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ABSTRACT: This study examines the effects of mutations at and in the vicinity of tyrosine 992 of the
epidermal growth factor receptor (EGFr) on epidermal growth factor- (EGF-) stimulated internalization
of the receptor. Two regions of the EGFr adjacent to this domain have been defined previously as
internalization domains. The present work shows that the mutation of negatively charged amino acid
residues near Tyr992 to their uncharged analogues increases the rate of EGF receptor internalization. In
addition, the conversion of Tyr992, which is an EGFr ligand-induced autophosphorylation site, to
phenylalanine also increases the rate of receptor internalization. However, the mutation of Tyr992 to a
glutamate residue does not alter the receptor internalization rate. In addition, the truncation of the EGFr
at glutamate 996 reduces the internalization rate by half. This result confirms previous reports that residues
immediately C-terminal to Glu996 are necessary to allow the normal rate of ligand-induced receptor
endocytosis. The data suggest that negative charge in the vicinity of Tyr992, and potentially the
phosphorylation of the EGFr at Tyr992, reduces the rate of ligand-induced receptor endocytosis. This
reduction in internalization rate increases the lifetime of the activated EGFr in the plasma membrane by
about 70%, thus suggesting that phosphorylation of Tyr992 acts to increase the signaling capacity of the
EGF receptor even as it directly acts as an SH2 binding site.

The epidermal growth factor receptor (EGFr)1 is a 170
kDa single-pass transmembrane glycoprotein member of the
receptor tyrosine kinase family. When cells expressing the
EGFr are stimulated with EGF, they undergo a number of
physiological responses. One of these is the clustering of
receptors into clathrin-coated pits and subsequent internaliza-
tion of the ligand-bound receptors. The aggregation of
receptors occurs rapidly and receptors can be detected inside
cells within 5 min of stimulation (1).

Two regions of the intracellular domain of the EGFr have
been identified as internalization sequences. The first en-
compasses approximately residues 972-984 (2). Within this
region is the binding site for the AP-2 adaptor protein

complex (3, 4). Following activation of the receptor, the AP-2
complex has been shown to bind to tyrosine 974 within the
973FYRAL recognition sequence of the receptor (4). Also
potentially involved in this association is Eps15, a protein
that is phosphorylated following ligand activation of the
EGFr and that colocalizes in coated pits with AP-2 (5).
Phosphorylation of Eps15 also appears to be required for
proper internalization of the EGFr (5).

The second internalization sequence has been identified
as residues 996-1010 (2). This region contains a known
internalization motif,996QQGFF, that is required for efficient
internalization of the EGFr (3).

EGFr kinase activity is required for ligand-induced recep-
tor internalization (6, 7) and for sequestration of the EGFr
into coated pits (8). In contrast, constitutive receptor
internalization does not require ligand binding or activation
of the receptor tyrosine kinase (7). Activation of the EGFr
leads to receptor autophosphorylation as well as phospho-
rylation of other substrates. Receptors with inactive kinases
are not efficiently recruited to coated pits for internalization
(7, 8).

Ligand activation and a functional kinase are required for
the association of EGFr with adaptor proteins (8, 9). The
adaptor protein complex AP-2 consists of four proteins, two
large (R and eitherâ1 or â2), one medium (µ2), and one small
(σ2) (10). The AP-2 complex associates with the EGFr
through itsµ chains (10, 11) at Tyr974 of the EGFr within
the 973FYRAL binding motif (3, 4). This association occurs
at an approximately 1:1 stoichiometric ratio (12). Phospho-
rylation of the EGFr at Tyr974 is not required for AP-2
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recognition, though the presence of receptor autophospho-
rylation sites does appear to be required for AP-2 association
(9). Removal of the AP-2 binding sequence does not
significantly affect receptor internalization (13). Thus, the
role of AP-2 appears to be more as a recruitment tool as
opposed to a direct mediator of receptor internalization.

Eps15, which is a phosphorylation substrate for the EGFr
(14), binds to theR subunit of the AP-2 complex in an EGF-
dependent manner (5). Eps15 and AP-2 colocalize with
clathrin in coated pits and vesicles (5). EGF stimulation leads
to the phosphorylation of Eps15 and the recruitment of the
EPs15/AP-2 complex to the EGFr (14). The interaction of
Eps15 with the AP-2 complex is required for EGFr endocy-
tosis (15). This leads to the suggestion that the kinase activity
of the EGFr is required for the phosphorylation of Eps15,
which then mediates the association of the AP-2 complex
with EGFr and subsequent association with clathrin.

Between the two internalization sequences lies the putative
actin-binding domain of the EGFr, residues 984-996 (16).
This domain, which is homologous to theR-helical actin-
binding domain ofAcanthamoebaprofilin (16), has been
identified on the basis of peptide competition (16) and
mutagenic deletion of this domain (17). Within this domain
lies Tyr992, which is the most N-terminal of the autophos-
phorylation sites of the EGFr (18). The phosphorylation of
Tyr992 generates an SH2 binding domain that is a potential
association site for a number of SH2-containing molecules,
in particular phospholipase Cγ (PLCγ). Also within the
putative actin binding domain are several negatively charged
residues, all of which would present themselves at the surface
of the cytoplasmic domain of the EGFr if the actin-binding
domain wereR-helical. A goal of the present work was to
examine the role of the negative charges in the vicinity of
Y992 on the rate of ligand-induced internalization of the
EGFr.

