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Regulated activation of the highly conserved Ras
GTPase is a central event in the stimulation of cell pro-
liferation, motility, and differentiation elicited by recep-
tor tyrosine kinases, such as the epidermal growth fac-
tor receptor (EGFR). In fibroblasts, this involves
formation and membrane localization of ShczGrb2zSos
complexes, which increases the rate of Ras guanine nu-
cleotide exchange. In order to control Ras-mediated cell
responses, this activity is regulated by receptor down-
regulation and a feedback loop involving the dual spec-
ificity kinase mitogen-activated protein kinase/extracel-
lular signal-regulated kinase kinase (MEK). We
investigated the role of EGFR endocytosis in the regu-
lation of Ras activation. Of fundamental interest is
whether activated receptors in endosomes can partici-
pate in the stimulation of Ras guanine nucleotide ex-
change, because the constitutive membrane localization
of Ras may affect its compartmentalization. By exploit-
ing the differences in postendocytic signaling of two
EGFR ligands, epidermal growth factor and transform-
ing growth factor-a, we found that activated EGFR lo-
cated at the cell surface and in internal compartments
contribute equally to the membrane recruitment and
tyrosine phosphorylation of Shc in NR6 fibroblasts ex-
pressing wild-type EGFR. Importantly, both the rate of
Ras-specific guanine nucleotide exchange and the level
of Ras-GTP were depressed to near basal values on the
time scale of receptor trafficking. Using the selective
MEK inhibitor PD098059, we were able to block the feed-
back desensitization pathway and maintain activation
of Ras. Under these conditions, the generation of Ras-
GTP was not significantly affected by the subcellular
location of activated EGFR. In conjunction with our
previous analysis of the phospholipase C pathway in the
same cell line, this suggests a selective continuation of
specific signaling activities and cessation of others upon
receptor endocytosis.

The 170-kDa epidermal growth factor receptor (EGFR)1 ex-
erts its biological effects in response to binding of specific
polypeptide ligands, including epidermal growth factor (EGF)
and transforming growth factor-a (TGFa). This leads to acti-
vation of the EGFR catalytic tyrosine kinase domain, autophos-
phorylation of specific residues in its carboxyl terminus, and
recruitment and phosphorylation of heterologous signaling pro-
teins (1). The EGFR can also transactivate other members of
the erbB receptor family via heterodimerization, enhancing the
diversity of potential signaling interactions (2). Overexpression
and activating mutations of EGFR and other erbB family mem-
bers, in conjunction with other permissive mutations, have
been widely implicated in transformation and tumorigenesis.

Increased ligand secretion and autocrine signaling through
the EGFR can also contribute to uncontrolled cell proliferation.
Secretion of TGFa in particular is potently mitogenic, because
its dissociation from EGFR after endocytosis promotes receptor
recycling; the sparing of receptors from proteolysis allows un-
abated signaling in the presence of a continuous ligand source
(3, 4). In contrast, the interaction of EGF with the receptor
persists after internalization by virtue of its relative insensi-
tivity to decreases in pH, yielding continued tyrosine phospho-
rylation and, later, receptor down-regulation (5–7).

Another broad determinant of cell transformation involves
dysregulation of the 21-kDa Ras GTPase, a ubiquitous and
highly conserved signaling protein normally converted to the
GTP-bound active state in response to stimulation of receptor
tyrosine kinases (8, 9). Interruption of Ras GTPase activity
prevents hydrolysis of bound GTP to GDP, yielding a constitu-
tively active Ras and unregulated cell proliferation. The biolog-
ical activity of Ras is completely dependent on posttransla-
tional modifications that lead to its insertion into the plasma
membrane. Active Ras aids in the recruitment of other signal-
ing proteins to the membrane via its effector loop, including the
Raf serine/threonine kinase, phosphatidylinositol 3-kinase,
and activators of the Rho and Rac GTPases (10). Activation of
Raf initiates a kinase cascade involving successive activation of
the dual specificity mitogen-activated protein kinase and ex-
tracellular signal-regulated kinase (Erk) kinase (MEK) and
Erk. In fibroblasts, this pathway is required for both cell cycle
progression and cell motility, whereas a divergent signaling
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pathway involving phospholipase C-g1 (PLC-g1) is required for
cell motility but is dispensable for mitogenesis (11–13).

Ras is positively modulated by guanine nucleotide exchange
factors (GEFs), which accelerate the dissociation of bound nu-
cleotides. This favors the subsequent binding of the more abun-
dant GTP from the cytosol. Stimulation of receptor tyrosine
kinases leads to the recruitment of Ras-GEF activity to the
membrane, which is sufficient to elicit Ras activation (14, 15).
Membrane localization is mediated by adaptor proteins such as
Grb2, which uses its SH3 domains to complex with the Ras-
GEF Sos and its SH2 domain to interact with phosphotyrosine-
containing proteins. For example, the SH2 domain of Grb2
binds the Y1068 minor autophosphorylation site of the EGFR
(16). However, the Grb2 SH2 domain has a 5-fold higher affin-
ity for the tyrosine-phosphorylated Shc adaptor protein (17),
which binds to autophosphorylated EGFR and erbB-2 using
both SH2 and phosphotyrosine-binding domains (18). Given
that Shc uses two high affinity phosphotyrosine recognition
domains, and also that its preferred binding sites on the EGFR
are more extensively phosphorylated than Y1068 in vivo (19–
21), it is likely that coupling to tyrosine-phosphorylated Shc is
the predominant mechanism governing the EGFR-mediated
localization of the Grb2zSos complex (22).

Two distinct mechanisms have been identified that attenu-
ate Ras activation in response to EGFR stimulation. These are
desensitization by a MEK-dependent negative feedback loop,
which causes disassembly of ShczGrb2zSos complexes (23–27),
and internalization and down-regulation of the EGFR (28, 29).
With regard to the latter mechanism, however, it is unclear
when Ras activation is silenced during the intracellular traf-
ficking of the EGFR. Shc can associate with endosomal mem-
branes in response to EGF stimulation, and this Shc pool is
efficiently tyrosine phosphorylated in rat liver (30, 31). How-
ever, the fact that Ras is a membrane-associated protein sug-
gests that it might be compartmentalized. For example, we
previously showed that activated EGFR in internal compart-
ments effectively participate in the tyrosine phosphorylation of
PLC-g1, but not in the hydrolysis of its membrane lipid sub-
strate phosphatidylinositol (4,5)-bisphosphate (32). We there-
fore endeavored to determine whether active, internalized
EGFR could participate in the activation of Ras.

To deconvolute the two modes of Ras regulation, we em-
ployed the specific inhibitor PD098059 to block the MEK-de-
pendent feedback loop in NR6 fibroblasts expressing wild-type
EGFR, which prolonged Ras-GEF activity on the time scale of
receptor internalization. We then quantitatively related the
tyrosine phosphorylation of Shc, the coprecipitation of Shc with
the EGFR, and the generation of Ras-GTP to the total level of
EGFR autophosphorylation. These experiments were per-
formed under conditions that manipulated the relative num-
bers of EGFR activated at the surface and in internal compart-
ments. We found that receptors in internal compartments were
at least as potent as surface receptors in stimulating all of the
signaling determinants investigated. Thus, Ras activation me-
diated by EGFR is attenuated primarily by feedback desensi-
tization rather than by receptor internalization. Coupled with
our previous findings that internalized EGFR does not func-
tionally participate in the phospholipase C pathway in the
same cell line, these data demonstrate that internalized EGFR
can selectively either continue or cease signaling through dif-
ferent pathways.

