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The erbB-2 gene product, gp185°°2-2, displays a potent transforming effect when overexpressed in NIH 3T3
cells. In addition, it possesses constitutively high levels of tyrosine kinase activity in the absence of exogenously
added ligand. In this study, we demonstrate that its carboxy-terminal domain exerts an enhancing effect on
erbB-2 kinase and transforming activities. A premature termination mutant of the erbB-2 protein, lacking the
entire carboxy-terminal domain (erbB-24'°*%), showed a 40-fold reduction in transforming ability and a
lowered in vivo kinase activity for intracellular substrates. When the carboxy-terminal domain of erbB-2 was
substituted for its analogous region in the epidermal growth factor receptor (EGFR) (EGFR/erbB-2€C°H
chimera), it conferred erbB-2-like properties to the EGFR, including transforming ability in the absence of
epidermal growth factor, elevated constitutive autokinase activity in vivo and in vitro, and constitutive ability
to phosphorylate phospholipase C-y. Conversely, a chimeric erbB-2 molecule bearing an EGFR carboxy-
terminal domain (erbB-2/EGFRC®° chimera) showed reduced transforming and kinase activity with respect
to the wild-type erbB-2 and was only slightly more efficient than the erbB-2'">° mutant. Thus, we conclude that
the carboxy-terminal domains of erbB-2 and EGFR exert different regulatory effects on receptor kinase
function and biological activity. The up regulation of gp185°*2-? enzymatic activity exerted by its carboxy-

terminal domain can explain, at least in part, its constitutive level of kinase activity.

Signal transduction mediated by growth factor interaction
with specific cell surface receptors is of critical importance
in the regulation of normal cell growth and differentiation
(14, 21). Many growth factor receptors belong to a family of
evolutionarily conserved proteins that possess intrinsic ty-
rosine kinase activity (16). These membrane-spanning pro-
teins possess an extracellular ligand-binding domain joined
to an intracellular domain through a short transmembrane
region composed of hydrophobic amino acids (12, 30, 41, 50,
51). The intracellular portion is thought to be responsible for
transducing the mitogenic signal by phosphorylating specific
intracellular substrates (16, 29, 32, 48). Moreover, genetic
manipulations which destroy the intrinsic tyrosine Kinase
activity of these molecules also abolish their biological
effects (5, 10, 17-19, 33).

The epidermal growth factor (EGF) receptor (EGFR) and
the erbB-2 receptor-like protein belong to a subfamily of
tyrosine kinase growth factor receptors which share exten-
sive structural and sequence homologies. Several lines of
evidence, however, indicate that the enzymatic activities of
EGFR and erbB-2 might be differently regulated in vivo.
First, mutations known to activate the erbB-2 tyrosine
kinase (2—4, 39) do not affect this activity for the EGFR (22).
Moreover, the erbB-2 product, unlike the EGFR, possesses
high levels of in vivo tyrosine phosphorylation in the ab-
sence of exogenously added ligand (45; O. Segatto, J. H.
Pierce, D. P. Bottaro, and P. P. Di Fiore, New Biologist, in
press). This has been reproducibly observed in a variety of
cell systems, including naturally occurring adenocarcinomas
(11, 24, 26, 40, 42, 43, 53) as well as in vitro-generated model
systems in which the erbB-2 protein has been overexpressed
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in fibroblasts (45; Segatto et al., in press), hematopoietic
cells (P. P. Di Fiore, O. Segatto, S. A. Aaronson, and J. P.
Pierce, Science, in press), and epithelial cells (our published
observations). While it is possible that such diverse cell
types all constitutively synthesize its ligand, an alternative
possibility is that erbB-2 may encode an atypical receptor-
like molecule, whose activity is regulated by its levels of
expression and the availability of a critical intracellular
substrate(s).

This study was undertaken to study erbB-2 function with
regard to its apparent constitutive activation. To investigate
the structural basis for this phenomenon, we focused on the
erbB-2 carboxy-terminal domain because of the high primary
structural divergence between EGFR and erbB-2 products in
that region (6, 46) and because a number of studies have
indicated a heterogeneous regulatory role for this domain in
other growth factor receptors and receptor-like molecules
10, 15, 28, 31, 47).

