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The different epidermal growth factor (EGF)-related peptides elicit a diverse array of biological responses
as the result of their ability to activate distinct subsets of ErbB receptor dimers, leading to the recruitment of
different intracellular signaling networks. To specifically examine dimerization-dependent modulation of
receptor signaling, we constructed NIH 3T3 cell lines expressing ErbB-1 and ErbB-2 singly and in pairwise
combinations with each other ErbB family member. This model system allowed the comparison of EGF-
activated ErbB-1 with ErbB-1 activated by Neu differentiation factor (NDF)-induced heterodimerization with
ErbB-4. In both cases, ErbB-1 coupled to the adaptor protein Shc, but only when activated by EGF was it able
to interact with Grb2. Compared to the rapid internalization of EGF-activated ErbB-1, NDF-activated ErbB-1
showed delayed internalization characteristics. Furthermore, the p85 subunit of phosphatidylinositol kinase
(PI3-K) associated with EGF-activated ErbB-1 in a biphasic manner, whereas association with ErbB-1 trans-
activated by ErbB-4 was monophasic. The signaling properties of ErbB-2 following heterodimerization with the
other ErbB receptors or homodimerization induced by point mutation or monoclonal antibody treatment were
also analyzed. ErbB-2 binding to peptides containing the Src homology 2 domain of Grb2 or p85 and the
phosphotyrosine binding domain of Shc varied according to the mode of receptor activation. Finally, tryptic
phosphopeptide mapping of both ErbB-1 and ErbB-2 revealed that receptor phosphorylation is dependent on
the dimerization partner. Differential receptor phosphorylation may, therefore, be the basis for the differences

in the signaling properties observed.

The ErbB family of receptor tyrosine kinases has four mem-
bers: epidermal growth factor (EGF) receptor (ErbB-1),
ErbB-2, ErbB-3, and ErbB-4. The ErbB receptors are ex-
pressed in epithelial, mesenchymal, and neuronal tissue and
play fundamental roles during development. Two of the family
members, ErbB-1 and ErbB-2, are involved in the develop-
ment of many types of human cancer (reviewed in references
29 and 44).

A large family of growth factors, the EGF-related peptides,
serve as ligands for ErbB receptors (42, 44). The ligands fall
into three groups: EGF, amphiregulin (AR), and transforming
growth factor o, which bind ErbB-1; betacellulin, epiregulin,
and heparin binding EGF-like growth factor, which bind both
ErbB-1 and ErbB-4; and Neu differentiation factors (NDFs) or
heregulins, which are ligands for ErbB-3 and ErbB-4.

Ligand binding promotes ErbB receptor homo- and het-
erodimerization. Although no direct ligand for ErbB-2 has
been identified, it appears to be the preferred heterodimeriza-
tion partner of all ErbB proteins (21, 30, 48). Despite the lack
of an ErbB-2-specific ligand, homodimerization of this recep-
tor can be achieved by mutating a single amino acid residue in
the transmembrane domain (1), leading to constitutive ErbB-2
dimerization and activation. Alternatively, antibody binding to
the extracellular domain will also promote ErbB-2 ho-
modimerization (24). The biological responses triggered by
ErbB-2 activation vary dramatically, ranging from transforma-
tion (1) to monoclonal antibody (MAb)-induced growth inhi-
bition (25, 27) to ligand-induced growth stimulation (3, 22) or
apoptosis (12). These diverse responses suggest that there are
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activation-specific differences in the signaling capacity of
ErbB-2. ErbB receptor signaling can be attenuated by the
action of phosphatases (51), serine/threonine phosphorylation
(14, 15), and ligand-induced internalization of receptors (46).
In this respect, heterodimer formation of ErbB receptors may
also be of importance since coexpression of ErbB-2 with other
family members has been shown to potentiate and prolong
signaling (4, 22, 30).

Upon ligand-induced homo- and heterodimerization of
ErbB receptors, the receptors autophosphorylate on specific
tyrosine residues in their cytoplasmic tails. These phosphory-
lated tyrosines provide docking sites for Src homology 2 (SH2)
and phosphotyrosine binding (PTB) domain-containing pro-
teins, which include Shc, Grb2, and the p85 subunit of phos-
phatidylinositol kinase (11, 31). This leads to activation of
signaling pathways such as the mitogen-activated protein ki-
nase pathway (43) and the S6 kinase cascade (40). Although
the four ErbB receptors show a great deal of overlap in the
signaling molecules to which they couple, there are some ex-
amples of preferential binding. The Cbl protein appears to
couple exclusively to ErbB-1 (32), whereas the Csk-homolo-
gous kinase binds only to ErbB-2 (53). The ability to het-
erodimerize expands the signaling diversity of ErbB receptors.
Interleukin-3 (IL-3)-dependent Ba/F3 cells engineered to co-
express ErbB-1 and ErbB-4 demonstrated IL-3-independent
proliferation in the presence of NDF or EGF. However, nei-
ther ligand promoted IL-3-independent proliferation of cells
that expressed ErbB-4 or ErbB-1 alone (41). Furthermore,
ErbB receptors individually expressed in NIH 3T3 cells did not
cause transformation, while various combinations of receptors
cooperated to do so (10, 52).

We have previously observed differences in the signaling
properties of ErbB-1 directly activated by EGF compared to
ErbB-1 activated by NDF-induced heterodimerization with
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ErbB-3 and ErbB-4. The EGF-activated receptor coupled with
Shc and with Cbl, while NDF-activated ErbB-1 associated only
with She (21). We speculated that these differences may result
from differential phosphorylation of the receptor in a ho-
modimer versus a heterodimer. All four ErbB receptors are
widely expressed in most human tissues, making analysis of
dimer-dependent signaling specificities difficult. To test our
hypothesis, we coexpressed single and pairwise combinations
of ErbB receptors in a defined cellular context by constructing
nine different NIH 3T3-derived cell lines. Due to the roles of
ErbB-1 and ErbB-2 in many human cancers, we focused our
attention on these two receptors, and our results allow the
following conclusions. (i) Coupling of a given receptor to spe-
cific intracellular signaling proteins is modulated by the dimer-
ization partner and may indeed originate from differential re-
ceptor phosphorylation. (ii) Internalization of an ErbB
receptor is influenced by the ligand and its dimerization part-
ner. (iii) The subsets of signaling molecules that couple to an
activated receptor undergo time-dependent changes, suggest-
ing that ErbB receptor phosphorylation is not static.