EXPERIMENTAL PROCEDURES

Cell Culture and Quiescence Protocol—NR6 mouse fibroblasts trans-
fected with wild-type human EGFR (NR6 WT) (11, 33) were cultured
using minimum essential medium (MEM)-a/26 mM sodium bicarbonate
with 7.5% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 0.1 mM MEM nonessential amino acids, and the antibiotics peni-

cillin, streptomycin, and G418 (350 mg/ml) as the growth medium. All
cell culture reagents were obtained from Life Technologies, Inc. Cells
were quiesced at subconfluence using restricted serum conditions with-
out G418 (MEM-a/26 mM sodium bicarbonate with 1% dialyzed fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM MEM
nonessential amino acids, and the antibiotics penicillin and streptomy-
cin) for 18–24 h prior to experiments. Experiments were carried out in
an air environment using MEM-a/13 mM HEPES (pH 7.4 at 37 °C) with
0.5% dialyzed fetal bovine serum, 2 mM L-glutamine, the antibiotics
penicillin and streptomycin, and 1 mg/ml bovine serum albumin as the
binding buffer.

Pharmacological Inhibitor PD098059—The activation of MEK was
selectively blocked using PD098059 (34). The agent, purchased from
Calbiochem, was dissolved to a stock concentration of 50 mM in Me2SO
and stored in aliquots at 220 °C. Just before use, an aliquot was
warmed to 37 °C and diluted to 50 mM in warm binding buffer. In all
cases, cells were preincubated with PD098059 for 60 min at 37 °C
before growth factor challenge.

Surface Titration Protocol—This stimulation procedure allows the
numbers of activated EGFR at the plasma membrane and in intracel-
lular compartments following endocytosis to be varied independently,
as described previously (32) and illustrated in Fig. 1. Briefly, after
preincubation with either PD098059 or vehicle only (0.1% Me2SO),
mouse EGF (Life Technologies) or human TGFa (Peprotech) was added
to 20 nM in the same medium for 20 min. Cells were then washed once
with ice-cold WHIPS buffer (20 mM HEPES, 130 mM NaCl, 5 mM KCl,
0.5 mM MgCl2, 1 mM CaCl2, 1 mg/ml polyvinylpyrrolidone, pH 7.4) and
incubated in an acid wash (50 mM glycine-HCl, 100 mM NaCl, 1 mg/ml
polyvinylpyrrolidone, pH 3.0) on ice for 2 min. By 1 min, this treatment
is equally efficient in dissociating EGF and TGFa from surface EGFR of
NR6 cells. After another wash with ice-cold WHIPS, cells were reequili-
brated for 5 min in 37 °C binding buffer containing various concentra-
tions of TGFa (0–20 nM) in the continued presence of either PD098059
or Me2SO only. Thus, a constant level of internal receptor activation,
depending only on whether cells were pretreated with EGF or TGFa, is
titrated with various levels of surface receptor activation following the
acid wash.

EGFR Autophosphorylation—Tyrosine phosphorylation of the EGFR
was assessed using a quantitative sandwich enzyme-linked immunosor-
bent assay. High-binding 96-well plates (Corning) were precoated with
10 mg/ml anti-EGFR monoclonal antibody 225 in PBS and then with
blocking buffer (10% horse serum/0.05% Triton X-100 in PBS), at room
temperature. After various treatments, cells were washed with ice-cold
PBS supplemented with 1 mM sodium orthovanadate; scraped into

FIG. 1. Surface titration protocol. In this procedure, cells are
pretreated with a saturating dose (20 nM) of either TGFa (left) or EGF
(right) at 37 °C (1). 2, a sufficient time is allowed for internalization of
receptor-ligand complexes; EGF will occupy significantly more internal
receptors compared with TGFa. 3. cells are incubated in ice-cold acid
wash (pH 3.0) for 2 min to remove surface-bound ligand; and 4, cells are
returned to 37 °C and pH 7.4 conditions in the presence of various
concentrations (0–20 nM) of TGFa. This protocol allows the ligand
occupancy of surface and internal EGFR to be manipulated
independently.
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ice-cold lysis buffer (50 mM HEPES, pH 7.0, 150 mM NaCl, 1% Triton
X-100, 10% glycerol) supplemented with 1 mM sodium orthovanadate,
10 mM sodium pyrophosphate, 1 mM EGTA, 4 mM sodium iodoacetate,
and 10 mg/ml each of aprotinin, leupeptin, chymostatin, and pepstatin
A; transferred to an Eppendorf tube; and incubated on ice for 20 min.
Lysates were clarified by centrifugation, diluted to various extents in
blocking buffer supplemented with 1 mM sodium orthovanadate, and
incubated in the antibody-coated wells for 1 h at 37 °C. The amount of
associated phosphotyrosine was determined using alkaline phospha-
tase-conjugated RC20 anti-phosphotyrosine antibody (Transduction
Laboratories) and p-nitrophenyl phosphate (Sigma) substrate as de-
scribed previously (32).

Shc Tyrosine Phosphorylation and Coprecipitation with the
EGFR—1% Triton X-100 cell lysates were generated as detailed above.
Immunoprecipitations were performed using 5 mg of PY20 anti-phos-
photyrosine antibody or anti-EGFR antibody 225 precoupled to protein
G-Sepharose, or 5 mg of anti-Shc polyclonal antibodies (Transduction
Laboratories) precoupled to protein A-Sepharose. The antibody-coupled
beads were incubated with equivalent total cellular protein amounts
(determined by Micro BCA assay using bovine serum albumin as the
standard; Pierce) or with equivalent lysate volumes at 4 °C for 60–90
min. For the latter case, employed to enhance recovery of coprecipitat-
ing proteins, total protein amounts were determined subsequently. The
Sepharose beads were washed five times with ice-cold lysis buffer
supplemented with 1 mM sodium orthovanadate, and the residual liquid
was removed with a syringe. Precipitated proteins were subjected to
SDS-polyacrylamide gel electrophoresis on 10% acrylamide gels and
transferred to polyvinylidene difluoride membranes. Membranes were
immunoblotted using anti-Shc polyclonal antibodies (Transduction
Laboratories) and horseradish peroxidase-conjugated anti-rabbit IgG,
or with horseradish peroxidase-conjugated RC20 anti-phosphotyrosine
antibody. Protein bands were detected and quantified using SuperSig-
nal Ultra detection reagent (Pierce) and a Bio-Rad chemiluminescence
screen and molecular imager, and band intensities were normalized to
total cell protein amounts.