MATERIALS AND METHODS

Cell culture and transfection assays. The continuous mouse
NIH 3T3 (1) and NR6 (36) cell lines have been previously
described; they were cultivated in Dulbecco modified Eagle
medium (GIBCO Laboratories) supplemented with 10% calf
serum (GIBCO). DNA transfection of NIH 3T3 and NR6
cells was performed by the calcium phosphate precipitation
technique (13), as modified by Wigler et al. (49). Trans-
formed foci were scored at 3 weeks. Where indicated, EGF
(20 ng/ml) was added at day 14 and foci were scored at day
21. Transforming efficiency was calculated in focus-forming
units (FFU) per picomole of added DNA after correction for
the relative molecular weight of the respective plasmid and
normalization for the efficiency of colony formation in par-
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allel dishes subjected to selection in mycophenolic acid-
containing medium. Cells expressing the Ecogpt gene were
selected for their ability to form colonies in the presence of
a mycophenolic acid-containing medium (34).

Engineering of eucaryotic expression vectors. All of the
molecular constructs utilized were derived from either the
LTR-2/erbB-2 (8) or LTR-2/EGFR (7) expression vectors
previously described. The engineering of the erbB-22107¢
carboxy-terminal truncated mutant has been previously re-
ported (O. Segatto et al., in press). The erbB-241°%° mutant
was engineered by site-directed mutagenesis, by the method
of Kunkel (27), by mutagenizing the TCA (Ser) codon at
position 1050 of the erbB-2 open reading frame (6) to TAA.

The LTR-EGFR/erbB-2°°°" and LTR-erbB-2/EGFRC°°H
expression vectors were engineered starting from the LTR-2/
erbB-2 (8) and LTR-2/EGFR (7) plasmids, as previously
described (Di Fiore et al., in press). Briefly, a conserved Bcll
site, at positions 3009 and 3021 of the original erbB-2 (6) and
EGFR (46) sequences, respectively, and a unique Clal site
contained in the Moloney murine leukemia virus sequence
following the stop codons of both genes in the LTR vectors
were used for the recombination. Both LTR-2/EGFR and
LTR/erbB-2 were digested with Bcll and Clal. A 2.1-kilo-
base Bcll-Clal fragment from LTR-2/erbB-2 containing the
3’ end of erbB-2 cDNA was ligated to the 11.2-kilobase
Bcll-Clal fragment of the LTR/EGFR containing the EGFR
cDNA from which the 3’ terminus was deleted. This yielded
the LTR-EGFR/erbB-2€©°H expression vector. The recip-
rocal recombination yielded the LTR-erbB-2/EGFRCCCH
expression vector. Because of the presence of a second Bcll
site at position 3078 in the EGFR cDNA (46), an oligonucle-
otide was used to restore 19 codons of the EGFR encom-
passed between the two Bcll sites. All the constructions
described were sequenced in both strands of the regions
which underwent genetic manipulation to verify that the
predicted structures were achieved after the recombination
procedures.

Protein analysis. For Western blot (immunoblot) analysis,
cells were grown until they were 90% confluent and then
lysed in a lysis buffer containing 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), 0.5% deoxycholate, 0.01 M
sodium phosphate (pH 7.4), 0.15 M NaCl, 1 mM phenyl-
methylsulfonyl fluoride, 10 mM sodium PP;, and 400 pM
sodium orthovanadate. Lysates were fractionated by SDS-
polyacrylamide gel electrophoresis (PAGE) and blotted onto
nitrocellulose, as previously described (8, 39). Immunode-
tection was performed with the indicated antibodies coupled
to 125I-labeled protein A, as described previously (8, 39). The
immune sera used were as follows: M1 serum, generated
against an erbB-2 peptide encompassing residues 866
through 880 of the predicted erbB-2 sequence; M6 serum,
directed against the erbB-2 peptide (residues 1218 through
1231); M7 serum, directed against the erbB-2 peptide (resi-
dues 1240 through 1255); ES serum, directed against the
EGFR peptide (residues 985 through 996); E7 serum, di-
rected against the EGFR peptide (residues 1172 through
1186); and anti-F serum, directed against the protein kinase
C modulation domain of the EGFR (kindly provided by J.
Schlessinger). The M1 and M6 antibodies recognized equally
well the phosphorylated and dephosphorylated erbB-2 mol-
ecules. In fact, erbB-2 from total cell lysates done in the
absence of phosphatase inhibitors was shown to be com-
pletely depleted of phosphotyrosine (PTyr). In this condi-
tion, erbB-2 was recognized with the same efficiency as
erbB-2 in lysates done in the presence of phosphatase
inhibitors (results not shown). The following three different
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anti-PTyr antibodies were utilized: a polyclonal serum pre-
pared against a conjugate of keyhole limpet hemocyanine
and phosphotyramine as described by Pang et al. (35), the
same polyclonal serum after affinity purification on agarose-
coupled phosphotyramine (35), and a commercially available
anti-PTyr monoclonal antibody (PY20; ICN Pharmaceuti-
cals, Inc.). The anti-PTyr immunostainings shown were
obtained with the affinity-purified polyclonal serum. How-
ever, three antibodies gave similar results. The specificity of
immunodetection for the peptide antisera was controlled by
performing parallel staining of identical blots with antibodies
preabsorbed with the specific peptides (2 mg/ml). In the case
of the anti-PTyr antibody, specificity was controlled by
preabsorption of the antibody with either PTyr, phosphoser-
ine, or phosphothreonine.