MATERIALS AND METHODS

Antibodies, growth factors, and GST fusion proteins. Antibodies used were
ErbB-1-specific MAbs EGFR1 and 528 and affinity-purified rabbit polyclonal
antibody 1005 (Santa Cruz Biotechnology); ErbB-1-specific antiserum 15E (23),
ErbB-2-specific MAb FRP5 (24) and polyclonal rabbit antiserum 21N (28);
ErbB-3- and ErbB-4-specific affinity-purified rabbit polyclonal antibodies C17
and C18 (Santa Cruz Biotechnology); ErbB-4-specific MAb 111 (8); Grb2-spe-
cific rabbit antiserum (Upstate Biotechnology Inc. [UBI]); Shc-specific rabbit
immunoglobulin G (UBI); p85-specific antiserum (UBI); and phosphotyrosine-
specific MAb (17). Growth factors used were recombinant human EGF (Sigma),
recombinant human AR (R&D Systems), and recombinant human EGF-B1-like
domain of NDF, which was provided by Amgen (Thousands Oaks, Calif.). Glu-
tathione S-transferase (GST) fusion proteins of the Shc PTB domain and the
N-terminal SH2 domain of p85 were a gift from Steve Shoelson (Harvard Med-
ical School, Boston, Mass.). GST-Grb2 SH2 was expressed and purified as de-
scribed previously (7).

Cell lines and cell culture. Human ErbB-1 and ErbB-2 were introduced into
NIH 3T3 fibroblasts by transfection, giving rise to the clones NE1 and NE2 (5,
35). NIH 3T3 sublines expressing pairwise ErbB receptor combinations were
generated by subsequent infection with (i) pBabe-based retroviruses (36) direct-
ing the expression of human ErbB-2, ErbB-3, and ErbB-4 in the case of NE1 cells
and (ii) pBabe-based retroviruses expressing ErbB-1, ErbB-3, and ErbB-4 in the
case of NE2 cells. Cells expressing ErbB-1 were selected with hygromycin (100
wg/ml), cells expressing ErbB-2 were selected with G418 (1 mg/ml), and those
expressing ErbB-3 and ErbB-4 were selected with puromycin (2 pg/ml). NIH3.7
cells are an NIH 3T3 clone expressing an oncogenic variant of human ErbB-2
(25). All NIH 3T3 derivative cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum and the appropriate
selective antibiotic. Prior to growth factor stimulation, cells were starved for 18 h
in serum-free medium, DMEM containing fetuin (1 mg/ml; Sigma) and trans-
ferrin (10 pg/ml; Sigma).

Immunoprecipitation, binding assays, and Western blotting. For analysis of
ErbB receptors and associated proteins, cells were solubilized in Triton extrac-
tion buffer (50 mM Tris [pH 7.5], 5 mM EGTA, 150 mM NaCl, 1% Triton X-100,
2 mM sodium orthovanadate, 50 mM sodium fluoride, 10 pg of leupeptin per ml,
10 pg of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride) for 10 min on
ice. The lysates were clarified by centrifugation at 16,000 X g for 15 min. For
immunoprecipitations, equal amounts of protein were incubated with specific
antibodies for 2 h on ice. Immune complexes were collected with protein A- or
protein G-Sepharose (Sigma) and washed three times with extraction buffer and
once with TNE buffer (50 mM Tris [pH 7.5], 140 mM NaCl, 5 mM EDTA).

Binding assays were performed by incubating equal amounts of Triton-ex-
tracted protein with 5 ug of the specific GST fusion protein in the presence of
0.1% sodium dodecyl sulfate (SDS) for 90 min on ice. Bound proteins were
precipitated by the addition of glutathione-Sepharose (Pharmacia) and washed
as described above. Precipitated proteins of immunoprecipitations or binding
assays were released by boiling in sample buffer and were subjected to SDS
polyacrylamide gel electrophoresis (PAGE). The proteins were blotted onto
polyvinylidene difluoride membranes. After blocking with 20% horse serum
(Gibco BRL) in TTBS (50 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20),
filters were probed with specific antibodies. Proteins were visualized with per-
oxidase-coupled secondary antibody, using the Amersham ECL (enhanced
chemiluminescence) detection system. Stripping of membranes was performed in
SDS buffer (62.5 mM Tris [pH 6.8], 2% SDS, 100 mM B-mercaptoethanol) for 30
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min at 45°C; membranes were then washed in TTBS and reprobed with the
indicated antibodies.

Isolation of internalized ErbB-1. After growth factor treatment, cells were
placed on ice and washed twice with phosphate-buffered saline (PBS). Biotiny-
lation of surface proteins was performed by incubating cells with 3 mg of NHS-
SS-Biotin (Pierce) per ml for 30 min on ice. Cells were washed three times (once
with PBS, once with PBS containing 50 mM glycine, and once again with PBS)
and then lysed in Triton extraction buffer. Immunoprecipitation of ErbB-1 with
polyclonal antibody 1005 was performed as described above. After two washes
with extraction buffer and two washes with TNE, ErbB-1 immunoprecipitates
were released from the beads by boiling for 10 min in TNE containing 0.5% SDS.
The supernatant was diluted twofold with extraction buffer, and biotinylated
ErbB-1 was removed by using immobilized streptavidin (Pierce). The superna-
tant which contained the nonbiotinylated intracellular fraction of ErbB-1 was
recovered, subjected to SDS-PAGE, and analyzed by Western blotting.