Ras Immunoprecipitation and Elution of Guanine Nucleotides—Af-
ter various treatments, cells were lysed in ice-cold Ras extraction buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 20 mM MgCl2)
supplemented with 1 mM phenylmethylsulfonyl fluoride and 10 mg/ml
each of aprotinin, leupeptin, chymostatin, and pepstatin A. After incu-
bation on ice for 20 min, each lysate was clarified; transferred to a new
tube; adjusted to 500 mM NaCl, 0.5% deoxycholate, and 0.05% SDS; and
subjected to 2 h of immunoprecipitation at 4 °C using 3 mg of Y13-259
anti-Ras monoclonal antibody precoupled with 30 mg of rabbit anti-rat
IgG and 10 ml of protein A-Sepharose beads. The immune complexes
were washed 10 times with high salt buffer (50 mM Tris HCl, pH 7.4,
500 mM NaCl, 10 mM MgCl2, 0.1% Triton X-100, and 0.005% SDS) and
3 times with 20 mM Tris phosphate, pH 7.8, and residual liquid was
removed using a syringe. The beads of each sample were resuspended in
40 ml of elution buffer (5 mM Tris phosphate, pH 7.8, 2 mM EDTA, 2 mM

dithiothreitol), boiled for 3 min, cooled briefly on ice, and pelleted for 5
min at 16,000 3 g. The supernatants, containing guanine nucleotides
dissociated from the immunoprecipitated Ras, were collected and either
analyzed immediately or stored at 280 °C.

Ras Guanine Nucleotide Exchange—Ras-GEF activity was measured
by permeabilization of cells with digitonin and uptake of [a-32P]GTP by
Ras (35). Cells quiesced in 150-mm plates were washed once with
ice-cold permeabilization buffer (10 mM PIPES-KOH, pH 7.4, 120 mM

KCl, 30 mM NaCl, 5 mM MgCl2, 0.8 mM EGTA, 0.64 mM CaCl2, and 1 mM

ATP) after various treatments and then incubated with 0.5 ml of perm-
abilization buffer supplemented with freshly added 0.1% digitonin
(Roche Molecular Biochemicals) and 25 mCi of [a-32P]GTP (NEN Life
Science Products) for 2 min at 37 °C. The liquid was aspirated carefully.
Cells were lysed, Ras was immunoprecipitated, and nucleotides were
eluted as described above, except that 1 mM ATP and 100 mM each of
GTP and GDP were included in the extraction buffer, and clarified
lysates were precleared using 50 ml of protein A-Sepharose beads for 5
min at 4 °C. Radioactivity eluted from Ras was quantified by liquid
scintillation counting.

GTP and GDP Determination—The extent of Ras activation was
determined using quantitative assays developed by Scheele et al. (36)
that independently assess absolute, fmol amounts of GDP and GTP
eluted from Ras immunoprecipitates. Ras was immunoprecipitated
from cell lysates, and guanine nucleotides were eluted, as described
above. The absolute amount of GTP eluted from immunoprecipitated
Ras was determined using a kinetic assay, in which GTP is converted to
ATP by nucleoside 59-diphosphate kinase (NDP kinase) in the presence
of excess ADP, and ATP is consumed by the highly sensitive firefly

luciferase reaction to produce light (36). The reaction, monitored in a
photon-counting luminometer (MGM Instruments), contained equal
volumes of eluate sample and an enzyme mixture. The latter consisted
of ATP assay mix (Sigma; FL-AAM), supplemented with 1 mM ADP
(purified by high pressure liquid chromatography to remove ATP con-
tamination) and 1 unit/ml NDP kinase (Sigma) (purified by dialysis).
Levels of GTP in samples were determined by integrating photon
counts over 10 min and subtracting counts obtained for a control sample
in which Y13-259 anti-Ras antibody was omitted from the immunopre-
cipitation. The amount of GDP was determined by equilibrium conver-
sion of GDP and radioactive ATP to ADP and radioactive GTP using
NDP kinase, with subsequent separation of GTP and ATP by TLC. 5 ml
of sample was reacted with 250 fmol of unlabeled ATP, 0.1 mCi of
[g-32P]ATP (purified by TLC), and 25 milliunits of NDP kinase in the
presence of 50 mM Tris-HCl, pH 7.4, and 10 mM MgCl2 (15 ml total
reaction volume) for 90 min at 37 °C. 10 ml of each reaction mixture was
spotted onto a plastic-backed cellulose TLC plate (Baker). After being
developed as in (36), the plate was exposed to a Bio-Rad phosphor
screen overnight for subsequent imaging and analysis.

RESULTS

Feedback Desensitization of Ras Guanine Nucleotide Ex-
change—Activation of Ras is transient in fibroblasts, achieving
a maximum after only 2 min or so of EGFR stimulation (28, 37).
On the other hand, trafficking of the EGFR between the surface
and intracellular compartments requires about 20 min to reach
a quasi-steady state in NR6 WT cells (32, 33). Although recep-
tor internalization may play a role in the deactivation of Ras, it
is also known that a MEK-dependent feedback loop, acting
downstream of receptor activation and upstream of Ras activa-
tion, is a potent regulatory mechanism in this pathway (23–27).

In order to deconvolute the potential contributions of the
MEK-dependent negative feedback loop and EGFR trafficking
to Ras deactivation in NR6 WT fibroblasts, the pharmacologi-
cal agent PD098059 (34) was employed to block the former
mechanism; this inhibitor selectively binds to MEK and pre-
vents its activation by Raf. PD098059 affects biological re-
sponses of NR6 WT cells to EGF with an apparent IC50 of
approximately 10 mM (13). The agent was therefore expected to
prolong activation of Ras, as it does in other fibroblast lines. To
confirm this, an assay that assesses Ras guanine nucleotide
exchange was used, as this activity is the proposed target of
MEK-dependent desensitization. NR6 WT cells were permeabi-
lized with digitonin, in the presence of [a-32P]GTP, and Ras-
associated radioactivity was immunoprecipitated. After 2 min
of maximal (20 nM) EGF stimulation, a 3.6-fold increase in
Ras-specific GNP exchange was observed (after subtracting
nonspecific cpm) (Fig. 2). This is in agreement with transloca-
tion of exchange activity (measured in vitro) to the plasma
membrane in NR6 WT, which is elevated about 3-fold after 2
min stimulation (38). After 20 min of EGF stimulation, GNP
exchange activity decreased to nearly the basal level, consist-
ent with the desensitization of Ras activation seen in other
fibroblast lines. However, treatment with PD098059 led to
maintenance of elevated Ras-GNP exchange activity (2.8-fold
above basal) after 20 min (Fig. 2). PD098059 had no effect on
the basal activity (data not shown). Thus, on the time scale of
EGFR trafficking, Ras activation is desensitized in a MEK-de-
pendent manner in NR6 WT cells.