The in vivo autophosphorylation assay for EGFR and
EGFR/erbB-2€°°H was performed by a treatment of cell
lines with EGF (100 ng/ml) for S min at 37°C followed by
lysis and immunoblotting analysis as described previously
9).

In vitro autophosphorylation assays were performed on
cell membrane preparations. For membrane fractionation,
cells were lysed in hypotonic buffer containing 20 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid), pH 7.4, with the aid of a Dounce homogenizer, pestle
A. The nuclear fraction was removed by centrifugation at
600 X g. Subsequently, membranes were pelleted at 100,000
X g for 45 min and suspended in a buffer containing 50 mM
HEPES (pH 7.4), 0.1 M NaCl, 1 mM phenylmethylsulfonyl
fluoride, and no phosphatase inhibitors. Where indicated,
treatment with EGF (300 ng/ml) was performed for 5 min at
25°C. The kinase assay was carried out in the presence of 60
uM cold ATP and 10 nM MgCl, for the indicated lengths of
time at either 4 or 25°C. Where indicated, 250 mM ammo-
nium sulfate was added to the reaction mix. The reaction
was blocked with the addition of Laemmli sample buffer, and
samples were analyzed by SDS-PAGE followed by Western
blot, as described previously (8, 39).

Phospholipase C-y (PLC-y) in vivo tyrosine phosphoryla-
tion was detected by sequential immunoprecipitation with
anti-PTyr followed by immunoblot with a mixture of six
monoclonal antibodies directed against PLC-y (kindly pro-
vided by S. G. Rhee).

RESULTS

The carboxy-terminal domain participates in the regulation
of erbB-2 biological activity. We have demonstrated that
tyrosine phosphorylation of the erbB-2 gene product, which
occurs in the carboxy-terminal (COOH) domain, exerts a
modest regulatory effect on its biological activity. Accord-
ingly, a COOH-deleted mutant (erbB-2197%) which showed a
dramatic reduction in PTyr content displayed only a fivefold
reduction in transforming ability (Segatto et al., in press). To
more precisely determine the role of the COOH domain in
erbB-2 function, we engineered a COOH-deleted mutant at
position 1050 of the erbB-2 predicted protein sequence (6).
This mutant, designated erbB-221°°, encodes a protein
lacking the great majority of the COOH domain of erbB-2, as
defined by the absence of detectable homology with the
structurally related EGFR (46). The erbB-241%7® mutant,
bearing a deletion of 179 amino acids, showed around 20% of
the wild-type (wt) erbB-2-transforming efficiency, whereas
the erbB-221°° mutant, bearing a further 26-amino-acid
deletion, showed only 2.5% of the activity observed for the
full-length erbB-2 molecule (Fig. 1A).