Several point mutations were made in the putative actin-
binding domain of the EGFr. These mutant EGFr were
expressed in Chinese hamster ovary cells and were shown
to possess tyrosine kinase activity. All point mutant EGFr
involving a loss of negative charge within the actin-binding
domain display an enhancement of their EGF-stimulated
internalization rates. Quantitative analysis suggests that
negative charge near Tyr992, and thus autophosphorylation
of the EGFr at Tyr992, serves to slow the rate of receptor
internalization and, consequently, reduces clearance of
activated EGFr from the cell surface.

EXPERIMENTAL PROCEDURES

Cell Lines.Chinese hamster ovary cells (CHO-K1), A431
cells, and hybridomas expressing the 528 antibody were
purchased from the American Type Culture Collection
(Rockville, MD). CHO cells expressing the wild-type EGFr
were a gift from Roger Davis at the University of Mas-
sachusetts Medical Center, Worcester, MA (19, 20). The
hybridoma cell line for the EGFR1 antibody was a gift from
Michael Waterfield at the Imperial Cancer Research Fund
Laboratories, London, England (21).

Construction of Mutant EGF Receptor Gene.The XbaI
site of theXbaI-HindIII fragment of pXHER (19, 22), which
contains the human EGFr coding sequence, was converted
to aSalI site and theSalI-HindIII fragment was cloned into
pBK-CMV (Stratagene, La Jolla CA). This plasmid was
designated pCMV-EGFr. Mutagenesis was performed by

using the PCR overlap extension technique (23, 24). Comple-
mentary mutant oligonucleotides were homologous to the
20 nucleotides surrounding the site of mutation. Flanking
oligonucleotides were designed to be 5′ of the internal EGFr
BglII site and 3′ of theHindIII site. Primary reactions were
carried out with pCMV-EGFr as a template and appropriate
combinations of flanking and mutant primers to generate
PCR products that overlapped at the region of the mutant
oligonucleotides. Secondary reactions were performed with
the flanking primers and the products from the primary
reaction as the template. The product from the second
reaction resulted in an EGFr sequence with the proper
mutations incorporated. The final PCR products were
digested withBglII andHindIII and cloned into pCMV-EGFr
from which the analogous wild-type sequence was removed.
The PCR product sequence fidelity was confirmed by
sequencing. Five mutant sequences were generated: Asp988
to Asn988 (D988N), Glu991 to Gln991 (E991Q), Tyr992 to
Phe992 (Y992F), Tyr992 to Glu992 (Y992E), and Glu991
to Gln991 with null mutation at Gln997 (E991Qt996).

Cell Culture.CHO cells do not express endogenous EGFr
and thus were an excellent choice for expression of EGFr
for these studies. All CHO cell lines were maintained in
Hams/F12 nutrient medium (Gibco, Grand Island, NY)
supplemented with 5% fetal bovine serum (FBS; Summit
Biotechnology, Ft. Collins, CO) (complete medium). A431
cells, which are a human epidermoid carcinoma cell line,
were used as a control as they endogenously express about
1 × 106 EGFr on their cell surface. These cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco,
Grand Island, NY) with 5% FBS. All cells were maintained
in a humidified 37°C incubator with 5% CO2.

Transfection of Chinese Hamster OVary Cells. pCMV-
EGFr mutant plasmids Y992F, D988N, E991Q and E991Qt996

were transfected into CHO-K1 cells via electroporation with
an Invitrogen electroporator II (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions for electroporation
of CHO cells. The Y992E mutants were transfected into
CHO-K1 cells with the lipofection reagent CellFECTIN
(Gibco, Grand Island, NY) following the manufacturer’s
instructions. Following transfection, cells were allowed to
grow for 2-3 days and then were trypsinized and plated on
96-well tissue culture plates at a density of 10 cells (50µL)-1

well-1 in selection medium (complete medium with 400µg/
mL G418; Gibco, Grand Island, NY). Twenty-four hours
later, 200µL of additional selection medium was added and
the cells were incubated for about 2 weeks or until colonies
were readily apparent. Cells from individual wells of the 96-
well plates were trypsinized and transferred to 35 mm dishes
for expansion for 2-3 days. The cells were then plated on
glass cover slips for immunofluorescence screening (below).
Cells that screened positive were plated on 96-well plates at
a density of<1 cell (50µL)-1 well-1 for secondary cloning.
Cell cultures were fed an additional 200µL of selection
medium 24 h later and incubated for 2 weeks. The cells were
checked again for expression by use of fluorescence micros-
copy to determine expression levels. The single cell cloning
was performed a second time and cells were screened for
homogeneous high receptor expression.

Mammalian Cell Screening for Receptor Expression.
Epidermal growth factor receptor transfected cells were
screened for EGFr expression levels by use of fluorescent
antibody detection on fixed cells. Cells were plated onto glass
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cover slips and grown in complete medium for 3 days. Cells
were washed three times with PBS and fixed for 10 min at
room temperature with 4% paraformaldehyde in PBS,
followed by two washes with PBS. The cells were incubated
in blocking buffer (0.1% BSA in PBS) for 30 min at room
temperature, followed by a 1 h incubation with primary
antibody [either mAb EGFR1 or 528 (21, 25)] at a
concentration of 20µg/mL in blocking buffer. The cells were
washed three times with PBS and incubated for 1 h atroom
temperature with the appropriate secondary antibody at 1
µg/mL diluted in blocking buffer. The cover slips were then
washed once with PBS, mounted on glass slides in PBS:
glycerol (1:1), and sealed with clear nail polish. Control cells
were treated identically except that the primary antibody was
left out of the procedure.