Compartmentalization and Desensitization of EGFR Auto-
phosphorylation—We previously demonstrated that the EGFR
remains maximally tyrosine-phosphorylated after internaliza-
tion of EGF, but not TGFa, in NR6 WT cells (32). This was
shown using both pH 3 dissociation of surface-bound ligand
and clearance of surface-biotinylated proteins from anti-EGFR
immunoprecipitates. The difference in internal receptor activa-
tion was not surprising, because TGFa exhibits a much lower
affinity than EGF for the EGFR at the acidic pH typically found
in sorting endosomes (6) and is expected to dissociate from
internalized receptors. Exploiting the difference in pH-depend-
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ent binding properties between the two ligands, we devised a
method for varying the levels of activated EGFR at the surface
and in internal compartments independently (32). This surface
titration protocol is described under “Experimental Proce-
dures” and illustrated in Fig. 1. In the absence of PD098059
treatment, EGF-pretreated cells yield higher levels of tyrosine-
phosphorylated EGFR than TGFa-pretreated cells for the
same chase conditions, and this protocol was used effectively
to investigate compartmentalization of the PLC-g1 signaling
pathway (32).

To assess whether activation of Ras is compartmentalized,
the same experimental design was employed, in conjunction
with inhibition of Ras-GEF desensitization. When the surface
titration protocol was performed on PD098059-treated NR6
WT cells, EGF-pretreated cells again yielded higher levels of
EGFR activation than TGFa-pretreated cells for each chase
concentration of TGFa (Fig. 3). However, for the 20 nM TGFa
chase condition, the difference in total Tyr(P)-EGFR between
EGF- and TGFa-pretreated cells, although still statistically
significant, was diminished relative to that seen without
PD098059; the ratio of TGFa/EGF pretreated values is 0.95
with PD098059 and 0.84 without (32). We attribute this to
changes in feedback mechanisms regulating EGFR kinase
and/or tyrosine phosphatase activities (39) rather than to a loss
of internal EGFR phosphorylation relative to the surface. That
such mechanisms are affected by MEK inhibition is evidenced
by comparing EGF-internalized cells chased with 20 nM TGFa
that were preincubated with either PD098059 or vehicle only.
PD098059 treatment yielded an 18% increase in total EGFR
tyrosine phosphorylation (Fig. 3). Also, PD098059 treatment
does not drastically affect the surface:internal ratio of cell-
associated ligand after a 20-min challenge with 20 nM 125I-
EGF; the percentage of internal was 37% for both no treatment
and 0.1% Me2SO preincubation, and 32% for PD098059 prein-
cubation. This is expected because the specific pathway of
EGFR internalization (40) is significantly saturated under
these stimulation conditions (data not shown).

Internalization of the EGFR Does Not Affect Tyrosine Phos-

phorylation of Shc—Tyrosine phosphorylation of Shc, which
affects the ability of Shc to couple Grb2zSos complexes with Ras
activation, was measured in detergent lysates of NR6 WT cells
by immunoprecipitation and immunoblotting. We confirmed
that the detected band intensity is proportional to the amount
of lysate subjected to the procedure (Fig. 4), demonstrating that
our assay is quantitative.

To test whether compartmentalization of activated EGFR
affects the ability of the receptor to stimulate tyrosine phos-
phorylation of Shc, cell lysates were generated for the same
surface titration conditions used in Fig. 3. In two separate
experiments, the levels of tyrosine-phosphorylated Shc were
determined by subjecting equal protein amounts to immuno-
precipitation with anti-phosphotyrosine antibodies and immu-
noblotting with anti-Shc antibodies, as in Fig. 4. A represent-
ative immunoblot is shown in Fig. 5A, demonstrating that all
three Shc isoforms were detected. Because binding of Grb2 or
other proteins to tyrosine-phosphorylated Shc could prevent
binding of anti-phosphotyrosine antibodies during immunopre-
cipitation, the levels of tyrosine-phosphorylated Shc were also
determined once by immunoprecipitating with anti-Shc anti-
bodies and immunoblotting with anti-phosphotyrosine antibod-
ies. This yielded the same results for phosphorylation of the 46-
and 52-kDa isoforms, but the background was too high to allow
quantitation of the much less abundant 66-kDa isoform (data
not shown).

Because Shc is maximally phosphorylated by 1 min of EGF
stimulation in NR6 WT cells (38), it was reasoned that Tyr(P)-
Shc is in equilibrium with activation of EGFR on the time scale
of our experiments. The normalized level of tyrosine-phospho-
rylated Shc, averaged over all experiments, was plotted versus
EGFR-phosphotyrosine for each experimental condition (Fig.
5B). Phosphorylation of the 66-kDa Shc isoform, which has
been reported to antagonize signaling through the 46- and
52-kDa isoforms (41), is shown as a separate curve. If a signal-
ing readout, such as Shc phosphorylation, does not depend on
the location of activated receptors, then all points would lie on
the same curve when the data are plotted in this manner. For
the surface titration protocol, EGF- and TGFa-pretreated cells
differ greatly with respect to activation of internal EGFR, yet

FIG. 2. MEK-dependent desensitization of Ras guanine nucle-
otide exchange. To confirm that inhibition of MEK activation could
prolong Ras guanine nucleotide exchange activity in vivo, NR6 WT
fibroblasts were pretreated with 50 mM PD098059 or vehicle only for 60
min, and then challenged with 20 nM EGF for the times indicated. The
cells were permeabilized with digitonin in the presence of [a-32P]GTP,
as described under “Experimental Procedures.” Ras was immunopre-
cipitated using Y13-259 monoclonal antibodies, and the associated ra-
dioactivity reflects the rate of Ras GNP exchange. Nonspecific binding
was assessed by omitting the primary antibody from the immunopre-
cipitation (Y13-259 2).

FIG. 3. Compartmentalization of activated EGFR. After prein-
cubation with PD098059 or vehicle only, cells were allowed to internal-
ize TGFa (T) or EGF (E) for 20 min. Surface-bound ligand was removed
by acid washing, and the indicated concentration of TGFa was subse-
quently added for 5 min before cell lysis (surface titration protocol). The
levels of tyrosine-phosphorylated EGFR in cell extracts were deter-
mined using a sandwich enzyme-linked immunosorbent assay, as de-
scribed under “Experimental Procedures.” Values are mean 6 S.E., n 5
3; *, Student’s t test, p , 0.05; **, Student’s t test, p , 0.01.
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points for both ligand pretreatments fall on the same curve in
Fig. 5B. This is consistent with activated EGFR at the plasma
membrane and in endosomes contributing equally to Shc phos-
phorylation. Also, treatment with PD098059 did not affect ty-
rosine phosphorylation of the 46- and 52-kDa Shc isoforms.
This is consistent with the proposed MEK-dependent mecha-
nism of Ras exchange activity desensitization, which acts
downstream of Shc phosphorylation by tyrosine kinases.

The relationship between Tyr(P)-Shc and Tyr(P)-EGFR is
saturable, as Shc phosphorylation was insensitive to receptor
autophosphorylation when more than one-third of the EGFR
was activated (Fig. 5B). This was not due to phosphorylation of
all cellular Shc molecules, as only about 10% of cellular Shc
could be immunoprecipitated by PY20 antibodies (data not
shown). To exclude the possibility that the observed relation-
ship was an artifact of slow Shc dephosphorylation following
the acid wash, a 20-min dose response with 0.5–20 nM EGF or
TGFa was performed. Treatment with 0.5 nM TGFa for 20-min
yields approximately 18% maximal EGFR autophosphorylation
(32). In this range, Shc phosphorylation was again insensitive
to receptor activation (Fig. 5C), in accord with a dose response
performed by others (38). Shc phosphorylation was the same
for EGF- and TGFa-treated cells.