VoL. 10, 1990

A ~» Extraceliular < % TK € >COOHe  Relative transforming
efficiency (%)
Bel |
erbB-2 wt e e
erbB-2 4 1076
erbB-2 A 1050 % 2.5

wit
1050
1076
O

NIH/3T3

erbB-2 wit
1076
1050

| erbB-2
EGFR

— 200

&t 8

.,,‘ — i
=

FIG. 1. Transforming activities and biochemical analysis of
erbB-2 COOH-deleted mutants transfected in NIH 3T3 fibroblasts.
(A) Transforming activity. The LTR/erbB-2 (8), LTR/erbB-24107¢
and LTR/erbB-231%%° expression vectors were transfected into NIH
3T3 cells at 10-fold serial dilutions by the calcium phosphate
precipitation technique (13), with 40 pg of calf thymus DNA as a
carrier. Assays were scored at 21 days as previously described (7,
8). Transforming efficiency was calculated in FFU per picomole of
added DNA, after correction for the relative molecular weight of the
respective plasmid and normalization for the efficiency of colony
formation in parallel dishes treated with mycophenolic acid-con-
taining medium (34). Typically, we obtained a transforming effi-
ciency of around 10* FFU/pmol and 10* mycophenolic acid-resistant
colonies per pmol when linearized LTR/erbB-2 was used. The
relative transforming efficiency was calculated on the basis of the
following formula: [(FFU/pmol of mutants)/(FFU/pmol of wt erbB-
2)] x 100. Data represent averages from at least four independent
experiments performed in duplicate. Standard error was less than
10% of the mean. TK, Tyrosine kinase. Symbols: B, erbB-2
sequence; A, transmembrane sequence. (B) Comparison of steady-
state expression of wt and mutant erbB-2 proteins in NIH 3T3
transfectants. Mass cell populations were obtained by selection in a
medium containing mycophenolic acid. Total cellular proteins (50
ng) from NIH 3T3 cells transfected with the indicated DNAs were
separated by SDS-PAGE and subjected to immunoblot analysis with
the M1 antibody. Molecular mass markers are shown in kilodaltons.
Data are typical and representative of three independent experi-
ments. (C) Tyrosine phosphorylation of cellular proteins in NIH 3T3
cells transfected with wt erbB-2, COOH-deleted erbB-2 mutants, or
EGFR. Mass cell populations from NIH 3T3 cells transfected with
the indicated DNAs were obtained by selection in a medium
containing mycophenolic acid. Total cell lysates (200 ng) were
fractionated by SDS-PAGE and subjected to immunoblot analysis.
Immunodetection was carried out with an affinity-purified anti-PTyr
antibody, as described in Materials and Methods. The autoradio-
gram is overexposed to reveal low-abundance tyrosine-phosphory-
lated proteins. Molecular mass markers (M) are shown in kilodal-
tons. Results are typical and representative of at least three
independent experiments. NIH-EGFR cells were treated with (+) or
without (—) EGF, as described in Materials and Methods.

To analyze expression of the COOH-terminal mutants, we
established stable mass populations of transfected cell lines
by selection with mycophenolic acid. Total cell lysates were
subjected to Western blot analysis by using the M1 antipep-
tide serum which recognizes an epitope (residues 866
through 880) present in the wt erbB-2 protein and its COOH
mutants. This antibody also recognized with equal efficiency
tyrosine-phosphorylated or -dephosphorylated erbB-2 (see
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Materials and Methods). All mutant proteins were expressed
at levels similar to those detected in NIH 3T3 cells trans-
fected with the wt erbB-2 expression vector (Fig. 1B). The
COOH-deleted proteins also exhibited faster migration in
SDS-PAGE than the wt gp185°®5-2 consistent with the
extent of their respective deletions (Fig. 1B). Moreover,
antipeptide sera (M6 and M7 antibodies; see Materials and
Methods) directed against determinants not retained in the
mutant proteins failed to recognize them but readily detected
the wt gp185¢25-2 (data not shown). Taken together, these
results indicated that the reduced biological activity of the
erbB-2 mutants was not due to a decrease in their level of
expression but rather to their altered structure. Thus, our
results indicated that the COOH domain has a positive
regulatory role in erbB-2 biological activity.

To investigate the molecular basis of the regulatory role of
the erbB-2 COOH domain, we analyzed the pattern of
tyrosine-phosphorylated proteins in cells overexpressing wt
gpl185¢7%5-2 a5 well as COOH-deleted proteins. Very similar
patterns of PTyr-containing proteins were detected in NIH
3T3 cells transformed by wt erbB-2, erbB-221°"%, or erbB-
241050 (Fjg. 1C). However, the mutants induced tyrosine
phosphorylation of intracellular proteins with reduced effi-
ciency, compared with wt gp185¢®5-2 (Fig. 1C). None of
these putative substrates were identifiable in control NIH
3T3 cells. In addition, none of the putative substrate was
recognized by the M1 antibody, thus indicating that they did
not represent PTyr containing COOH-terminal degradation
products of erbB-2. These findings suggested that COOH
truncation led to reduced kinase activity in vivo or to lower
substrate affinity. Of note, the observed pattern of tyrosine-
phosphorylated proteins in erbB-2 transformants displayed
qualitative and quantitative differences when compared with
the pattern detected in NIH 3T3 transfectants overexpress-
ing the EGFR (7) and stimulated by EGF (Fig. 1B). This
observation supports the concept that erbB-2 and EGFR
mediate their mitogenic effects through different or at least
partially different signalling pathways (7, 8).