Phosphopeptide mapping. Cells were deprived of phosphate and serum for
12 h prior to labeling with [3?PJorthophosphate (Amersham) for 4 h. After
stimulation for 10 min with growth factors, either ErbB-1 was immunoprecipi-
tated with a mixture of MAbs EGFRI1 and 528 or ErbB-2 was immunoprecipi-
tated with 21N antiserum. The proteins were resolved by SDS-PAGE; phosphor-
ylated ErbB-1 or ErbB-2 was excised from the gel and washed four times for 1 h
with 50% acetonitrile. The gel was air dried and then rehydrated in 100 mM
NH,HCO; containing 5 pg of trypsin (Worthington). After 4 h, a second aliquot
of trypsin was added and the digestion continued overnight at 37°C. The peptides
were eluted several times by rocking in 50% acetonitrile. Extracted peptides were
dried in a SpeedVac concentrator and resuspended in 10 ul of pH 1.9 buffer
(2.5% formic acid, 7.8% acetic acid). The sample was spotted onto cellulose
thin-layer chromatography (TLC) plates (Merck) and placed in a chromatogra-
phy tank containing phosphochromatography buffer (37.5% n-butanol, 25% pyri-
dine, 7.5% acetic acid) for 8 to 12 h. The plates were dried and then subjected
to electrophoresis in the second dimension in pH 1.9 buffer at 1,000 V for 50 min.
Phosphopeptides were detected with a PhosphorImager (Molecular Dynamics).

RESULTS

Expression of ErbB receptors in NIH 3T3 cells. To examine
dimerization-dependent differences in ErbB receptor signal-
ing, we generated cell lines coexpressing either ErbB-1 or
ErbB-2 with an additional ErbB family member. For these
studies, we used NIH 3T3 cells that lack detectable amounts of
ErbB-1 and NDF receptors and have a very low level of en-
dogenous ErbB-2. The NE1 clone expresses ErbB-1; the NE2
clone expresses ErbB-2. NE1-derived cell lines coexpressing
ErbB-2, ErbB-3, and ErbB-4 were designated NE1/2, NE1/3,
and NE1/4, respectively. Likewise, NE2-derived cell lines co-
expressing ErbB-1, ErbB-3, and ErbB-4 were designated
NE2/1, NE2/3, and NE2/4, respectively. NIH3.7 cells are a
clone of NIH 3T3 cells expressing an oncogenic form of
ErbB-2 that carries a single amino acid substitution in its trans-
membrane domain (25). Expression of ErbB receptors in these
NIH 3T3 derivatives was analyzed by Western blotting using
whole-cell extracts for detection of ErbB-1, ErbB-2, and
ErbB-3 (Fig. 1A). In the case of ErbB-4, immunoprecipitation
was followed by a Western analysis (Fig. 1B). Cell lines known
to express a specific receptor were used as positive controls.

ErbB-1 and ErbB-2 receptor activation in the NIH 3T3 cell
lines. To analyze ligand-induced receptor dimerization and
activation, cells were stimulated with EGF or NDF or by MAb-
induced dimerization, and the phosphotyrosine content of
ErbB receptors was determined following immunoprecipita-
tion with specific antibodies (Fig. 2). In the NE2 derivatives,
ErbB-2 was activated by heterodimerization with EGF-acti-
vated ErbB-1 (Fig. 2A, lane 4) and with NDF-activated ErbB-3
(Fig. 2A, lane 6) and ErbB-4 (Fig. 2A, lane 8). This is in
agreement with previous observations that ErbB-2 readily het-
erodimerizes with all other ErbB receptors. Treatment of NE2
cells with MAb FRP5, which binds the extracellular domain of
the receptor, activated ErbB-2 via antibody-induced ho-
modimer formation (Fig. 2A, lane 2) (24). The kinase activity
of the mutated, oncogenic ErbB-2 expressed in NIH3.7 cells
was ligand independent due to constitutive dimerization of the
receptor (Fig. 2A, lane 9) (6).



5044 OLAYIOYE ET AL.

A

!
.

WB o ErbB-1

WB a ErbB-2

WB a ErbB-3

NE2/1
NE2/3
NE2/4
Control

M | NE1/4
e
s

.| NE12
NE1/3

IP o ErbB4 / WB o ErbB4

FIG. 1. Expression of ErbB receptors in NIH sublines. (A) Aliquots of 70 p.g
of protein extract of the different NIH sublines were subjected to SDS-PAGE
(7.5% gel) and analyzed by Western blotting (WB) for the presence of ErbB-1,
ErbB-2, and ErbB-3, using 15E antiserum, 21N antiserum, and C17 affinity-
purified antibody, respectively. (B) ErbB-4 was immunoprecipitated (IP) with
MAD 111 from 1 mg of protein extract. Inmune complexes were subjected to
SDS-PAGE (7.5% gel) and analyzed by Western blotting using affinity-purified
antibody C18. Whole-cell extracts (A) or immunoprecipitated protein (B) from
cell lines known to express a specific ErbB receptor were loaded as a positive
control. The control cell lines are MCF10A for ErbB-1 and T47D for ErbB-2,
ErbB-3, and ErbB-4.

Treatment of the NE1 derivatives with EGF led to a strong
activation of ErbB-1 (Fig. 2B, lanes 2, 4, and 7), very likely due
to ErbB-1 homodimerization. EGF-induced transactivation of
endogenous ErbB-2 in the NEI1 derivatives and, to a low ex-
tent, of ErbB-3 (NE1/3 cells) and ErbB-4 (NE1/4 cells) was
also detected (data not shown). We next examined the ability
of NDF to transmodulate ErbB-1 in the NE1/3 and NE1/4
sublines. NDF was inefficient in activating ErbB-1 when coex-
pressed with ErbB-3 (Fig. 2B, lane 5) but led to an increase in
the tyrosine phosphorylation of endogenous ErbB-2 (Fig. 2C,
lane 2). This finding suggests that ErbB-3/ErbB-2 dimers are
favored over ErbB-3/ErbB-1 dimers. In contrast to the NE1/3
cell line, coexpression of ErbB-1 and ErbB-4 enabled NDF to
modulate ErbB-1 tyrosine phosphorylation (Fig. 2B, lane 8), in
addition to transactivation of ErbB-2 (Fig. 2C, lane 4). Since
the low amounts of endogenous ErbB-2 in the NE1/3 subline
seemed to interfere with NDF-induced formation of ErbB-3/
ErbB-1 dimers, we used the human cell line MDA-MBA435,
which allowed cell surface ErbB-2 to be removed via expres-
sion of the human-specific single-chain antibody scFv-5R (6,
22). The resulting cell line, which expressed endogenous
ErbB-3, was then infected with a retrovirus encoding ErbB-1 to
provide a cell line expressing exclusively ErbB-1 and ErbB-3.
NDF induced ErbB-3/ErbB-1 heterodimers in these cells (38).
However, the level of NDF-stimulated tyrosine phosphoryla-
tion of the receptors was too low to allow further analysis of
the signaling properties of ErbB-1 transmodulated by ErbB-3.
Thus, we used the NE1/4 cell line to study NDF-transactivated
ErbB-1.