Phosphorylation Assay.This assay was derived from an
experiment presented by Livneh et al. (26). EGF receptor-
expressing CHO cells or A431 cells were plated at a density
of 1 × 106 cells per 100-mm dish and grown in complete
medium for 3 days. Generally two dishes were used for each
test on a particular cell line. The cells were washed twice
with PBS and incubated with serum-free medium for about
24 h. The cells were harvested in 2 mL of PBS by scraping
with a rubber policeman. The cells were pelleted (600g, 5
min) and resuspended in HNEG buffer (50 mM HEPES, pH
7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton
X-100, 10µg/mL aprotinin, 1 mM PMSF, 20 mM benza-
midine, and 10µg/mL leupeptin) and incubated on ice for
at least 45 min. Protein A-Sepharose beads (Sigma Chemi-
cal Co., St. Louis, MO), about 30µL/immunoprecipitation,
were washed three times in 200 mM HEPES, pH 7.5, and
incubated with 1µg of Ab/10 µL of beads in 200 mM
HEPES, for 1 h at 4°C on a rotator. The beads were washed
three times with buffer B (20 mM HEPES, pH 7.5, 150 mM
NaCl, 10% glycerol, and 0.1% Triton X-100). The cell
lysates were centrifuged in a microcentrifuge at top speed
for 3 min to remove the insoluble fraction and the superna-
tants were added to the beads and incubated at least 1 h at
4 °C on a rotator. Following the incubation with cell lysates,
aliquots of beads were taken at 10µL of beads per each of
two tubes per sample. The first tube was tested for EGF-
stimulated activity and the second for unstimulated activity.
Following immunoprecipitation, phosphorylation stock solu-
tion {333 µM (3 µCi) [γ-32P]dATP (Amersham, Arlington
Heights, IL), 50 mM MnCl2, and 15 mM angiotensin II
(Sigma Chemical Co., St. Louis, MO)} was diluted 1:9 in
buffer B and 20µL was added to the beads. EGF-stimulated
tubes included 16.4 nM (100 ng/mL) EGF (Harlan Bioprod-
ucts, Indianapolis, IN) final concentration in the phospho-
rylation buffer. The reactions were allowed to proceed on
ice for 10 min and lightly spun, and the supernatants were
removed to clean tubes. Forty microliters of 1× Laemmli
SDS-PAGE sample buffer were added to the beads, which
were boiled for 4 min prior to running on an SDS-PAGE
gel. The supernatant was spotted onto duplicate 2.1 cm
phosphocellulose circles in 7.5µL aliquots per circle. The
circles were allowed to air-dry and then were washed three
times for at least 15 min with 50 mM phosphoric acid to
removed unincorporated [γ-32P]dATP. The circles were
placed in scintillation vials and 3 mL of Scintiverse E (Fisher
Scientific, Pittsburgh, PA) was added. The samples were then
counted on a Beckman scintillation counter with a window
of 0-1000 keV. To measure nonspecific phosphorylation

of angiotensin II, a control immunoprecipitaion of CHO-K1
cells lacking the EGFr was performed with each experiment.
The value for phosphorylation in CHO-K1 cells was
subtracted from the values obtained from each of the EGFr-
expressing cell lines. Nonspecific angiotensin II phospho-
rylation in the CHO-K1 controls was 0.057 pmol/min.

Internalization Assay.This protocol is essentially as
described by Theroux et al. (27). Cells were plated on 48-
well plates at a density of 1× 104 cells per well and grown
for 3 days in complete medium. Cells were incubated with
serum-free medium for 4-5 h prior to initiation of the
experiment. Immediately prior to initiation of the experiment,
three wells were treated with trypsin and the cells were
counted. Following trypsinization the plate containing the
cells to be treated was placed in a water bath, which was
held at a constant 37°C, and allowed to equilibrate for 5
min. The cells were then treated with 16.4 nM EGF{5 ng/
mL 125I-EGF (Amersham, Arlington Heights IL) and 95 ng/
mL unlabeled EGF} in a volume of 50µL for a specified
period of time. All tests were carried out in triplicate wells.
Cells were treated for 0, 2, 4, 8, 12, 20, and 30 min and the
stimulation was carried out in reverse order so that all cells
could be chilled simultaneously. At the end of the incubation
period, the plate was put on ice and 250µL of ice-cold PBS
was added immediately to each well. The PBS washes were
removed to individual 12× 75 mm polypropylene tubes.
This wash was repeated and combined with the first and
counted as the unbound fraction. The plasma membrane-
associated125I-EGF was removed with a 3 min, 250µL ice-
cold acid wash (50 mM NaCl and 150 mM glycine, pH 3.0).
The acid wash and a subsequent PBS wash were collected
and counted as the membrane-bound fraction. The cells were
then solubilized with cold 0.62 N NaOH for about 5 min.
The NaOH was removed and the wells were washed once
with PBS. The NaOH and PBS wash were counted together
as the internalized fraction. Samples were counted for 5 min
in a Beckman Gamma 5500Bγ counter with a window of
0-36 keV. All polypropylene tubes contained at least 1 mL
of water prior to any solution additions to ensure sufficient
volume for efficient counting in theγ counter. Standard
curves were generated for each batch of125I-EGF and the
amount of EGF in each fraction was calculated on the basis
of the counts in each fraction, the standard curve, and the
19:1 dilution factor.