The carboxy-terminal domains of erbB-2 and EGFR mole-
cules differentially regulate their biological activities. To in-
vestigate the respective roles of their COOH domains, in
determining their biological activity, we engineered chimeric
molecules between erbB-2 and EGFR by reciprocally
switching their COOH domains. The transforming ability of
these chimeras was then assessed by transfection of NIH
3T3 fibroblasts. Each chimera was found to differ from both
of the parental molecules (Fig. 2). The EGFR/erbB-2€°°H"
chimera showed a basal transforming efficiency of 6.7 x 10!
FFU/pmol in the absence of EGF stimulation. This was
significantly above the undetectable level of transforming
activity of the parental EGFR c¢cDNA (Fig. 2). Both mole-
cules were sensitive to EGF stimulation, which significantly
enhanced their transforming ability. Conversely, the COOH
domain of the EGFR exerted a negative effect on erbB-2
biological activity. The erbB-2/EGFRC°H chimera dis-
played around 20-fold lower transforming potency with
respect to the parental erbB-2 molecule (Fig. 2).

To ensure that these results were not due to different
levels of expression of each protein, we used a panel of
antipeptide sera directed against epitopes localized either to
the tyrosine kinase or COOH domains of EGFR and erbB-2.
An outline of the strategy employed is depicted in Fig. 3A.
The relative levels of erbB-2, EGFR, erbB-2/EGFRC°CH,
and EGFR/erbB-2°°°H proteins, detected by Western blot,
were calculated on the basis of densitometric scans and
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FIG. 2. Transforming activities of COOH chimeric molecules
between EGFR and erbB-2 in NIH 3T3 cells. Transfection was
performed by the calcium phosphate precipitation technique (13)
with 40 pg of calf thymus DNA as a carrier and 10-fold serial
dilutions of linearized plasmid DNA. Assays were scored at 21 days.
Where indicated, EGF (20 ng/ml) was added at day 14 and assays
were scored at day 21. Transforming efficiency was calculated in
FFU per picomole of added DNA, as indicated in the legend to Fig.
1. Data represent the average of three independent experiments
performed in duplicate. Standard error was less than 10% of the
mean. TK, Tyrosine kinase. Symbols: OO, EGFR sequence; B,
erbB-2 sequence; A, transmembrane sequence.

titration analysis. No major differences in the levels of the
expressed proteins were detected (Fig. 3B).

erbB-2 and EGFR COOH domains exert differential regu-
latory effects on tyrosine kinase activity. The level of in vivo
tyrosine phosphorylation has been shown to be a reliable
marker of receptor activation both for EGFR and erbB-2 (4,
5,9, 18, 19, 33, 38, 39, 45). To examine the possibility that
their COOH domains differentially affected the intrinsic
enzymatic activities of erbB-2 and EGFR molecules, we
analyzed in vivo tyrosine phosphorylation of the chimeric
proteins in comparison with the parental molecules. EGFR
and EGFR/erbB-2€°°H proteins, analyzed in overexpress-
ing cell lines, were found to possess different biochemical
properties (Fig. 4A and B). As previously reported (9, 38),
EGFRs showed little if any tyrosine phosphorylation in cells
cultivated in the absence of EGF but demonstrated rapid
tyrosine phosphorylation in response to the addition of EGF.
Conversely, the EGFR/erbB-2€°°H chimera showed a de-
tectable basal level of tyrosine phosphorylation, which was
further augmented in response to EGF (Fig. 4A and B). The
same results were reproducibly observed in NR6 transfec-
tants as well (Fig. 4A). Since this latter cell line is devoid of
EGFR (36), these findings excluded the possibility that the
level of unstimulated tyrosine phosphorylation of the EGFR/
erbB-2°°°H chimera was due to intracellular cross talk
between this molecule and endogenous EGFR (23, 25, 44).