EGF- and NDF-activated ErbB-1 associate with Shc, but
only EGF-activated ErbB-1 couples to Grb2. We have previ-
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FIG. 2. Ligand-induced tyrosine phosphorylation of ErbB-1 and ErbB-2. The
different NIH sublines were starved for 18 h in serum-free medium and were left
untreated (unt) or stimulated with the indicated growth factors (1 nM) or MAb
FRPS5 (10 pg/ml) for 10 min at room temperature. ErbB-1 was immunoprecipi-
tated (IP) with a mixture of ErbB-1-specific MAbs EGFR1 and 528 (B); ErbB-2
was immunoprecipitated with 21N antiserum (A and C). The immune complexes
were subjected to SDS-PAGE (7.5% gel) and analyzed by Western blotting
(WB) using a phosphotyrosine-specific MAb (a P-Y). (C) Long exposure which
enabled detection of tyrosine-phosphorylated endogenous ErbB-2.

ously observed differences in the signaling properties of EGF-
compared to NDF-activated ErbB-1. The EGF-activated re-
ceptor coupled with Shc and with Cbl, while NDF-activated
ErbB-1 associated only with Shc (21). To expand these studies,
we examined the coimmunoprecipitation of the adaptor pro-
teins Shc and Grb2 with ErbB-1 in EGF- and NDF-treated
NE1 derivatives. EGF treatment led to a strong association of
ErbB-1 with the three isoforms of Shc in all the NE1 deriva-
tives (Fig. 3A, upper panel, lanes 2, 4 and 7). NDF promoted
a weaker ErbB-1-Shc interaction in NE1/4 cells (Fig. 3A, lane
8; Fig. 3B, lower panel, lane 4), but no interaction was ob-
served in NE1/3 cells (Fig. 3A, lane 5). This finding parallels
the fact that NDF stimulated ErbB-1 tyrosine phosphorylation
in NE1/4 but not in NE1/3 cells (Fig. 2B). Interestingly, only
ErbB-1 activated by EGF, but not by NDF, associated with the
adaptor protein Grb2 (Fig. 3A, lower panel; lanes 2, 4 and 7
compared with lane 8).

To ensure that the lack of Grb2 association with NDF-
activated ErbB-1 was not due to the low stoichiometry of
tyrosine phosphorylation, we tested the EGF receptor agonist
AR. Compared to EGF, AR has a lower affinity for ErbB-1
(45), leading to a less dramatic increase in ErbB-1 phosphoty-
rosine. In the NE1/4 cells, AR and NDF promoted similar
amounts of ErbB-1 tyrosine phosphorylation (Fig. 3B, upper
panel, lanes 3 and 4) and similar degrees of Shc/ErbB-1 cou-
pling (Fig. 3B, lower panel, lanes 3 and 4). The ErbB-1/Grb2
association was examined by performing a binding assay with a
recombinant GST-Grb2 SH2 fusion protein as an affinity agent
for activated ErbB-1. The amount of EGF-activated and AR-
activated ErbB-1 bound by the SH2 domain of Grb2 reflected
the overall level of ErbB-1 tyrosine phosphorylation (Fig. 3C,
lanes 2 and 3). GST alone and a GST-Lck SH2 fusion protein
bound no EGF-activated ErbB-1 (not shown). Despite the fact
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FIG. 3. Ligand-induced ErbB-1 complex formation with Shc and Grb2. NE1
derivatives were serum starved for 18 h and were left untreated (unt) or stimu-
lated with 1 nM EGF, 1 nM NDF, or 100 ng of AR per ml at room temperature.
(A) ErbB-1 was immunoprecipitated (IP) with MAbs EGFR1 and 528; immune
complexes were subjected to SDS-PAGE (12% gel) and analyzed by Western
blotting (WB) with Shc-specific rabbit immunoglobulin G (upper panel). The
membrane was stripped and reprobed with Grb2-specific antiserum (lower pan-
el). (B) ErbB-1 was immunoprecipitated with MAbs EGFR1 and 528, and
immune complexes were analyzed by Western blotting using a phosphotyrosine-
specific MAD (a P-Y; upper panel) and a She-specific polyclonal antibody (lower
panel). (C) Aliquots of 4 mg of whole-cell extract were incubated with 5 ug of a
GST-tagged peptide containing the SH2 domain of Grb2. Protein-peptide com-
plexes were collected by using glutathione-Sepharose, subjected to SDS-PAGE
(7.5% gel), and immunoblotted with ErbB-1-specific polyclonal antibody 1005.

that NDF promoted ErbB-1 tyrosine phosphorylation (Fig. 3B,
upper panel, lane 4), the receptor was not bound by GST-Grb2
SH2 (Fig. 3C, lane 4), confirming the results shown in Fig. 3A.
The specificity of the binding assay was controlled by reprobing
the membrane with the phosphotyrosine-specific MAb. A 175-
kDa protein, most likely ErbB-1, represented the most prom-
inent tyrosine-phosphorylated band (data not shown). Taken
together, the results from the coimmunoprecipitation experi-
ment and the binding assay demonstrate that NDF is inefficient
in creating a direct binding site for Grb2 on ErbB-1.