Internalization Modeling.To quantify the differences in
internalization between the mutant receptors and the wild-
type receptors, a very simple internalization model was
developed following the procedures of Wiley, Lauffenburger,
and colleagues (7, 28). This model utilizes only two steps,
ligand import and ligand export. The rates for both of these
processes were assumed to be constant and the two processes
were assumed to follow first-order reaction kinetics. From
these assumptions, rate equations were developed. These
functions fit the data reasonably well. The two rate constants
in the model are employed as variable parameters in
Marquardt-Levenberg nonlinear least-squares fits to the
data. The first (ke) is the internalization rate constant, while
the second (kp) accounts for the loss of ligand due to
postinternalization processing, assumed to be through ligand
export from the cell, either via degradation or recycling
release. The processing rate constants for recycling (kx) and
degradation (kh) have been lumped together in this way in
previous modeling of EGFr internalization (7).
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The rate equation governing EGF internalization based on
this model is

whereke andkp are defined as above andCi andCs are the
amounts of EGF internalized and bound to the cell surface,
respectively. The solution to this equation relating internal-
ized EGF to surface-bound EGF is

where

To implement the fit of the data to this model, the surface-
bound EGF versus time data were first fit to an empirical
two-exponential function that provided a well-fit analytical
expression forCs. This analytical expression was then
employed to calculateCi from eqs 2 and 3, which was then
fit to the internalization data. All fitting was done with the
IGOR data analysis program (WaveMetrics, Lake Oswego,
OR).

A second, more physiologically complete model for EGFr
internalization was examined. This model, a simplified
version of one similar to that presented by Starbuck and
Lauffenburger (29) and Sorkin et al. (30), included concen-
trations of free (Cr) and ligand-bound (Cs) EGFr on the cell
surface, concentrations of free (Cx) and ligand-bound (Ci)
internalized EGFr, the concentration of free EGF (L) in the
bathing medium, the concentration of intracellular free EGF
(Li), a (constant) velocity of replacement of EGFr to the cell
surface (V), and rate constants for binding (kf) and dissocia-
tion (kr) of EGF with cell surface EGFr, endocytosis of
ligand-occupied surface EGFr (ke), recycling of internalized,
occupied EGFr (kx), dissociation of EGF from internalized,
occupied EGFr (kd) and export of internalized, degraded EGF
from the cell (kh). The values ofkf andkr were constrained
such thatkr/kf was held constant at values for the dominant,
low-affinity equilibrium dissociation constant measured for
each of the mutant EGFrs in other experiments. The
differential equations describing this model system are

where the variables and constants are as given above. The
solutions of these equations for surface-bound and internal-

ized EGFr are, respectively and

whereRT is the total amount of EGFr on the cell surface at
t ) 0,

and

A more complicated expression forLi, which includes
dependence on the ligand degradation ratekh, is not shown
here.

To implement the fit of the data to this model, the surface-
bound EGF versus time data were first fit to eq 5 allowing
kr, ke, V, andRT to vary. The equation for the predicted total
internalized ligand (Ci + Li) was then fit against the measured
internalized EGF data holdingkr, ke, V, and RT fixed and
allowing kd andkx to vary.

A second fitting scheme for the more complicated model
was also employed. The integral ofCs (eq 5) was computed
as for the simple model. Data in the form of actual
internalized EGF versus the integral of actual surface-bound
EGF was used to fit the theoretical curve. Because it was
not possible to solve the equation for total internal EGF (Ci

+ Li) in terms of the integral ofCs in closed form, an iterative
approach was used to first computet, the time at which the
integral ofCs reached its input value, to 0.1% accuracy. This
value was then used to computeCi + Li to complete the
evaluation of the function. All fitting was done with the
IGOR data analysis program (WaveMetrics, Lake Oswego,
OR).

RESULTS

Kinase ActiVity. The four point mutants and one truncation
mutant EGFr were assayed for Tyr kinase activity along with
WT EGFr expressed in CHO cells. Immunoprecipitated,
purified EGFr were incubated with [γ32P]ATP and levels of
autophosphorylation, as well as exogenous substrate phos-
phorylation, were measured. Analysis of receptor autophos-
phorylation by SDS-PAGE autoradiography clearly indi-
cates that all of the receptors, with the exception of

dCi

dt
) keCs - kpCi (1)

Ci ) keIe
-kpt (2)

I ) ∫0

t
Cs(t′)e

kpt′ dt′ (3)

dCr

dt
) krCs - kfLCr + V

dCs

dt
) kfLCr - krCs - keCs

dCi

dt
) keCs - (kd + kx)Ci (4)

dCx

dt
) kdCi

dLi

dt
) kdCi - khLi

Cs ) RT

kfL

κ2 - κ1
(e-κ1t - e-κ2t) +

V
ke(κ2 - κ1)

{κ2(1 - e-κ1t) - κ1(1 - e-κ2t)} (5)

Ci ) 1
(kd + kx - κ1)(kd + kx - κ2)

{RTkfkeL[e-(kd + kx)t +

kd + kx - κ2

κ2 - κ1
e-κ1t -

kd + kx - κ1

κ2 - κ1
e-κ2t] +

V[ kfkeL

kd + kx
(1 - e-(kd + kx)t) +

(kd + kx - κ2)κ2

κ2 - κ1
(1 - e-κ1t) -

(kd + kx - κ1)κ1

κ2 - κ1
(1 - e-κ2t)]} (6)

