment of CHO cells expressing either wild-type or SS-EGF
receptors with methyl-�-cyclodextrin did lead to an increase
in the level of EGF-stimulated receptor autophosphorylation.
By contrast, depletion of cholesterol from cells expressing
the palmitoylated EGF receptor led to a decrease in the

FIGURE 7: Distribution of tyrosine-phosphorylated EGF receptors between raft and nonraft compartments. CHO cells expressing wild-type,
CC-, or SS-EGF receptors were subjected to lysis and separation on density gradients to isolate lipid rafts. The low-density, lipid raft
fractions containing the EGF receptor (fractions 1-5) were pooled as were the higher-density, nonraft fractions (either 8-12 or 9-13
depending on the gradient). Equal volumes of each fraction were separated by SDS-polyacrylamide gel electrophoresis and subjected to
Western blotting with anti-EGF receptor antibodies (A and B), anti-phosphotyrosine antibodies (C), or site-specific anti-phosphotyrosine
antibodies (D-F). Blots were quantitated by densitometry.

FIGURE 8: Effect of cholesterol depletion on EGF receptor auto-
phosphorylation. CHO cells expressing wild-type, CC-, or SS-EGF
receptors were treated without or with 10 mM methyl-�-cyclodex-
trin for 30 min to deplete cholesterol. Thereafter, cells were
stimulated with 25 nM EGF for 2 min and lysates were prepared.
Samples were analyzed by SDS-polyacrylamide gel electrophoresis
and Western blotting with an anti-phosphotyrosine antibody or an
anti-EGF receptor antibody.
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already compromised level of receptor autophosphorylation.
These data indicate that the disruption of lipid rafts fails to
reverse the impairment of receptor autophosphorylation seen
in the palmitoylated receptor.

DISCUSSION

A number of studies have pointed out the importance of
the juxtamembrane domain of the EGF receptor in the
process of EGF receptor kinase activation. Mutation or
deletion of these residues has been shown to inhibit EGF-
stimulated tyrosine kinase activity (26, 27). Similarly, Theil
et al. (8) demonstrated that the allosteric activation of the
EGF receptor kinase did not occur in receptors from which
this sequence was deleted. Residues 645-657 have also been
beenimplicatedinthedimerizationoftheEGFreceptor(8,27,28).
This juxtamembrane segment contains a large number of
basic amino acids, leading McLaughlin and colleagues to
propose that this peptide lies along the membrane surface
where it interacts with the negative charges of the phospho-
lipid headgroups (29) and possibly calmodulin (29, 30).
Alternatively, Aifa et al. (27, 28) have proposed that this
positively charged segment interacts with a negatively
charged stretch of amino acids (residues 979-991) just
C-terminal to the kinase domain. Though no consensus
regarding the molecular role of this sequence has developed,
it has consistently been found to be important in the
activation of the EGF receptor kinase.

In these studies, we investigated the function of this
sequence by linking it to the membrane via post-translational
palmitoylation. We reasoned that if a specific conformation
of the juxtamembrane domain were necessary for signal
transduction, then linking this region to the membrane via
addition of a palmitate group should restrict the mobility of
this segment and should therefore impair activation of the
EGF receptor. Consistent with this hypothesis, we found that
maximal EGF-stimulated autophosphorylation of the CC-
EGF receptor was only 20% of that seen in the wild-type or
SS-EGF receptors. Receptor internalization was also mark-
edly diminished in the palmitoylated as compared to the wild-
type and SS-EGF receptors, further supporting the conclusion
that palmitoylation of the juxtamembrane domain leads to a
block in receptor-mediated signaling.

The inhibition of EGF-stimulated receptor kinase activity
was not due to an inability of the palmitoylated receptor to
bind ligand as this mutant bound EGF with nanomolar
affinity. Indeed, the EC50 values for receptor autophospho-
rylation were similar in the wild-type, SS-, and CC-EGF
receptors, suggesting that ligand binding was not the limiting
factor in the activation of the palmitoylated receptor. Nor
did the block occur at the level of receptor oligomerization
since the CC-EGF receptor exhibited a similar propensity
to form high-molecular weight oligomers as the wild-type
and SS-EGF receptors. As the kinase domain was wild-type
in all three receptors, these findings suggest that it is the
transduction of the signal across the membrane that is
impaired in the palmitoylated receptor.