EGF and NDF lead to differential phosphorylation of
ErbB-1. Treatment of NE1/4 cells with EGF induces mainly
ErbB-1 homodimers, while NDF leads to activation of ErbB-1
via ErbB-4/ErbB-1 heterodimer formation. Differences in the
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signaling properties between NDF- and EGF-activated ErbB-1
with respect to Cbl (21) and Grb2 association (Fig. 3) might be
due to differences in the tyrosine residues which are phosphor-
ylated in a homodimer versus a heterodimer. To examine this
biochemically, we performed two-dimensional tryptic phos-
phopeptide mapping of ErbB-1 stimulated by either EGF or
NDF. In nonstimulated NE1/4 cells, three major ErbB-1 phos-
phopeptides were detected (Fig. 4A, a;, a,, and a;). Phos-
phoamino acid analyses revealed that peptides a, and a; con-
tained phosphoserine; peptide a, contained phosphothreonine.
None of the peptides contained phosphotyrosine (data not
shown). EGF treatment led to the appearance of four addi-
tional phosphopeptides (Fig. 4B, b to e). Phosphoamino acid
analysis revealed that peptides d and e contained phosphoty-
rosine; the level of radioactivity in phosphopeptides b and c,
however, was too low to allow phosphoamino acid analysis.
NDF treatment of NE1/4 cells resulted in the appearance of
only three of these phosphopeptides (Fig. 4C, b, d, and e).
While peptide b appeared to be phosphorylated as strongly as
in EGF-activated ErbB-1, peptides d and e were labeled to a
lower extent than in EGF-activated ErbB-1. In contrast, the
phosphothreonine-containing peptide a, showed a stronger in-
crease in the NDF- compared to the EGF-treated cells. The
results show that the sites of ErbB-1 phosphorylation as well as
the degree of phosphorylation are dependent on the dimeriza-
tion partner.

Internalization of NDF-activated ErbB-1 is delayed in com-
parison to EGF-activated ErbB-1. To analyze ligand-induced
internalization of ErbB-1 in the NE1/4 cells, cellular surface
proteins were biotinylated prior to immunoprecipitation of the
receptor. The intracellular pool of ErbB-1 was then isolated by
selective removal of the biotinylated surface receptor from the
ErbB-1 immunoprecipitate by using immobilized streptavidin.
Western analysis with ErbB-1-specific antibody (Fig. 5A) or
with a phosphotyrosine-specific MAb (Fig. 5B) revealed that
EGF treatment led to rapid internalization of activated
ErbB-1. Intracellular levels of ErbB-1 were maximal after 20
min and decreased by 1 h (Fig. 5, lanes 5 and 8), most likely
due to degradation of the receptor through the endosomal/
lysosmal pathway (46). Likewise, AR treatment of NE1/4 cells
resulted in an increase of intracellular ErbB-1. AR promotes a
lower degree of ErbB-1 activation; therefore, the amount of
internalized ErbB-1 at 20 min was less than that seen with EGF
(Fig. 5A, lanes 6 versus 5). After 60 min of AR treatment, a
decrease in the intracellular level of ErbB-1 was not observed
(Fig. 5A, lanes 9 versus 6), which indicates that AR-stimulated
receptor trafficking was not as rapid as in response to EGF.
This might be explained by the lower affinity of AR for ErbB-1.
In contrast to stimulation with EGF and AR, NDF treatment
of NE1/4 cells did not promote a rapid rise of the internal pool
of ErbB-1. The amount of intracellular ErbB-1 recovered was
comparable to the amount seen in AR-treated cells only after
60 min of NDF treatment (Fig. 5A, lane 10). In addition,
phosphotyrosine analysis of the internalized ErbB-1 revealed a
reduced electrophoretic mobility of the activated receptor
(Fig. 5B, lane 10). This is most likely due to additional serine/
threonine phosphorylation, which is in accordance with the
results obtained by phosphopeptide mapping of the receptor.
In summary, we conclude that compared to stimulation by
EGF and AR, the rate of internalization of NDF-activated
ErbB-1 is significantly reduced.

Association of activated ErbB-2 with Grb2, p85, and Shc.
ErbB-2 activated by ligand-induced heterodimerization, con-
stitutive dimerization due to a mutation in the transmembrane
domain, or antibody-induced homodimerization was examined
for its ability to bind GST fusion proteins containing the SH2
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FIG. 4. Phosphopeptide mapping of EGF- and NDF-activated ErbB-1. NE1/4 cells were deprived of phosphate and serum for 12 h prior to labeling with
[**P]orthophosphate for 4 h. Cells were left untreated (A) or stimulated with 1 nM EGF (B) or 1 nM NDF (C) for 10 min at room temperature. ErbB-1 was
immunoprecipitated with MAbs EGFR1 and 528 and subjected to SDS-PAGE. In-gel tryptic digestion of 3?P-labeled ErbB-1 was performed, and the resulting peptides
were extracted. Approximately 1,000 cpm was spotted onto TLC plates and separated by ascending chromatography in the first dimension and electrophoresis at pH

1.9 in the second dimension.

domains of Grb2 and p85 and the PTB domain of Shc. Binding
of ErbB-2 demonstrates that these domains are sufficient for
interaction and suggests that the tyrosine residues known to
serve as recognition sites for the individual proteins are phos-
phorylated. High levels of ErbB-2 from NIH3.7 cells and from
EGF-treated NE2/1 cells were readily bound by each of the
three GST fusion proteins tested (Fig. 6A to C, lanes 4 and 9).
ErbB-2 from NIH3.7 cells and EGF-treated NE2/1 cells dem-
onstrated similar levels of phosphotyrosine (Fig. 2A, lanes 4
and 9), yet binding of the GST fusion proteins did not reflect
merely the content of total phosphotyrosine. Quantification of

the filters revealed that GST-Shc PTB associated with the
mutated, oncogenic variant of ErbB-2 four times more strongly
than with ErbB-2 transactivated by EGF (Fig. 6C, lanes 9
versus 4). ErbB-2 from NDF- and MAb FRP5-treated NE2
derivatives displayed a lower degree of association with the
GST fusion proteins (Fig. 6A to C, lanes 2, 6, and 8), reflecting
the lower stoichiometry of tyrosine phosphorylation (Fig. 2A).
However, ErbB-2 from MAb FRP5-treated cells bound ap-
proximately two and four times more GST-Grb2 SH2 than
ErbB-2 from, respectively, NDF-treated NE2/3 and NE2/4
cells (Fig. 6A, lanes 2 versus 6 and 8). These results suggest
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FIG. 5. Internalization of ligand-activated ErbB-1. NE1/4 cells were serum
starved for 18 h and were left untreated (unt) or stimulated with 1 nM EGF, 1
nM NDF, or 100 ng of AR per ml for the indicated times at 37°C. Prior to lysis,
cell surface proteins were biotinylated for 30 min on ice. ErbB-1 was immuno-
precipitated with polyclonal antibody 1005; after release from the beads, biotin-
ylated surface ErbB-1 was removed by using immobilized streptavidin. The
supernatant containing the intracellular pool of ErbB-1 protein was recovered,
subjected to SDS-PAGE (7.5% gel), and analyzed by Western blotting (WB)
with ErbB-1-specific polyclonal antibody 1005 (A) and, after stripping, with
phosphotyrosine-specific MAb (a P-Y) (B).