κ1 )
ke + kr + kfL + [(ke + kr + kfL)2 - 4kfkeL]1/2

2

κ2 )
ke + kr + kfL - [(ke + kr + kfL)2 - 4kfkeL]1/2

2
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E991Qt996, are able to autophosphorylate (Figure 1). These
assays were performed with receptor-specific immunopre-
cipitates from receptor-expressing CHO cell lysates. The32P-
labeling of receptors can be seen as a band of about 170
kDa. Neither the CHO-K1 cells, which do not express EGFr,
nor the E991Qt996 cells demonstrate any detectable level of
EGFr autophosphorylation. The lack of phosphorylation of
the E991Qt996 mutant is due to the elimination of four of
the five tyrosine autophosphorylation sites plus the likely
elimination of the fifth site at Tyr992 due to the loss of the
negative charge at Glu991 (31, 32). In these assays cells were
treated in both the presence and absence of EGF with little
variation in the level of EGFr autophosphorylation (data not
shown). This result suggests that the receptor is in an
activated state in the immunoprecipitates; this effect with
mAb R1 has previously been reported (33). What is clear
from the results here is that all mutant EGFr except the
E991Qt996 truncation mutant can autophosphorylate.

Receptor kinase activity as measured by the ability to
phosphorylate angiotensin II, an exogenous substrate, was
assayed in order to demonstrate the activity of all EGFr
mutants. These experiments were performed on immunopu-
rified EGFr with a limiting amount of antibody so that the
amount of EGFr was approximately the same in all assays.
The relative kinase activity was similar for all receptor
mutants, including E991Qt996, and the wild-type receptor
(Table 1). This result demonstrates that all mutant EGFr
express active tyrosine kinase activity, and thus the lack of
autophosphorylation of E991Qt996 is due to the loss of

tyrosine phosphorylation sites as suggested above. All mutant
EGFr nevertheless express competent tyrosine kinase do-
mains.

Receptor Internalization.Given that the five mutant EGFr
studied here are functional as kinases, the role of negative
charges in the vicinity of Tyr992 in modulation of internal-
ization of the receptor was examined. The internalization of
125I-EGF was measured in each of the mutant EGFr-
expressing CHO cell lines as well as wild-type receptor-
expressing CHO cells and A431 cells. The data generated
from these experiments were analyzed by using a simple
kinetics model for the endocytic process to fit the data. The
model included only an endocytosis step and a step involving
recycling release or degradative loss of ligand from the cell.

The internalization of125I-EGF for wild-type EGFr-
expressing CHO cells is shown as an example; results are
qualitatively similar for all cell lines tested. The cells show
near-maximal ligand binding within 5 min of addition of125I-
EGF (Figure 2A). The internalization of ligand does not
appear to be saturable within the time frame of the experi-
ment, as shown by plotting the amount of ligand internalized
versus time (Figure 2B). To calculate the rate of receptor
internalization, the data for all cell lines were plotted as the
internalized ligand versus the time integral of surface-bound
EGF in a plotting method developed by Lund et al. (28)
(Figure 3). The slope in the linear portion of this plot
corresponds to the net rate of internalization so long as
internalization dominates over ligand processing and release.
At the onset of internalization this appears to be the case,
but at the later stages of internalization the plot clearly
deviates from linearity, which demonstrates that internaliza-
tion of 125I-EGF in these WT receptor-expressing cells is
more than a one-step process. The downward curvature of
the plot shows that the net internalization rate declines as

FIGURE 1: EGFr kinase activity. CHO cells expressing wild-type
and mutant EGFr were solubilized and the EGFr was immunopre-
cipitated with receptor-specific mAb EGFR1. Phosphorylation
assays were carried out on the immunoprecipitated receptors in the
presence of [γ-32P]ATP and angiotensin II. The immunoprecipitated
receptors were treated with 1× sample buffer and run on SDS-
PAGE. The receptors are seen as a single band with a molecular
mass of 170 kDa. The control untransfected CHO-K1 parental line
(K1) as well as the truncation mutant E991Qt996 line (EQt) show
no phosphorylated receptor. The wild-type (WT), D988N (DN),
E991Q (EQ), Y992E (YE), and Y992F (YF) cell lines all show
receptor autophosphorylation. The lower molecular weight band
of the truncation mutant E991Qt996 would be off the gel image
shown, but no band was detected in the original gel. Western blot
analysis confirmed the presence of EGFr in all lanes except that
for the CHO-K1 line (not shown).

Table 1: Relative Kinase Activitya

cell line pmol/min

wild type 0.030
D988N 0.024
E911Q 0.054
E911Qt996 0.020
Y992E 0.052
Y992F 0.044

a The reaction supernatant from the phosphorylation assays was
removed from the immunoprecipitates following the reaction and was
spotted on phosphocellulose circles. The level of angiotensin II
phosphorylation is reported as a relative measure of kinase activity.
Nonspecific activity from paired control immunoprecipitates from CHO-
K1 cells that are devoid of EGFr was subtracted from the data.

FIGURE 2: Internalization of wild-type EGFr. Serum-starved CHO
cells expressing the wild-type EGFr were treated with 16.4 nM
EGF, 0.82 nM of which was125I-EGF. Internalization data were
fit by a simple two-step internalization model. Data for (A) surface-
bound EGF versus time and (B) internalized EGF versus time are
plotted over the 30 min course of the experiment. Fits of the
internalization model to the data are shown by the smooth curves.
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total internalized EGF increases, which suggests that EGFr
processing after internalization leads to loss of EGF from
the cell. The data from the wild-type and mutant receptor-
expressing CHO cell lines and A431 cells show qualitatively
similar results when plotted in this manner (Figure 3). A
linear regression fit of the data points deriving from early
times (e5 min post-EGF) for each data set was examined.
The internalization rate constant values, derived from the
slopes of theCi versus integratedCs plots for each mutant
and WT receptor, were consistently less than those obtained
by fits to each whole set of data points. This suggests that
processing of internalized EGFr under the conditions em-
ployed in these experiments is sufficiently rapid that it cannot
be excluded from analysis, even for times as short as 5 min.