The introduction of the EGFR COOH domain to the
erbB-2 molecule was associated with a decrease in the level
of in vivo tyrosine phosphorylation, compared with the
erbB-2 parental molecule. The erbB-2/EGFR°°H chimera
displayed around 50% lower levels of tyrosine phosphoryla-
tion than the wild-type erbB-2 molecule (Fig. 4B). All of
these results were consistent with the concept that the
EGFR COOH domain down modulated the intrinsic tyrosine
kinase activity of either EGFR or erbB-2 proteins, whereas
this domain of erbB-2 exerted up regulation of the tyrosine
kinase activity of both molecules.

These in vivo findings were paralleled by results obtained
in an in vitro autophosphorylation assay of EGFR and
EGFR/erbB-2€°°H proteins. The EGFR/erbB-2°°°H chi-
meric protein displayed a higher basal level of autophosphor-
ylation than EGFR in a series of in vitro assays performed in
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FIG. 3. Comparison of steady-state expression of wt EGFR, wt
erbB-2, and COOH chimeras expressed in NIH 3T3 cells. Mass cell
populations from NIH 3T3 cells transfected with the indicated
DNAs were obtained by selection in a medium containing mycophe-
nolic acid. Total cell extracts were then analyzed by immunoblot for
the specific protein content. (A) Strategy of detection. Since no
direct comparison among the indicated proteins was possible, given
their different primary structures, we used a panel of antipeptide
sera (F, ES, E7, M1, M5, and M7 antibodies described in Materials
and Methods). The rationale of the approach was based on the fact
that each antibody recognized a parental and a chimeric molecule.
Moreover, each chimeric molecule was recognized by antibodies
which also detected either one of the parental molecules. Total cell
lysates at serial dilutions were analyzed by immunoblot with each of
the indicated antibodies, and autoradiograms were subjected to
densitometry. By matching the quantitative measurements obtained
by densitometric scans and titration analysis, the relative protein
levels were then calculated for each molecule and expressed as the
percentage of the erbB-2 level. TK, Tyrosine kinase. Symbols: (1,
EGFR sequence; B, erbB-2 sequence; @, transmembrane se-
quence. (B) Relative protein levels. Total cell lysates at twofold
serial dilutions (50, 25, 12, and 6 pg), from the indicated cell lines,
were fractionated by SDS-PAGE and transferred to nitrocellulose.
Lysates were obtained in the absence of phosphatase inhibitors.
Under these conditions, the receptor proteins were depleted of
PTyr, as demonstrated by immunoblot with anti-PTyr antibodies
(results not shown). Thus, the reactivity of the antipeptide antibod-
ies could not be affected by tyrosine phosphorylation of the recog-
nized epitope. Six identical blots were then immunostained with the
six antipeptide antibodies indicated in panel A. Relative protein
levels were calculated as described above. Results are typical and
representative of three independent determinations.

different temperatures, incubation times, and ionic strengths
of buffer (Fig. 5). Both molecules also responded to the
addition of the ligand with increased autocatalytic activity.
These results further demonstrate that the carboxy-terminal
domains differentially regulate the catalytic activities of
EGFR and erbB-2 in a manner which significantly influences
their respective biological activities.
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FIG. 4. In vivo tyrosine phosphorylation of EGFR, erbB-2, and
COOH chimeras expressed in NIH 3T3 or NR6 cells. (A) Total cell
lysates (50 ng) from the indicated cell lines were fractionated by
SDS-PAGE and subjected to Western blot analysis. Immunodetec-
tion was carried out with the affinity-purified anti-PTyr antibody
described in Materials and Methods. Where indicated (— or +
EGF), EGF treatment (100 ng/ml) of intact cells was performed for
5 min at 37°C. Molecular mass markers are indicated in kilodaltons.
(B) Equal amounts of specific receptor proteins were fractionated by
SDS-PAGE. The amount of total cell lysates from transfected NIH
3T3 cells to be loaded on the gel to obtain equal quantities of specific
receptor proteins was calculated on the basis of the values shown in
Fig. 3B. However, in this experiment, lysates were done in the
presence of phosphatase inhibitors. Proteins were transferred to
nitrocellulose and immunodetected with the affinity-purified anti-
PTyr antibody described in Materials and Methods. Treatment with
EGF (100 ng/ml) was carried out at 37°C for 5 min, when indicated.
Symbols: B, no EGF treatment; A, EGF treatment. Quantitative
measurements were obtained by densitometric scans and titration
analysis, and the PTyr content of each molecule was calculated in
arbitrary units and expressed as the percentage of the erbB-2 PTyr
level. Data are typical and representative of three independent
determinations.