that, dependent on the mode of activation, there are tyrosine
residues in ErbB-2 which are preferentially phosphorylated.
Phosphopeptide mapping of ErbB-2 reveals dimerization-
dependent phosphorylation. Two-dimensional tryptic phospho-
peptide mapping was performed on ErbB-2 from nonstimu-
lated NE2 cells, NIH3.7 cells, and EGF- and NDF-stimulated
NE2 derivatives. The maps generated by ligand-activated
ErbB-2 were quite complex. In control NE2 cells, three major
phosphorylated peptides were detected (Fig. 7A, a,, a,, and
a;). Peptides a, and a, contained phosphoserine; peptide a,
contained phosphothreonine (not shown). EGF treatment of
NE2/1 cells led to the appearance of six additional phos-
phopeptides (Fig. 7C, b to g). Unfortunately, the level of ra-
dioactivity in these peptides was too low to allow phos-
phoamino acid analysis. ErbB-2 transmodulated by ErbB-3 in
NDF-treated NE2/3 cells generated a qualitatively very similar
phosphopeptide map (Fig. 7D), while ErbB-2 from NDF-
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FIG. 6. Binding of Shc PTB, Grb2 SH2, and p85 SH2 to ErbB-2. NE2
derivatives and NIH3.7 cells were serum starved for 18 h. The NE2 derivatives
were left untreated (unt) or stimulated with 1 nM EGF, 1 nM NDF, or 10 g of
FRP5 per ml for 10 min at room temperature. NIH3.7 cells were left untreated.
Two milligrams of cell lysate was incubated with either the GST-tagged SH2
domain of Grb2 (A), the N-terminal SH2 domain of p85 (B), or the PTB domain
of Shc (C). Protein-peptide complexes were precipitated with glutathione-Sepha-
rose, subjected to SDS-PAGE (7.5% gel), and Western blotted (WB) with
ErbB-2-specific antiserum 21N.
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treated NE2/4 cells gave rise to phosphopeptides b to g plus a
new phosphopeptide, h (Fig. 7E). Furthermore, two additional
phosphopeptides, b’ and b”, which may be partial digestion
products of b or may represent two novel phosphopeptides,
were generated. Constitutively active ErbB-2 from NIH3.7
cells (Fig. 7B) displayed a less complex phosphorylation pat-
tern than ErbB-2 from the ligand-treated cells (Fig. 7C to E).
Phosphopeptides b, ¢, f, and g were evident, although less
strongly labeled than in the ligand-induced ErbB-2 receptor,
while phosphopeptides d, e, and h were not present. However,
compared to ErbB-2 from control cells, there was a dramatic
increase in labeling of peptide a,. This appeared to be specific
to the ErbB-2 mutant since neither EGF nor NDF promoted
an enhancement of this phosphopeptide. Analogous to the
results obtained for ErbB-1, tryptic phosphopeptide analysis of
ErbB-2 provides biochemical evidence for differential, dimer-
ization-dependent phosphorylation of this receptor.

Kinetics of EGF and NDF activation of ErbB receptors and
their association with p85 and She. Using EGF- and NDF-
treated NE1/4 cells, we next examined the kinetics of associa-
tion of signaling proteins with ErbB receptors during a 120-min
time course. We immunoprecipitated ErbB-1 from ligand-
stimulated cells and determined its phosphotyrosine content
and the amount of coimmunoprecipitating p85 and Shc. The
filters were reprobed with ErbB-1-specific antibody to ensure
equal immunoprecipitation of the receptor (data not shown).
No ErbB-4 was detected in the ErbB-1 immunoprecipitations
(data not shown); therefore, the coimmunoprecitating proteins
were specific for ErbB-1 and not brought down by the dimer-
ization partner. Following EGF treatment, tyrosine phosphor-
ylation was maximal between 1 and 10 min and then decreased
slowly during 120 min (Fig. 8A, upper panel, lanes 2 to 8).
Although NDF-activated ErbB-1 had a lower level of phos-
photyrosine, the kinetics were similar to those seen in EGF-
treated cells (Fig. 8A, upper panel, lanes 10 to 16). Despite the
decrease in ErbB-1 phosphotyrosine, there was a stable asso-
ciation of Shc with the EGF- and NDF-activated receptor
throughout the time course (Fig. 8A, lower panel). The
amount of Shc associated with ErbB-1 was lower in the NDF-
treated cells, likely reflecting the lower stoichiometry of phos-
photyrosine on the receptor.

In contrast to Shc, p85 displayed time-dependent changes in
its coupling with ErbB-1. A strong association was seen after 1
min of EGF treatment (Fig. 8A, middle panel, lane 2); the
interaction declined between 5 and 15 min (lanes 3 to 5) and
increased again at 30 to 120 min (lanes 6 to 8). Surprisingly, the
association of p85 with ErbB-1 was detected only after 60 min
of NDF treatment (Fig. 8A, middle panel, lanes 15 and 16).
Although the amount of tyrosine phosphorylation on ErbB-1
at this time was very low (Fig. 8A, upper panel, lanes 15 and
16), the degree of p85 association was as strong as in the
EGF-treated cells (Fig. 8A, middle panel, lanes 15 and 16
versus 7 and 8). The inability to detect association of p85 with
NDF-activated ErbB-1 at an early time point was not due to its
low phosphotyrosine level, since AR-activated ErbB-1, which
contained a similar amount of phosphotyrosine, rapidly asso-
ciated with p85 after ligand stimulation (38). The results from
three independent experiments in which the NDF- and EGF-
induced association of p85 with ErbB-1 were quantified are
shown in Fig. 8B. Intriguingly, phosphatidylinositol kinase ac-
tivity associated with EGF-activated ErbB-1 was elevated at 1
and 60 min (38).