Examination of the internalization rates derived from this
fitting procedure (Table 2) demonstrates that the rates for
the wild-type receptor as expressed on the surface of either
A431 or CHO cells and the Y992E mutant are approximately
the same (0.134, 0.139, and 0.15 min-1, respectively). The
E991Qt996 receptor is internalized at a rate about half that
of the wild-type receptor, 0.06 min-1, similar to other
C-terminal truncation mutants (2, 30, 34, 35). The Y992F,
E991Q, and D988N mutants have increased internalization
rates of 0.22, 0.29, and 0.18 min-1, respectively. The fact
that these mutants internalize at an increased rate is interest-
ing, as all three are potentially defective in phosphorylation
at tyrosine 992. The Y992F mutant cannot be phosphorylated
at this tyrosine residue due to the loss of the phenyl hydroxyl

on the amino acid side group. The E991Q and D988N
mutants may be phosphorylation-deficient as the negative
charges at these positions are important for kinase recognition
(31, 32).

The ligand processing and export rates based on the simple
two-step model are found to be approximately the same for
all of the receptors. The rates range from 0.096 to 0.14 min-1.
These values are somewhat faster than those found for wild-
type EGFr expressed in B82 mouse L-cells (7, 36) and
kinase-inactive EGFr expressed in B82 mouse L-cells (37)
but are less than the recycling rate constant for EGFr
truncated at residue 647 expressed in B82 mouse L-cells (37).
These rates, which reflect processing of the internalized
EGFr, thus appear to be insensitive to mutations that alter
the charge near Tyr992 or its ability to be phosphorylated.

A more complex model of EGF internalization similar to
those of Starbuck and Lauffenburger (29) and Sorkin et al.
(30) was examined. This model contained seven free
parameters to fit. Two approaches were used to fit the model
to the internalization data as described in Materials and
Methods, and both produced satisfactory fits as judged by
eye (not shown). The uncertainty in the parameter fit values,
however, was very large, indicating that the models were
insufficiently constrained to provide accurate fits to the data.
The internalization rate constants for all mutant and WT
EGFr obtained from the model fits are shown in Table 3
along with their corresponding uncertainties. The internaliza-
tion rates are in reasonable agreement with those found from
the simple model, particularly in that the relationship among
different mutants and WT EGFr is found by either modeling
scheme. The rate constants of steps after the internalization
step for the more complicated model displayed similarly large
uncertainties. Because the fits did not return satisfactorily
characterized rate constants, more physiologically accurate
models were not further analyzed.

DISCUSSION

This study examines the role of negatively charged amino
acid residues in the vicinity of Tyr992, the most N-terminal
autophosphorylation site of the EGFr, in modulating ligand-
induced EGFr internalization. This region has previously
been shown to bridge two key internalization regulation
domains and has been suggested to be a region at which the
EGFr interacts with actin. Four point mutations have been

FIGURE 3: Internalization of mutant and wild-type EGFr. Cells
expressing wild-type (WT and A431) or mutant EGFr were assayed
for receptor internalization. Cells were treated with 16.4 nM EGF,
0.82 nM of which was125I-EGF. Internalization and surface binding
of 125I-EGF was followed for 30 min. The data from CHO cells
expressing wild-type EGFr (b) and A431 cells (O) along with
D988N (1), E991Q (×), E991Qt996 (2), Y992E (0), and Y992F
(9) EGFr-expressing CHO cells were fit to a two-step internaliza-
tion model (smooth curves). To present all data on the same plot,
each data set and its fit have been normalized to the fitted value of
cell surface associated125I-EGF att ) 30 min. The abscissa plots
the time integral of surface-bound125I-EGF, while the ordinate plots
the internalized125I-EGF. A plot of this nature should give a straight
line if the internalization process follows a single internalization
step; the downward curvature indicates that the net rate of125I-
EGF internalization diminishes with increased internalization of
ligand. The two-step internalization model fits the data reasonably
well. The point mutants are given by their single amino acid codes.
The E991Qt996 mutant is truncated at residue Glu996.

Table 2: Internalization and Processing Rates of Wild-Type and
Mutant EGF Receptorsa

cell line (n) ke (min-1) kp (min-1) Cs,t)30(×105/cell)

wild type (4) 0.139( 0.002 0.112( 0.003 5.05
A431 (3) 0.134( 0.005 0.096( 0.005 40.30
D988N (3) 0.18( 0.01 0.107( 0.009 1.28
E991Q (4) 0.29( 0.02 0.13( 0.01 1.28
E991Qt996 (3) 0.06( 0.01 0.14( 0.03 1.27
Y992E (4) 0.15( 0.01 0.10( 0.01 5.62
Y992F (3) 0.22( 0.01 0.121( 0.005 2.57

a Data pooled from three or more separate experiments were fit to a
two-step internalization model. The ligand internalization (ke) and loss
(kp) rates were calculated as described in the text. The uncertainties in
the parameters as estimated by the curve-fitting routine are also shown.
The total number of receptors (Cs) expressed on the cell surface at the
end of the assay (t ) 30 min) is given for each of the cell lines. The
point mutants are given by their single amino acid codes. the E991Qt996

mutant is truncated at residue Glu996.