Increased in vivo tyrosine phosphorylation of PLC-y by
EGFR/erbB-2°°°" in comparison with EGFR. If the in-
creased catalytic activity of the EGFR/erbB-2€°°H chimera
resulted in a chronic activation of the EGF-responsive
mitogenic pathway, one should expect evidence of constitu-
tive tyrosine phosphorylation of intracellular substrates,
which are normally phosphorylated by EGFR only upon
EGF triggering. One such substrate, PLC-y, has recently
been identified (29, 32, 48). Thus, we investigated the state of
PLC-v tyrosine phosphorylation in EGFR and EGFR/erbB-
2COOH transfectants in the presence or absence of EGF
stimulation. For these studies, two mass cell populations of
NIH 3T3-EGFR and NIH 3T3-EGFR/erbB-2°°°H express-
ing comparable number of receptors were selected. 2°I-
labeled EGF-binding experiments revealed that these two
transfectants expressed 1.5 X 10° EGFR and 1.3 x 10°
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FIG. 5. In vitro autophosphorylation of EGFR and EGFR/erbB-
2COOH  pyrified membranes from NIH 3T3 cells transfected with the
indicated DNAs were obtained in the absence of phosphatase
inhibitors, as described in Materials and Methods. Under these
conditions, EGFR and EGFR/erbB-2°°°H were demonstrated, by
immunoblot, to be completely depleted of PTyr (results not shown).
The autophosphorylation assay was then performed in the presence
of 60 pM cold ATP and 10 mM MgCl, under the indicated condi-
tions. PTyr-containing proteins were analyzed by SDS-PAGE fol-
lowed by immunoblot and detected with the anti-PTyr antibody.
Molecular mass markers are indicated in kilodaltons. Comparable
results were obtained in two independent experiments. The assay
conditions utilized were as follows: 4°C for 10 min in the presence of
250 mM ammonium sulfate (A); 25°C for 1 min in the presence of 250
mM ammonium sulfate (B); and 4°C for 10 min without ammonium
sulfate (C). Treatment with (+) or without (—) EGF was done as
described in Materials and Methods.

EGFR/erbB-2€C°H  respectively. PLC-y was not detectably
phosphorylated on tyrosine residues in unstimulated NTH
3T3-EGFR (Fig. 6A). Following EGF treatment, PTyr-
containing PLC-y was readily detected. In accordance with
the level of constitutive tyrosine phosphorylation of the
EGFR/erbB-2°°H molecule, constitutive levels of tyrosine-
phosphorylated PLC-v in NIH 3T3 cells overexpressing this
chimera were observed (Fig. 6A). PLC-y tyrosine phosphor-
ylation could be further enhanced by the addition of EGF to
these cells (Fig. 6A). Since no differences in the steady-state
levels of PLC-y could be detected in the two cell lines (Fig.
6B), we conclude that the EGFR/erbB-2°°°H chimera con-
stitutively transduces an EGF-independent signal in vivo
and that this activity correlates with its increased biological
potency, compared with that of the EGFR.

DISCUSSION

erbB-2 and EGFR are closely related genes (6, 46) which
have been implicated in the genesis of a variety of naturally
occurring (11, 24, 26, 40, 42, 43, 53) and experimentally
induced (2, 37) malignancies. In vitro studies have demon-
strated that a number of heterogeneous genetic alterations,
including overexpression (7, 8, 20), point mutations (2, 3,
39), and truncations (3, 8, 15), can activate the transforming
potential of both molecules, likely through enhancement of
receptor kinase-dependent intracellular signalling (4, 39, 45).
There appears to be a fundamental difference in the consti-
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FIG. 6. Invivo tyrosine phosphorylation of PLC-y by EGFR and
EGFR/erbB-2°°°", Two marker-selected mass cell populations
expressing 1.5 x 10° and 1.3 x 10° EGFR and EGFR/erbB-2C°CH
cells, respectively, were utilized. Cells were treated with EGF (100
ng/ml) at 37°C for S min, where indicated. (A) Total cell lysates (1.0
mg) were immunoprecipitated with the affinity-purified polyclonal
antiPTyr antibody. Immunoprecipitates were then analyzed by
immunoblot with a mixture of six monoclonal antibodies against
PLC-v (kindly provided by S. G. Rhee). (B) Total cell lysates (50 n.g)
were analyzed by immunoblot with the anti-PLC-y antibodies de-
scribed above. Molecular mass markers are indicated in kilodaltons.
Comparable results were obtained in three independent experi-
ments.