Internalization of the EGFR Does Not Affect Its Ability to
Complex with Shc—In addition to tyrosine phosphorylation of
Shc, recruitment of Shc to cellular membranes is expected to be
important for its role in activating Ras. This localization could
be mediated by direct binding of Shc to autophosphorylated
EGFR, or by binding to erbB-2 transactivated by heterodimer-
ization with EGFR (42), which may be affected by internaliza-

tion of the EGFR. The extent of coprecipitation between EGFR
and Shc was therefore quantified for the same surface titration
conditions used in Figs. 3 and 5.

In two separate experiments, lysates were subjected to
EGFR immmunoprecipitation and immunoblotting with anti-
Shc antibodies. A representative immunoblot is shown in Fig.
6A. All three Shc isoforms were again detected; however, the
66-kDa bands were too weak to be accurately quantified when
500 mg of lysate protein or less was subjected to immunopre-
cipitation. In a separate experiment, EGFR/Shc complexes
were immunoprecipitated with anti-Shc polyclonal antibodies
and detected by immunoblotting with anti-phosphotyrosine an-
tibodies, yielding similar results (data not shown). In the 170–
185-kDa range, the EGFR and the related orphan receptor
erbB-2 are the only known tyrosine-phosphorylated proteins
that bind Shc.

The quantitative relationship between the normalized level

FIG. 4. Quantitative immunoblotting of tyrosine-phosphoryl-
ated Shc. Cells were either unstimulated (2) or treated with EGF (E)
and lysed. Tyrosine-phosphorylated proteins were immunoprecipitated
from the indicated relative volumes of lysate using PY20 monoclonal
antibodies, separated by SDS-polyacrylamide gel electrophoresis, and
subjected to immunoblotting with anti-Shc polyclonal antibodies. A,
chemiluminescent bands were visualized using a molecular imager. B,
analysis of the detected bands for EGF-treated cells confirmed that the
assay is quantitative. FIG. 5. Tyrosine phosphorylation of Shc elicited by surface

and internal EGFR. After preincubation with PD098059 or vehicle
only, cells were allowed to internalize TGFa (T) or EGF (E) for 20 min.
Surface-bound ligand was removed by acid washing, and the indicated
concentration of TGFa was subsequently added for 5 min before cell
lysis (surface titration protocol). The levels of tyrosine-phosphorylated
Shc were determined by phosphotyrosine immunoprecipitation/Shc im-
munoblotting (n 5 2) (A, representative blot) or Shc immunoprecipita-
tion/phosphotyrosine immunoblotting (n 5 1). B, relationship to recep-
tor activation. x axis values are from Fig. 3 (mean 6 S.E.), and y axis
values are mean 6 S.E. (46 1 52 kDa, n 5 3; 66 kDa, n 5 2). L, no
ligand before or after acid wash. E and M, pretreatment with TGFa; all
closed symbols, pretreatment with EGF. � and Œ, preincubation with
0.1% Me2SO only; ● and f, preincubation with 50 mM PD098059. C,
TGFa (T) and EGF (E) dose responses. Cells were treated with the
indicated concentration of ligand for 20 min, and the levels of Tyr(P)-
Shc in cell lysates were assayed as in A.
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of EGFR/Shc coprecipitation (averaged over all three experi-
ments) and EGFR activation was determined by again plotting
the variables for each experimental condition, with Tyr(P)-
EGFR on the x axis (Fig. 6B). Because the surface titration
protocol was used, the results indicate that coprecipitation is
not affected by EGFR trafficking, because points for EGF- and
TGFa-pretreated cells fall on the same curve. PD098059 treat-
ment also had no effect on the complexation of Shc with acti-
vated EGFR (Fig. 6B), again consistent with the nature of the
proposed MEK-dependent feedback loop.

Activated EGFR in Internal Compartments Participate in the
Activation of Ras—We have established that the ability of the
EGFR to elicit membrane recruitment and tyrosine phospho-
rylation of Shc is not affected by the subcellular location of the
activated receptor. However, Shc-dependent activation of Ras
could still depend on compartmentalization of the EGFR if the
membranes of internal trafficking compartments contained
two-dimensional concentrations of Ras that differed from that
of the plasma membrane. To ascertain whether generation of
Ras-GTP in intact cells is affected by EGFR internalization, the
surface titration protocol was again employed, in conjunction
with quantitative measurements of the GTP/GDP ratio from
immunoprecipitated Ras. To accomplish the latter, assays de-
scribed by Scheele et al. (36) were used that independently
assess fmol quantities of GTP and GDP.

GTP was quantified using a kinetic, coupled enzyme assay in
which GTP is converted to ATP by NDP kinase in the presence
of excess ADP, and ATP is consumed by firefly luciferase in the
presence of luciferin to produce light. Measurements using
GTP standards confirmed that the kinetics of the reaction were

quantitatively consistent with first order conversion of GTP to
ATP and first order consumption of ATP. Consistent with that
mechanism, integrated photon counts were proportional to the
initial amount of GTP in the sample, and the assay could detect
as little as 1 fmol of GTP (data not shown). Representative
kinetic results for surface titration samples are shown in Fig.
7A. Control samples in which Y13-259 antibody was omitted
from the immunoprecipitation exhibited much lower photon
counts and single exponential decay of reaction rate with time,
consistent with the absence of GTP (Fig. 7A), as did samples in

FIG. 6. Coprecipitation of Shc with surface and internal
EGFR. Cells were treated according to the surface titration protocol,
and the extent of EGFR/Shc coprecipitation was assessed by EGFR
immunoprecipitation/Shc immunoblotting (n 5 2) (A, representative
blot) or Shc immunoprecipitation/phosphotyrosine immunoblotting
(n 5 1). B, relationship to receptor activation. x axis values are from Fig.
3 (mean 6 S.E.), and y axis values are mean 6 S.E., n 5 3. L, no ligand
before or after acid wash. E, pretreatment with TGFa; all closed sym-
bols, pretreatment with EGF. �, preincubation with 0.1% Me2SO only;
●, preincubation with 50 mM PD098059.

FIG. 7. Quantitation of GTP and GDP eluted from Ras immu-
noprecipitates. A, GTP determination. GTP was converted to GDP
and ATP by NDP kinase in the presence of excess ADP, and ATP was
consumed by firefly luciferase to produce light. The progress of the
coupled enzymatic reaction was monitored in a photon-counting lumi-
nometer. Shown are representative samples corresponding to cells
treated according to the surface titration protocol. e, PD098059 prein-
cubation, no ligand stimulation before or after acid wash. ●, PD098059,
EGF pretreatment, 20 nM TGFa chase. �, same as ● but PD098059 was
omitted. ‚, same as ● but Y13-259 antibody was omitted from the
immunoprecipitation. B, GDP determination. GDP was converted to
radioactive GTP by NDP kinase, using [g-32P]ATP as the phosphate
donor. GTP and ATP were separated by TLC, and the radioactive spots
were visualized using a molecular imager. GDP standards, with the
initial amount of GDP in fmol indicated, and eluates of Ras immuno-
precipitations are shown. The negative control (NC) was maximal cell
stimulation conditions and omission of Y13-259 antibody in the
immunoprecipitation.
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which NDP kinase was excluded from the reaction mixture
(data not shown).