Charge near Tyr992 Modulates Endocytosis Biochemistry, Vol. 38, No. 29, 19999353



made within this domain that alter its charge characteristics
and, additionally, the phosphorylation competence of Tyr992.
The results from this work suggest that negative charges in
this region, and possibly the phosphorylation of Tyr992, are
important for regulating the internalization rate of the EGFr.
A truncation of the EGFr at Glu996 has confirmed that the
role of the C-terminus, including the996QQGFF internaliza-
tion motif, is significant in regulating the ligand-induced
receptor internalization rate.

Values forke, the internalization rate constant, obtained
for WT EGFr expressed in A431 cells and CHO cells, 0.14
min-1, are somewhat higher than the value found in WT
EGFr expressed in B82 mouse L-cells (0.09 min-1; ref 7).
This difference possibly reflects the differing cell back-
grounds. CHO cells that express the D988N, E991Q, and
Y992F mutant receptors have higher rates of EGF-induced
receptor internalization than do wild-type receptor-expressing
cells (Table 2). The D988N mutant internalizes at 0.18 min-1,
while the E991Q and Y992F mutants internalize even faster
at 0.29 and 0.22 min-1, respectively. These data suggest that
negative charge along the acidic face of the putativeR-helix
N-terminal to and including Tyr992 decreases the rate at
which the EGFr internalizes. The D988N and E991Q
mutations convert acidic residues to their uncharged ana-
logues, while the Y992F mutation eliminates a site of
tyrosine phosphorylation. The finding that the E991Q mutant
receptors are internalized faster than the D998N and Y992F
mutants is interesting because this mutation, in addition to
eliminating the negative charge at position 991, may also
prevent phosphorylation at Tyr992. Part of the tyrosine kinase
target recognition motif includes the presence of several
negatively charged residues immediately N-terminal to the
target tyrosine (31, 32). The potential loss of two negative
charges by this mutation may enhance the effect of the single
charge-neutralizing mutation. This suggests that phospho-
rylation at Tyr992 plays an important role in regulating the
internalization of the EGFr and that the direct effect of the
E991Q mutation adds to that due to phosphorylation loss.
Prevention of phosphorylation at Tyr992, as is the result of
the Y992F mutant, increases the rate of receptor internaliza-
tion, as is consistent with this interpretation. The enhanced

rate of receptor internalization in the E991Q mutant com-
bined with the lesser increase in receptor internalization rate
of the D988N mutant suggests that the presence of negative
charges along the acidic face of the helix, applied additively
to that due to receptor phosphorylation, act synergistically
to inhibit the rate of internalization of the EGFr.

The Y992E mutant-expressing cell line has an internaliza-
tion rate of 0.15 min-1, which is similar to rates for WT
EGFr expressed in CHO and A431 cells. This mutation will
prevent phosphorylation at Tyr992 even as it confers a
negative charge at this site. This mutation probably does not
confer residue 992 with the ability to bind SH2-containing
proteins with the same affinity as native EGFr pY992, since
that interaction involves specific coordination of the phenyl
ring and the phosphate with residues in the SH2 domain (41).
However, peptide ligands that recognize SH2 domains do
retain some affinity upon modification of their pTyr residues
(42). Thus, the Y992E result suggests that phosphorylation
of Y992, as would be occurring in the WT receptors in CHO
and A431 cells, modulates the receptor internalization rate
primarily due to the presence of additional negative charge
rather than the presence of a phosphotyrosine residue at this
site.

One mutant cell line studied here, E991Qt996, internalizes
EGFr at a rate that is slower than that for the wild-type
receptors, 0.06 min-1. This truncated mutant probably
internalizes more slowly due to a loss of the996QQGFF
internalization sequence (3). It is also possible that a deletion
of this magnitude causes an alteration in the receptor
conformation that obscures the AP-2 binding site at Tyr974.
Similar effects due to EGFr C-terminal truncation have been
seen previously (2, 34), although a partial truncation at
residue 1022 enhanced the internalization rate 50% over that
of WT EGFr (7). An interesting aspect of the behavior of
the E991Qt996 truncation mutant is that the enhanced
internalization seen for the complete E991Q mutant EGFr
is completely reversed by the C-terminal 190 amino acid
deletion. This demonstrates that the negative charges in the
vicinity of Tyr992 that inhibit the EGFr internalization rate
require the activity of the internalization domain of the EGFr
C-terminal to residue 996,996QQGFF. The negative charges
near Tyr992 may be required for direct interaction with parts
of the internalization apparatus or may be required for
structural integrity of the AP2 binding region surrounding
Tyr974 of the EGFr.

The result that loss of phosphorylation on Tyr992 enhances
the rate of internalization of the EGFr stands in contrast to
the conclusion reached about this mutation when EGFr is
expressed in 3T3 cells (34). In this cell system, a Y992F
mutant EGFr internalized at a rate similar to that of WT
EGFr. However, a Y992Ft1063truncation mutant internalized
more slowly than a similar truncation mutant with WT
sequence (34). These results suggest that the behavior of the
EGFr in a 3T3 cell background is somewhat different than
in a CHO cell background and that the presence of a
phosphate on Tyr992 is irrelevant to EGFr internalization
in 3T3 cells unless the C-terminal 123 amino acids of the
receptor are truncated. In the latter case, the presence of a
phosphate on Tyr992 appears to enhance the rate of receptor
internalization. Although the differences between the present
report and that of Sorkin et al. (34) are difficult to reconcile,
they may lie in differences between cell lines in the presence