Palmitoylation of the EGF receptor so close to the end of
its transmembrane domain may interfere with helix rotation
(31) or tilt (32) necessary for proper transmission of the
signal through the membrane. Alternatively, the juxtamem-
brane extension has been shown to promote activation of

the soluble intracellular domain of the EGF receptor kinase
(8). This suggests that this segment functions via a mecha-
nism that does not involve the membrane and may, in fact,
require that it be freely accessible in the cytoplasm. It is
therefore possible that tying the juxtamembrane domain to
the plasma membrane via palmitoylation prevents it from
accessing the cytosol where it is needed to promote proper
formation of the activating asymmetric dimer.

Unexpectedly, we found that palmitoylation of the EGF
receptor significantly changed the properties with which it
bound EGF. A Scatchard plot of [125I]EGF binding to the
wild-type receptor exhibited the characteristic concave up
shape, demonstrating the existence of high- and low-affinity
forms of the receptor and the presence of negative cooper-
ativity (6). By contrast, the Scatchard plot for the binding
of [125I]EGF to the palmitoylated CC-EGF receptor was
linear, indicating the presence of only a low-affinity form
of the EGF receptor. The nonpalmitoylatable SS-EGF
receptor showed binding characteristics similar to those of
the wild-type EGF receptor, suggesting that mutation of Arg-
647 and Val-650 by itself did not affect high-affinity ligand
binding. EGF receptors from which the entire intracellular
domain has been deleted also exhibit a single class of low-
affinity binding sites (33, 34), suggesting that the cytoplasmic
portion of the receptor contributes to the formation of the
high-affinity form of the EGF receptor. Since all other parts
of the intracellular domain of the palmitoylated EGF receptor
were wild-type, our data suggest that it is the juxtamembrane
region that is important for high-affinity EGF binding.

Because palmitoylation has been shown to target proteins
to lipid rafts (17, 20-22), we examined the effect of this
modification on the association of the EGF receptor with
these membrane domains. Under basal conditions, a similar
fraction of wild-type, CC-, and SS-EGF receptors was
associated with rafts. However, only the wild-type and SS-
EGF receptors moved out of rafts in response to EGF. As
receptor tyrosine kinase activity has been shown to be
required for movement of the EGF receptor out of rafts (35),
it is possible that the failure of the palmitoylated receptor to
exit rafts upon treatment with EGF is due to its relatively
low level of autophosphorylation. However, it is also possible
that the strength of its raft association has been altered by
the addition of the palmitate group. Consistent with this
interpretation is the finding that a significant amount of
tyrosine-phosphorylated CC-EGF receptor was found in the
raft fractions. This indicates that even after phosphorylation,
the palmitoylated receptors did not exit rafts. Thus, acylation
appears to provide a raft localization signal that cannot be
overridden by receptor activation or phosphorylation.

Previous reports have demonstrated that the kinase activity
of the EGF receptor is suppressed when it is associated with
lipid rafts (24, 36). It is therefore noteworthy that the
palmitoylated receptor could undergo autophosphorylation
while in the lipid raft compartment. Thus, while these
cholesterol-enriched membrane domains may impair EGF
receptor autophosphorylation, they do not completely inhibit
it. Interestingly, for some sites of autophosphorylation (e.g.,
Tyr-992 and Tyr-1068), the fraction of phosphorylated
receptors present in lipid rafts was similar to the fraction of
receptor protein that was found in these domains. However,
for other sites (e.g., Tyr-1045 and Tyr-1173), a higher
proportion of the receptors phosphorylated on these sites was
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found in the nonraft fractions of the gradient. This suggests
that phosphorylation on one or both of these latter two sites
may be associated with movement of the receptor out of rafts.

Given the failure of the CC-EGF receptor to move out of
rafts, the suppressive effect of these domains on the kinase
activity of the EGF receptor could contribute to the observed
decrease in the level of autophosphorylation of the palmi-
toylated EGF receptor. However, the finding that disruption
of rafts by cholesterol depletion did not reverse the auto-
phosphorylation phenotype of the CC-EGF receptor suggests
that raft localization is not the principal cause for the
diminished kinase activity associated with receptor palmi-
toylation. We therefore favor the interpretation that a change
in conformation or mobility of the juxtamembrane domain
that occurs as a result of the palmitoylation is the proximal
cause of the diminished capacity of this receptor to auto-
phosphorylate in response to ligand binding.

In summary, we have found that palmitoylation of the EGF
receptor at a position just beyond the transmembrane helix
leads to significant changes in EGF receptor function. EGF-
stimulated receptor autophosphorylation was impaired, and
high-affinity ligand binding was abolished. The data are
consistent with the hypothesis that the proximal intracellular
juxtamembrane region of the receptor is required for efficient
signal transduction as well as for the adoption of the high-
affinity conformation by the extracellular ligand binding
domain.
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