GDP was quantified by conversion to radioactive GTP by
NDP kinase in a reaction that was allowed to come to equilib-
rium, using [g-32P]ATP as the phosphate donor. GTP and ATP
were then separated by thin layer chromatography. Fig. 7B
shows a phosphorimage of a typical TLC plate spotted with
reacted GDP standards and eluates of Ras immunoprecipi-
tates. For the amounts of ATP added to the reactions, standard
curves of fractional conversion versus fmol of GDP were linear
up to 100 fmol of GDP. Control samples in which Y13-259
antibody was omitted from the immunoprecipitation yielded no
conversion to [g-32P]GTP. Based on experiments using GTP
and GDP standards, it was estimated that there are approxi-
mately 20,000 Ras molecules per NR6 WT cell, in agreement
with the amount reported for NIH 3T3 fibroblasts; however,
roughly 10% of the Ras molecules were GTP-bound in quiesced
NR6 WT cells, over 1 order of magnitude higher than in NIH
3T3 cells (36).

The quantitative relationship between Ras activation, ex-
pressed as the ratio of GTP/GDP eluted from cellular Ras, and
autophosphorylation of EGFR in surface titration experiments
was elucidated by the plot shown in Fig. 8. Activation of Ras at
maximal EGFR stimulation correlated quantitatively with the
GTP loading experiment described in Fig. 2. Without inhibition
of MEK activation, both the level of Ras-GTP and the rate of
Ras GNP exchange desensitized to near basal levels by 20 min,
whereas PD098059 treatment yielded Ras GTP/GDP and GNP
exchange of about 2.8 times the basal level. This is consistent
with a Ras activation mechanism in which exchange of GDP for
GTP is enhanced, whereas acceleration of GTPase activity is
relatively unaffected. As noted for the tyrosine phosphorylation
of Shc, the activation of Ras was saturable with respect to
Tyr(P)-EGFR and, importantly, did not seem to depend on
compartmentalization of the EGFR. Although EGF-pretreated
cells exhibited a higher level of Ras-GTP relative to TGFa-
pretreated cells, which would be consistent with even more
efficient activation of Ras elicited by internal receptors com-
pared with surface receptors, the difference was not statisti-

cally significant. It was also confirmed that the saturability of
Ras-GTP reflected the true equilibrium relationship at sub-
maximal EGFR activation and not a slow decay after acid
washing; PD098059-treated cells stimulated for 20 min with
0.5, 2, or 20 nM EGFR (26, 66, and 100% EGFR activation,
respectively) exhibited similar increases in Ras-GTP above the
basal level (data not shown).

DISCUSSION

The importance of endocytosis and intracellular sorting in
controlling cell growth and transformation mediated by erbB
family receptors has been demonstrated in numerous studies,
including many using EGFR-expressing NR6 fibroblasts (33,
43–46). However, the regulation of signal transduction via
receptor trafficking is complex, because it is not obvious
whether signaling ceases immediately after internalization or
whether it continues while receptor-ligand complexes remain
intact in early endosomes (7). We demonstrated previously that
EGFR-mediated PLC-g1 signaling does not occur in intracellu-
lar compartments of NR6 cells, despite continued tyrosine
phosphorylation of EGFR and PLC-g1. This is probably be-
cause the membrane lipid target of the pathway phosphatidyl-
inositol (4,5)-bisphosphate (PIP2) is compartmentalized (32).
To extend this area of research, we examined the possible
effects of subcellular location on the activation of Ras, another
membrane-associated intermediate involved in EGFR
signaling.

In fibroblasts, the primary linkage between EGFR and Ras
activation is achieved through the tyrosine phosphorylation of
Shc. In cells expressing variant EGFR that lack autophospho-
rylation sites, efficient tyrosine phosphorylation of Shc, activa-
tion of the Ras/Erk pathway, and stimulation of mitogenesis
are still observed in response to EGF (47, 48). This initially
suggested that Shc phosphorylation and subsequent formation
of ShczGrb2zSos complexes are sufficient for increased Ras-
GNP exchange. However, three lines of evidence suggest that
membrane localization of ShczGrb2zSos complexes is also im-
portant. First, because Ras is laterally mobile in cellular mem-
branes (49), recruitment of Ras-GEF activity to the membrane
would theoretically enhance its association with Ras by at least
100–1000-fold (50). Second, ligation of the kinase-positive, au-
tophosphorylation-negative c9973 truncated EGFR still stimu-
lates membrane recruitment of in vitro Ras-GEF activity, as
well as tyrosine phosphorylation of erbB-2, in NR6 cells (38).
Finally, whereas EGF elicits Shc phosphorylation, localization
of Shc to the plasma membrane, and the downstream activa-
tion of Erk in NR6 cells expressing an active EGFR/erbB-2
chimera, EGF stimulates efficient tyrosine phosphorylation of
Shc but fails to induce membrane recruitment of Shc or Erk
activation in NR6 cells expressing a kinase-positive, autophos-
phorylation-negative chimera (31). This last result also sug-
gests that tyrosine phosphorylation of receptors is at least
permissive for, if not directly mediating, Shc recruitment. It is
also known that EGF treatment can induce recruitment of Shc
to endosomal membranes (30, 31), presumably mediated by
internalized EGFzEGFR complexes. In rat liver, the time
course of Shc recruitment to endosomal membranes parallels
that of internal EGFR autophosphorylation, and the endosome-
associated Shc is efficiently tyrosine phosphorylated (30).

By exploiting the different affinities of EGF and TGFa for
the EGFR in endosomes, we demonstrated that autophospho-
rylated EGFR at the surface and in internal compartments of
NR6 WT cells are equal in their ability to form a complex with
Shc and, presumably, localize Shc to membranes in vivo. Tyro-
sine phosphorylation of Shc was also not dependent on the
surface:internal ratio of activated receptors. Compared with
the apparent extent of Shc binding to activated receptors, how-

FIG. 8. Participation of surface and internal EGFR in the ac-
tivation of Ras. Cells were treated according to the surface titration
protocol, and the ratio of GTP to GDP eluted from Ras immunoprecipi-
tates was determined using methods described in Fig. 7 and under
“Experimental Procedures.” The results are plotted as a function of
total receptor activation. x axis values are from Fig. 3 (mean 6 S.E.),
and y axis values are mean 6 S.E. (n 5 2). L, no ligand before or after
acid wash. E, pretreatment with TGFa; all closed symbols, pretreat-
ment with EGF. �, preincubation with 0.1% Me2SO only; ●, preincu-
bation with 50 mM PD098059.
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ever, the level of total tyrosine-phosphorylated Shc was rela-
tively insensitive to EGFR activation (compare Figs. 5B and
6B). This result can be explained using a fairly simple mathe-
matical expression relating the fraction of total cellular Shc
that is tyrosine-phosphorylated to the fraction that is in com-
plex with the receptor (see “Appendix”). The observed results
are consistent with Shc remaining tyrosine-phosphorylated af-
ter dissociation from the EGFR, with the fraction of total phos-
phorylated Shc being determined by the equilibrium between
kinase and phosphatase activities at cellular membranes.