tutive level of tyrosine kinase activity attributed to steady-
state expression of normal EGFR and erbB-2 proteins. In
this study, we endeavored to systematically analyze the
effects of their different COOH domains on the biological
and biochemical properties of erbB-2 and EGFR molecules.

We showed that erbB-2 and EGFR COOH domains differ-
entially regulate their biological activities. By analysis of
carboxy-terminal truncated mutants and chimeric mole-
cules, we demonstrated that the erbB-2 COOH domain
significantly up regulates its biological activity. Thus, a
COOH-truncated mutant demonstrated a reduction of trans-
forming activity of as much as 40-fold. Moreover, substitu-
tion of the erbB-2 COOH domain for its analogous domain in
the EGFR resulted in a significant increase in EGFR-trans-
forming activity in both the presence and absence of EGF.
The mechanism by which its COOH domain exerts a positive
regulatory role on erbB-2 biological activity is not yet
known. This domain may be important in the regulation of
intrinsic receptor kinase activity or for interaction with
critical substrates. The latter hypothesis seems less likely,
since representative COOH-truncated erbB-2 proteins dem-
onstrated similar patterns of phosphorylation of intracellular
proteins compared with those of the wild-type molecule.
However, the fact that such mutants were less efficient
suggests that COOH deletion causes a reduction in kinase
activity in vivo.

Direct evidence that the erbB-2 COOH domain up regu-
lates kinase activity was derived from the replacement of the
COOH domain of EGFR with the analogous domain of
erbB-2. The EGFR/erbB-2€°°H chimeric protein demon-

MoL. CELL. BioL.

strated an increase in both in vivo and in vitro basal
autophosphorylation activities, compared with the parental
EGFR molecule. In contrast to the EGFR, the EGFR/
erbB-2°°°H chimera constitutively phosphorylated PLC-y
on tyrosine residues in vivo, thus linking its enhanced
biological activity to a well-known mitogenic signal trans-
duction pathway (29, 32, 48). These findings provide a
mechanistic basis for the increased transforming efficiency
of this chimera, compared with that of the EGFR. Similar
positive effector roles have been recently reported for
COOH domains of both the insulin receptor (28, 31) and the
platelet-derived growth factor receptor (10).

This study indicates that the EGFR COOH domain is
not a strong modulator of biological activity. The erbB-2/
EGFRCC°H chimeric protein exhibited 20-fold reduced
transforming activity compared with the parental erbB-2
molecule but was only slightly more efficient than the erbB-
2-truncated mutant, erbB-21%%°, These findings are in agree-
ment with previous reports showing that COOH truncation
mutants of the EGFR displayed only a modest three- to
fivefold reduction in their biological activities (15, 47).

The catalytic activity of the erbB-2 product does not seem
as tightly regulated as those of other growth factor receptors.
In the absence of exogenously added ligand, erbB-2 is
capable of inducing transformation of cells from several
different tissues (our unpublished observations) and pos-
sesses constitutive enzymatic activity (3, 39, 45; also this
paper). A recent study has provided evidence for the exist-
ence of an erbB-2 ligand (52). Thus, it is possible that the
apparently atypical behavior of the erbB-2 product might be
due to autocrine production of such a ligand by a large array
of normal cells. However, we showed that replacement of
the EGFR COOH domain with erbB-2 sequences alone was
able to up regulate kinase activity and cause the EGFR/
erbB-2°°H molecule to display constitutive transforming
activity. In this latter case, autocrine stimulation is highly
unlikely, since NIH 3T3 cells do not express detectable
tumor growth factor o or EGF (data not shown). Moreover,
EGFR/erbB-2°°°H transformants maintained their trans-
formed morphology in chemically defined medium lacking
tumor growth factor a or EGF (data not shown). Thus, the
erbB-2 product may normally possess a high basal level of
constitutive enzymatic activity in the absence of ligand at
least in part because of the positive effector role of its COOH
domain.
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