We then examined the association of ErbB-4 with p85 in
NE1/4 cells. Treatment with NDF rapidly induced a strong
increase in ErbB-4 phosphotyrosine which decreased between
60 and 120 min (Fig. 8C, upper panel, lanes 9 to 13 versus 14
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FIG. 7. Phosphopeptide mapping of ErbB-2. The indicated cell lines were deprived of phosphate and serum for 12 h prior to labeling with [**P]orthophosphate for
4 h. Cells were left untreated (A and B) or stimulated with 1 nM EGF (C) or 1 nM NDF (D and E) for 10 min at room temperature. ErbB-2 was immunoprecipitated
with rabbit antiserum 21N and subjected to SDS-PAGE. In-gel tryptic digestion of 3?P-labeled ErbB-2 was performed, and the resulting peptides were extracted.
Approximately 500 cpm was spotted onto TLC plates and separated by ascending chromatography in the first dimension and electrophoresis at pH 1.9 in the second

dimension.

and 15). Despite this decrease, the association of p85 with
ErbB-4 remained constant throughout the time course (Fig.
8C, lower panel, lanes 9 to 15). EGF treatment of NE1/4 cells
induced a slight increase in ErbB-4 phosphorylation (Fig. 8C,
upper panel, lanes 2 to 8). Interestingly, p85 associated with
ErbB-4 transactivated by EGF only after 30 min of treatment,
a time at which the phosphotyrosine content of the receptor
had started to decrease (Fig. 8C, lanes 6 to 8). In summary, p85
associated continuously with NDF-activated ErbB-4 and dis-
played biphasic association with EGF-activated ErbB-1. How-
ever, the association of p85 with both NDF-activated ErbB-1
and EGF-activated ErbB-4 occurred with a lag of 30 to 60 min.
Qualitatively similar kinetics of p85 interaction with EGF- and
NDF-activated ErbB-1 were observed in T47D/5R cells (38).
Taken together, these results show that the coupling of signal-
ing molecules to a receptor can undergo not only ligand- but
also time-dependent changes.

DISCUSSION

The multiplicity of EGF-related ligands combined with their
ability to activate different ErbB receptor dimers promotes
signal diversification. ErbB receptor dimers have the potential
to couple to different signaling pathways dependent on the

array of associated phosphotyrosine-binding proteins. The re-
sults presented here show that the signaling properties of ErbB
receptors depend on the dimerization partner and may origi-
nate from the phosphorylation status of the receptor.

The ability of NDF to transactivate ErbB-1 in cells coex-
pressing ErbB-1 and ErbB-4 (NE1/4 cells) allowed us to com-
pare EGF- and NDF-activated ErbB-1 receptors. One of the
major differences was the coimmunoprecipitation of Grb2 with
EGF-activated but not NDF-activated ErbB-1. Grb2 can bind
the phosphorylated receptor either indirectly via SH2 domain-
mediated association with the adaptor protein Shc or directly
via SH2 domain-mediated interaction with a specific phospho-
tyrosine motif on the receptor. A peptide containing the SH2
domain of Grb2 was able to bind EGF-activated ErbB-1. How-
ever, it failed to bind ErbB-1 when activated by NDF. We have
previously observed that in T47D/5R cells the Cbl protein
coupled with EGF- but not with NDF-activated ErbB-1 (21).
The SH3 domain of Grb2 can interact with Cbl (20); thus,
Grb2 may serve as a link between Cbl and ErbB-1 (34). There-
fore, it is reasonable to assume that the failure of NDF-acti-
vated ErbB-1 to recruit Cbl is due to its inability to interact
with Grb2.

Tryptic phosphopeptide analysis clearly showed that there
are ligand-dependent differences in the patterns of ErbB-1
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FIG. 8. Time course of ligand-induced ErbB receptor activation and association with Shc and p85. NE1/4 cells were serum starved for 18 h and, prior to lysis,
stimulated with 1 nM EGF or NDF (A and C) for the indicated periods at 37°C. Equal amounts of protein were immunoprecipitated (IP) with ErbB-1-specific MAbs
EGFRI1 and 528 (A) and ErbB4-specific polyclonal antibody C18 (C), and immune complexes were resolved by SDS-PAGE (8% gel). The membranes were probed
by Western blotting (WB) with a phosphotyrosine-specific antibody (« P-Y) (A and C, top panels), with a p85-specific polyclonal antibody (A and C, middle and bottom
panels, respectively), and, after stripping, with a She-specific polyclonal antibody (A, bottom panel). (B) Quantification of p85 binding was performed with ImageQuant
software (Molecular Dynamics). The mean values and standard errors from three independent experiments are represented.

phosphorylation. NDF failed to induce phosphorylation of the
phosphotyrosine-containing peptide c. Considering the inabil-
ity of NDF-activated ErbB-1 to bind Grb2, it is tempting to
speculate that this peptide contains a Grb2 binding site. In
NDF-activated ErbB-1, two of the tyrosine-containing phos-
phopeptides (d and e) were less phosphorylated, in accordance
with its lower stoichiometry of tyrosine phosphorylation com-
pared to that of EGF-activated ErbB-1. Interestingly, the phos-

phothreonine-containing peptide a,, also present in nonstimu-
lated control cells, demonstrated increased phosphorylation in
response to NDF. This may correlate with the lower electro-
phoretic mobility of NDF-activated ErbB-1 which we have
observed (Fig. 5). Serine/threonine phosphorylation has been
implicated in desensitization of ErbB-1 (14, 15), suggesting
that EGF- and NDF-activated ErbB-1 may be regulated dif-
ferently.
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Differential phosphorylation of ErbB-1 and coupling to dif-
ferent subsets of signaling molecules might also influence re-
ceptor trafficking. Our results show that internalization of
ErbB-1 (Fig. 5) and ErbB-2 (38) is determined by both the
ligand and the heterodimerization partner. EGF-activated
ErbB-1 was rapidly internalized, whereas ErbB-1 activated by
NDF showed delayed internalization characteristics. EGF pro-
motes formation of ErbB-1 homodimers which are degraded
through the lysosomal pathway (46). EGF remains bound to
ErbB-1 even at low pH, which is thought to favor receptor
degradation (19). The pH sensitivity of AR- and NDF-bound
receptors has not been reported. In comparison with ErbB-1,
endocytosis of the other ErbB family members seems to be
impaired (2, 39). Therefore, NDF-activated ErbB-1 might dis-
play slower internalization due to its heterodimerization with
ErbB-4. Interestingly, the adaptor protein Grb2 is required for
efficient endocytosis of ErbB-1 (50). Thus, the failure of Grb2
to couple to NDF-activated ErbB-1 might contribute to its
slower internalization.