Table 3: Internalization Rates of Wild-Type and Mutant EGF
Receptors Obtained from the More Complicated Internalization
Schemea

ke (min-1)

cell line (n) two-step fit integral fit

wild type (4) 0.094( 0.096 0.11( 73
A431 (3) 0.088( 0.040 0.11( 2000
D988N (3) 0.17( 0.35 0.18( 170
E991Q (4) 0.21( 0.28 0.27( 37
E991Qt996 (3) 0.06( 0.04 0.053( 1.5
Y992E (4) 0.074( 0.013 0.092( 250
Y992F (3) 0.13( 0.23 0.18( 23

a Data pooled from three or more separate experiments were fit to
an internalization model that included steps for the kinetics of ligand
association, internalization, and subsequent processing. The model was
fit to the data as described in the text. Two fitting schemes were
employed; one (two-step fit) first fit the surface-bound ligand data and
then fit the internalization data, while the second (integral fit) fit the
internalization data as a function of the integral of the surface-bound
ligand data. The internalization rate constant (ke) is shown along with
its estimated uncertainty. The point mutants are given by their single
amino acid codes. The E991Qt996 mutant is truncated at residue Glu996.
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of cytosolic proteins with high affinity for the Tyr992
site.

The putative actin-binding domain of the EGFr, in which
the mutations described in this paper were made, lies between
the AP-2 binding domain and a second domain that has been
identified as being required for EGFr endocytosis. The actin-
binding domain was initially identified on the basis of its
homology to the actin-binding domain of profilin from
Acanthamoeba, which is known to be anR-helix (16, 38,
39). Computer modeling suggests that this domain within
the EGFr also has the propensity to form a helix (not shown).
A helical wheel diagram of this EGFr domain shows that
the putative helix has two distinct faces. One face is largely
hydrophobic and would likely abut another portion of the
receptor. The other face is largely acidic in nature and
includes the most N-terminal EGFr autophosphorylation site,
Tyr992, as well as all of the sites of point mutation generated
for this study. The crystal structure of the complex between
Yersinia protein tyrosine phosphatase and a phospho-
hexapeptide of residues 988-993 of the EGFr (988DADEpYL)
suggests that the peptide N-terminal to Y992 is in a twisted
â-sheet conformation with the remainder in anR-helical
conformation (40). If this were the structure of this sequence
in the native EGFr, Y992 and D988 would face one side of
the â-sheet while E991 would face the opposite side.

Tyr992 and its surrounding amino acids form the binding
locus for several different proteins that interact with the EGFr
including actin, AP-2, and phospholipase Cγ (43-46). This
region of the receptor, and thus its autophosphorylation
residue Tyr992, defines a regulatory “hot spot” that is critical
for at least three separate EGFr functions: internalization,
cytoskeletal association and calcium signaling. Results
presented here show that negative charges in this domain
decrease the rate of ligand-induced internalization of the
EGFr. The presence of these residues thus increases the
lifetime of activated EGFr on the cell surface and therefore
acts to enhance the signaling capacity of the EGFr. From
the internalization rate constants obtained here, the WT EGFr
has a half-life of 5 min after ligand binding, while the
phosphorylation-incompetent Y992F mutant has a 3 min half-
life. Phosphorylation of Tyr992 thus appears to function at
least in part to increase the persistence of the activated EGFr
at the plasma membrane by 70%, which would increase the
signaling strength of the receptor by this amount. This result
also suggests that the action of protein tyrosine phosphatases
on pTyr992 would conversely decrease activated EGFr
lifetime and signal strength. Thus, pTyr992 appears to act
in an autoregulatory fashion to promote SH2 signaling
molecule activation directly as well as to increase the
signaling duration of this site at the plasma membrane.

Previous results from other laboratories have clearly
demonstrated that kinase-inactive EGFr have a much reduced
internalization rate as compared to WT EGFr (7, 34, 37),
suggesting that tyrosine phosphorylation of the cytoplasmic
domain of the receptor is necessary for efficient internaliza-
tion. Our results suggest that the presence of negative charge
in the vicinity of Tyr992, which would be enhanced by
phosphorylation of Tyr992, slows the rate of internalization
of the EGFr. Thus, it appears that multiple tyrosine phos-
phorylation events act as regulatory controls of receptor
internalization, with some functioning to activate coated-
pit-mediated endocytosis while others inhibit this pathway.

The inhibition of the rate of endocytosis by negative
charges in the vicinity of Tyr992 suggests either that this
domain interacts with molecules that modulate the efficiency
of coated-pit-mediated internalization or that it acts allos-
terically to alter the conformation of portions of the receptor
that are responsible for mediation of endocytosis. The latter
is supported by the recent finding that phosphorylation of
Tyr992 is necessary for a conformational shift of the EGFr
between residues 979 and 1150 (47). Thus, increase in
negative charge near Tyr992, including phosphorylation of
Tyr992, may induce a conformational change that, in turn,
may alter the interaction of the EGFr with the endocytic
apparatus.

The former possibility is supported by findings that Tyr992
and residues near it interact with signal transduction com-
ponents including PLCγ (46) and Src (48-50). Additionally,
this domain has been suggested to be the site at which EGFr
interacts with cytoskeletal F-actin (16). Presumably any
interaction with proteins that bind near Tyr992 will sterically
inhibit interactions of other molecules that bind nearby,
including those that interact with the EGFr internalization
sequences973FYRAL and 996QQGFF.
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