We also investigated the generation of Ras-GTP, because the
constitutive membrane localization of Ras might affect its ac-
cessibility to plasma membrane- and endosome-associated
GEF activity. On the time scale of EGFR trafficking, Ras acti-
vation in NR6 WT was desensitized by a MEK-dependent neg-
ative feedback loop. This attenuation mechanism, which can be
blocked by using the MEK-specific inhibitor PD098059, has
been reported to disrupt ShczGrb2zSos complexes. Consistent
with this mode of action, the upstream events of EGFR/Shc
complexation and Shc phosphorylation were not affected by
MEK activation. As with Shc phosphorylation, there was an
insensitive relationship between stimulation of Ras-GTP and
total receptor activation when cells were treated with
PD098059. The level of Ras-GTP did not significantly depend
on the localization of activated receptors, and certainly, inter-
nal receptors were no less efficient than surface receptors in
contributing to generation of Ras-GTP. This is in direct oppo-
sition to PIP2 hydrolysis by phospholipase C in the same cell
line, which is ablated by EGFR endocytosis.

Two conceptual models adequately explain our Ras-GTP re-
sults, as illustrated in Fig. 9. In the first (Fig. 9A), Sos is
recruited to both the plasma membrane and internal mem-
branes, where Ras is activated. To be quantitatively consistent
with our data, the different cellular membranes would have to
contain, on average, roughly equal concentrations of Ras. The
main feature of this mechanism is that with respect to this
pathway, the plasma membrane and endosomal membrane
environments are equivalent. In the second model (Fig. 9B),
Ras-GEF activity simply reflects the total level of Tyr(P)-Shc in
the cell, and Ras is activated at the plasma membrane. If
membrane localization of ShczGrb2zSos complexes is required,
then this would be mediated by a mechanism that is insensitive
to or independent of EGFR activation. An important feature of
this mechanism is that Ras can in principle be deficient or even
absent in endosomal membranes, and the contribution of in-
ternal EGFR to Ras activation is simply to phosphorylate its
fair share of Shc molecules.

Although the latter model invokes more assumptions, a pos-
sible molecular basis centers around protein-lipid interactions.
Upon formation of a receptor-ShczGrb2zSos complex, an inter-
action between the Sos pleckstrin homology domain and a
specific membrane lipid would be stabilized by analogy to the
effect of Sos localization on its association with Ras-GDP. This
complex might then allow the Shc phosphotyrosine-binding
domain to rapidly exchange its phosphotyrosine ligand for a
lipid (51), generating an assembly that could exist transiently
as an independent species. The Sos pleckstrin homology do-
main and Shc phosphotyrosine-binding domain both bind PIP2

in vitro (52, 53), and our previous results suggest that activated
EGFR only has access to this lipid at the plasma membrane.
Also, both PIP2 and Ras have been found to be concentrated in
low buoyant density fractions of plasma membrane prepara-
tions (54, 55). Distinguishing between the two conceptual mod-
els of Ras activation will require quantitative determinations of
the Ras concentrations in the plasma membrane and endoso-
mal membranes. By immunofluorescence, wild-type Ras is pre-

dominantly seen at the plasma membrane (56); however, frac-
tionation of endosomes suggests the presence of Ras (57).
Indeed, endosomes isolated from EGF-treated A-431 cells can
activate Erk in cytosolic preparations from unstimulated cells
(58).

Receptors in complex with cytosolic proteins almost invari-
ably target membrane-associated molecules, including PIP2

and other membrane lipids, Ras and related small GTPases,
heterotrimeric G-proteins, and Src family tyrosine kinases, to
carry out signaling functions. Based on theoretical as well as
experimental work, we assert that the membrane localization
of these molecules affects the organization of signaling inter-
actions in two major ways: 1) it allows amplification of signal-
ing via recruitment of enzymes from the cytosol to the mem-
brane, which is expected to completely synergize with allosteric
effects and covalent modifications like phosphorylation, and 2)
it allows variations in component concentrations and formation
of microdomains to arise based on the chemical interactions
between different membrane lipids. The latter would also affect
the composition of endosomes relative to the plasma mem-
brane, environments that are physically separated. For these
reasons, models of intracellular signal transduction pathways
that do not account for cellular structure are likely to be
inadequate.

Compartmentalization of various membrane-associated tar-
get molecules would allow cells to employ receptor endocytosis
as a means to shut off certain signaling pathways in a selective
manner. We have demonstrated the feasibility of this hypoth-
esis by showing that EGFR-stimulated hydrolysis of PIP2 by

FIG. 9. Two conceptual models of Ras activation by the EGFR.
A, tyrosine phosphorylation of Shc is mediated by both surface and
internal EGFR, recruiting Sos to both the plasma membrane and en-
dosomal membranes, where it encounters Ras at roughly equal concen-
trations. B, tyrosine phosphorylation of Shc is mediated by both surface
and internal EGFR, but recruitment of associated Sos is only stabilized
at the plasma membrane. Stabilization would likely depend on lipid
interactions with the pleckstrin homology domain of Sos and/or the
phosphotyrosine-binding domain of Shc.
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PLC-g1 is restricted to the plasma membrane, whereas the
EGFR in internal compartments also participates in the acti-
vation of Ras in the same cell line. The PLC pathway, but not
the Ras pathway, is therefore regulated locally by removing
receptors from their point of action. To rapidly deactivate Ras
and therefore regulate cell responses, the cell instead uses a
desensitization mechanism that presumably acts in a global
fashion to disassemble ShczGrb2zSos complexes. This feedback
loop can be short-circuited by activating mutations in Ras,
leading to uncontrolled cell growth if such mutations go un-
checked. The differential regulation of the PLC and Ras path-
ways is suggestive of their distinct roles in cell functions trig-
gered by pleiotropic signaling recepors. In fibroblasts,
activation of PLC-g1 and hydrolysis of PIP2 are dispensable for
mitogenesis and instead enhance cell motility by releasing
actin-modifying proteins into the cytosol (11, 59). Based on the
nature of actin dynamics, this mechanism is expected to affect
the cytoskeleton locally. On the other hand, activation of the
Ras/Erk pathway is a requirement for mitogenesis in fibro-
blasts but it is also a requirement for EGFR-mediated cell
motility. However, the Ras/Erk pathway affects cell migration
globally by stimulating the dissociation of focal contacts with
the substratum (13). It is therefore tempting to speculate that
these divergent signaling pathways differ in their abilities to
provide the cell with spatial information regarding its sur-
roundings, a distinction reflected in how these pathways are
activated and regulated.
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APPENDIX

In this paper, the extents of Shc tyrosine phosphorylation
and EGFR/Shc coprecipitation were assessed under conditions
that manipulated the magnitude and subcellular locations of
EGFR tyrosine autophosphorylation (Figs. 5 and 6, respective-
ly). We were able to conclude that tyrosine phosphorylation of
Shc and EGFR/Shc complexation are not dependent on the
localization of active receptors. However, the levels of Tyr(P)-
Shc and EGFR/Shc coprecipitation exhibited differing sensitiv-
ities to changes in total Tyr(P)-EGFR (compare Figs. 5B and
6B). The level of Tyr(P)-Shc reached a maximum at a signifi-
cantly lower level of Tyr(P)-EGFR, despite the fact that only
about 10% of the total Shc was tyrosine-phosphorylated. As-
suming that EGFR/Shc coprecipitation is quantitatively indic-
ative of EGFR/Shc complex formation in vivo, we wanted to
address whether this observation is reasonable and what mech-
anistic insights we might infer from it.