The kinetics of ErbB receptor activation and association
with She and p85 were examined in NE1/4 cells. In both NDF-
and EGF-activated cells, the association of ErbB-1 and Shc
was rapid and reflected the overall phosphotyrosine level of the
receptor. In contrast to Shc, the association of p85 with ErbB-1
and ErbB-4 showed variations which could not be correlated
with receptor phosphorylation. NDF-stimulated ErbB-4 and
p85 coimmunoprecipitated throughout the time course, while
the association of p85 with both ErbB-1 transactivated by NDF
and ErbB-4 transactivated by EGF occurred with a lag of 30 to
60 min. Surprisingly, p85 coimmunoprecipitation was highest
when the total phosphotyrosine level in the respective receptor
had started to decline. Most intriguing was the biphasic asso-
ciation of p85 with EGF-activated ErbB-1, with one peak oc-
curring after 1 min of EGF treatment and the second peak
occurring 30 min later. The mechanism underlying the varia-
tion in p85/ErbB-1 binding is unknown. It may be linked to
changes of specific phosphorylated tyrosine residues due to
continuous phosphatase-mediated dephosphorylation and li-
gand-induced rephosphorylation events (51). Alternatively,
since ErbB-1 is internalized upon ligand binding, there might
be preferential binding of signaling molecules to the receptor
in different cellular compartments (16, 18). In rat liver, cyto-
solic ErbB-1 was shown to be hyperphosphorylated and effi-
ciently coupled with Shc and Grb2/Sos (16). Retarded inter-
nalization of NDF-activated ErbB-1 may therefore result in
prolongation of signaling.

None of the major ErbB-1 autophosphorylation sites are in
a consensus p85 binding site. However, additional tyrosine
residues are phosphorylated after EGF stimulation. Tyr 920,
which is the major Src kinase site in vitro, is a potential p85
binding site (YMIM) (47). Src kinase lies downstream of
ErbB-1 (33, 37, 47), making it possible that Src phosphoryla-
tion is responsible for the second wave of p85 binding to
EGF-activated ErbB-1. The rapid association of p85 with
ErbB-1 seen at 1 min, however, may be mediated not by direct
binding but via a complex with Grb2. p85 has been shown to
associate with both Grb2 (49) and Gabl (Grb2-associated
binder 1) (26). Since NDF-activated ErbB-1 does not interact
with Grb2, this might explain the inability of the receptor to
rapidly associate with p85. In contrast to ErbB-1, one of the
ErbB-4 autophosphorylation sites is in a recognition site for
the SH2 domain of p85 (9). Thus, the rapid association of p85
with NDF-activated ErbB-4 is most likely a consequence of the
catalytic activity of the receptor.

ErbB-2, the preferred dimerization partner of all other ErbB
receptors (21), can be activated by heterodimerization with
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ErbB-1, ErbB-3, and ErbB-4 or by MAb- and mutation-in-
duced homodimerization. We analyzed ErbB-2 activation by
measuring the binding of the receptor to peptides containing
the SH2 domains of Grb2 and p85 and the PTB domain of She
and by tryptic phosphopeptide mapping. The binding sites of
the adaptor proteins Grb2 and Shc have been mapped to
specific autophosphorylation sites in ErbB-2. However, as with
ErbB-1, none of the autophosphorylated tyrosine residues in
ErbB-2 provide an optimal binding site for p85. Again, there
are potential Src kinase sites in ErbB-2, one of which matches
a consensus p85 binding site (Tyr 952 [YMIM]) (47). In gen-
eral, the level of ErbB-2 bound by the three phosphotyrosine-
interacting peptides reflected the total phosphotyrosine con-
tent of the activated receptor. However, there were two
notable differences. (i) ErbB-2 activated by MAb FRP5 and
ErbB-2 activated by NDF displayed similar levels of total phos-
photyrosine; however, GST-Grb2 SH2 bound significantly
higher amounts of FRP5-activated ErbB-2. (ii) The phospho-
tyrosine levels in ErbB-2 from NIH3.7 cells and from EGF-
treated NE2/1 cells were similar, yet the Shc PTB domain
bound four times more constitutively active, mutant ErbB-2
compared to EGF-activated ErbB-2. The tryptic phosphopep-
tide maps may help explain this result. The patterns of ErbB-2
phosphopeptides generated from EGF-activated and NDF-
treated NE2 derivatives were very similar, while the map of the
constitutively active ErbB-2 mutant was less complex. Only
four (b, ¢, f, and g) of the seven (b to h) ligand-induced
phosphopeptides were present. This might be due to selective
activation of phosphorylation sites which contribute to the
transforming potential of the ErbB-2 receptor. Specific sites
implicated in the negative regulation of the receptor may not
be phosphorylated. The Neu receptor with a mutation in one
such site, Tyr 1028, displays more Shc binding than the wild-
type receptor (13). Thus, the fact that the Shc PTB domain
strongly binds the oncogenic ErbB-2 protein may be a conse-
quence of the lack of activation of this negative regulatory site.

In summary, our data demonstrate that the potential to
activate signal transduction pathways by an ErbB receptor is
dependent on its dimerization partner and may originate from
differential receptor phosphorylation. The dimer formed is in
turn dependent on the type of ligand and the cell’s comple-
ment of ErbB receptors. By extending our studies to additional
downstream signaling molecules, we hope to gain more insight
into distinct signaling properties of specific ErtbB dimers. The
use of cell lines expressing defined combinations of ErbB re-
ceptors provides a tool to understand in greater detail complex
ErbB receptor interactions, and it may help to elucidate why
these receptors are important for tumor development.
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