Previously, a mathematical model was formulated that re-
lates the association of a cytosolic protein (e.g. Shc) with the
receptor, and the tyrosine phosphorylation of the protein at
cellular membranes, to the numbers of active, autophosphory-
lated receptors at the cell surface and at intracellular locations
(60). The major assumptions of the model were that the cyto-
solic protein does not compete with other proteins for binding
sites on the receptor, that the protein can only be phosphoryl-
ated when in complex with the receptor, and that the system
achieves a pseudo-steady state on the experimental time scale.

Analysis of the model demonstrated that, for typical cellular
parameters, transport of molecules in the cytosol by diffusive
processes is relatively rapid, such that the cytosol is homoge-
neous with respect to the phosphorylated protein of interest.
Given also that surface and internal receptors are equal in
their ability to bind and phosphorylate Shc in the cell type of
interest, we do not need to distinguish receptor pools in differ-
ent cellular compartments to model signal transduction at this

level. These additional stipulations greatly simplify the model
equations.

A schematic of the model state transitions, with relevant rate
constants, is illustrated in Fig. 10. nC

* and nC are the fractions
of the protein of interest that are phosphorylated and unphos-
phorylated, respectively, and located in the cytosol. nm

* and nm

are the fractions of the protein that are phosphorylated and
unphosphorylated, respectively, and associated with cellular
membranes. The phosphorylation stoichiometry of the protein
in the cytosol is given by the following equation,

n*c
n*C 1 nC

5
fQnb

Qnb 1 ~dp
C 1 x21dp

m!~1 2 nb!

f ;
kk

kk 1 kp
m 1 kp

C ; Q ;
kk 1 kp

m 1 kp
C

koff 1 kk 1 kp
m 1 kp

C ; dp
i ;

kp
i

koff

(Eq. 1)

where nb is the fraction of the protein that is bound to receptors
(nb 5 nm

* 1 nm). The parameter f describes the balance of
kinase and phosphatase activities that act upon the protein at
cellular membranes, and Q is an exchange parameter related to
the average number of covalent modifications the protein un-
dergoes during an encounter with a receptor (60). The geomet-
ric factor x accounts for the fact that membrane-associated
phosphatases would dephosphorylate membrane-associated
proteins much more efficiently than they would proteins in the
cytosol (50). For the phosphorylation stoichiometry of mem-
brane-associated protein, the following relationship is easily
shown.

n*m
n*m 1 nm

5 ~1 2 Q!S n*C
n*C 1 nC

D1 fQ (Eq. 2)

Thus, the exchange parameter Q determines the extent of
“mixing” between the cytosol and membrane compartments.
The total level of phosphoprotein is given by the following
equation,

n*T ; n*C 1 n*m 5 fF ~1 2 Qnb!Qnb

Qnb 1 ~dp
C 1 x21dp

m!~1 2 nb!
1 QnbG (Eq. 3)

and so there is a direct relationship between protein phospho-
rylation (nT

* ) and protein-receptor binding (nb) that is not nec-
essarily a simple proportionality.

The quantitative relationship between the two variables can
be characterized by an average sensitivity coefficient, s.

FIG. 10. Simplified mathematical model of receptor-mediated
Binding and phosphorylation of intracellular substrates. Un-
phosphorylated and phosphorylated substrate in the cytosol (nC and nC

* ,
respectively) reversibly associate with activated receptors free for bind-
ing (R*), mediating recruitment to cellular membranes. Membrane-
associated substrate in the unphosphorylated state (nm) is phosphoryl-
ated by a first order mechanism (rate constant, kk), and membrane-
associated substrate in the phosphorylated state (nm

* ) is
dephosphorylated by both cytosolic and membrane-associated phos-
phatases (observed rate constants, kp

C and kp
m, respectively). Substrate

in the cytosol can also be dephosphorylated, but the contribution of
membrane phosphatases is significantly diminished by the geometric
factor x.
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n*T
Ddn*T
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; s# ;E

0

1

sdnb (Eq. 4)

For example, if nT
* is proportional to nb, then s 5 1. If nT

* is
insensitive to nb, then s ,, 1. The value of s is a function of
two quantities: the exchange parameter Q and dp

C 1 x21dp
m. The

latter characterizes the dephosphorylation of protein located in
the cytosol. As shown in Fig. 11, protein phosphorylation can
indeed be much less sensitive than protein-receptor binding in
response to increased activation of receptors (s ,, 1). This
requires that the quantity Q21(dp

C 1 x21dp
m) be sufficiently low.

lim
s#30

s# 5 2F Q21~dp
C 1 x21dp

m!

1 2 Q21~dp
C 1 x21dp

m!Gln@Q21~dp
C 1 x21dp

m!# (Eq. 5)

Mechanistically, this means that in order for the observed
Tyr(P)-Shc and EGFR/Shc coprecipitation data to be quantita-
tively consistent, Shc-specific protein-tyrosine phosphatases lo-
cated in the cytosol must be relatively weak in activity, such
that tyrosine-phosphorylated Shc persists in the cytosol after
dissociation from the receptor. Accumulation of tyrosine-phos-
phorylated Shc in the cytosol of rat liver cells has been re-
ported, and it was speculated that this pool could participate in
activating Ras at the plasma membrane (30). This is implicitly
a global model of signal transduction, which we show here to be
highly dependent on the relative influences of cytosolic and

membrane-associated Shc-tyrosine phosphatases. It should be
noted that the data are quantitatively inconsistent with a
model in which second order transphosphorylation of receptor-
bound Shc by neighboring receptors is significant (60).

On the other hand, if a cytosolic protein is efficiently dephos-
phorylated after it dissociates from a receptor complex (Q21(dp

C

1 x21dp
m) on the order of 1 or greater), then only receptor-bound

proteins can be phosphorylated (s 5 1). If nb ,, 1, then it can
be shown that nT

* would be proportional to the level of Tyr(P)-
EGFR in this case, which is exactly what we observed for the
EGFR-mediated phosphorylation of PLC-g1 (32).

Note Added in Proof—It has also been recently observed that tyro-
sine phosphorylation of PLCg parallels EGFR activation in rat hepato-
cytes and that the portion of PLCg recruited to the particulate fraction
is small yet highly phosphorylated relative to the cytosolic fraction
(Kholodenko, B. N., Demin, O. V., Moehren, G., and Hoek, J. B. (1999)
J. Biol. Chem. 274, 30169–30181). This is consistent with our analysis,
although this result was interpreted differently by the investigators.
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