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The epidermal growth factor receptor (EGFR) and gpl`5erbB"2 are closely related tyrosine kinases. Despite
extensive sequence and structural homology, these two receptors display quantitative and qualitative
differences in their ability to couple with mitogenic signalling pathways. By using chimeric molecules between
EGFR and erbB-2, we found that the determinants responsible for the specificity of mitogenic signal
transduction are located in the amino-terminal half of the tyrosine kinase domain of either receptor. In the
EGFR, mutational analysis within this subdomain revealed that deletion of residues 660 to 667 impaired
receptor mitogenic activity without affecting its tyrosine kinase properties. This sequence is therefore likely to
contribute to the specificity of substrate recognition by the EGFR kinase.

Many growth factors regulate cellular growth, metabo-
lism, and differentiation through activation of receptors
endowed with intrinsic tyrosine kinase activity (1, 37, 44,
45). These receptors possess an extracellular ligand-binding
domain; a hydrophobic domain, which anchors the receptor
to the plasma membrane; and an intracellular portion, con-
taining the tyrosine kinase domain (TK), which shows good
sequence identity among the members of this family (16, 37,
45). Recently, progress has been made on the elucidation of
the mechanisms of coupling between tyrosine kinase recep-
tors and effector pathways (20, 21, 24-27, 37-40). The
emerging picture is one of increasing complexity and under-
scores diversities in the use of a repertoire of effector
molecules by different growth factor receptors. For instance,
the platelet-derived growth factor receptor (PDGFR) phos-
phorylates phospholipase C--y (PLC--y) (25, 39) and the p2lras
GTPase-activating protein (GAP) (20, 21, 26) on tyrosine
residues; however, other tyrosine kinase receptors do not
(12, 26). Therefore, it appears that in addition to receptor
expression and/or ligand availability, the specificity of sub-
strate recognition contributes to determine the cellular re-
sponse to a peptide growth factor.
The mechanisms involved in the transduction of the mito-

genic signal by the epidermal growth factor (EGF) receptor
(EGFR) (36) and the product of the erbB-2 gene, gp185erbB-2
(5), appear to differ. In fact, even though closely related (5),
EGFR and gp185erbB-2 show qualitative and quantitative
differences in their ability to activate mitogenic pathways in
different target cells under comparable conditions of expres-
sion and enzymatic activation. In NIH 3T3 fibroblasts,
gp185erbB-2 displays a 100-fold higher transforming activity
than the EGFR (8, 11). However, when expressed in 32D
cells, an interleukin-3-dependent myeloid precursor cell line,
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the enzymatically active erbB-2 product is unable to induce
cell proliferation (11), whereas expression of the EGFR in
this cell line induces EGF-dependent proliferation (30).

Since the intracellular domains of gpl85erbB2 and EGFR
are only 15% homologous in their most COOH-terminal 250
residues, this region could confer differential coupling with
postreceptor effector pathways (5). However, the COOH
termini of EGFR and gpl85erbB-2 appear to modulate intrin-
sic catalytic properties rather than specificity of substrate
recognition (2, 10, 11, 33, 41). Specificity for coupling with
postreceptor effector pathways was shown to reside instead
in the highly conserved TK domains (11). In this study, we
define the amino-terminal halves of their TK domains as the
regions responsible for the specific coupling of the EGFR
and gpl85erbB-2 with their mitogenic pathways. A further
mutational analysis of this subdomain led us to the identifi-
cation of a region spanning residues 660 to 667 whose
deletion markedly reduced EGFR mitogenic activity without
affecting its intrinsic catalytic properties. This sequence
might therefore be involved in the specific coupling of the
EGFR with its effector pathways.

MATERIALS AND METHODS

Rationale and strategy of sequence comparison. The se-
quences of the TK domains of four pairs of the most closely
related human growth factor receptors, i.e., EGFR and
erbB-2, the insulin receptor (IR) and insulinlike growth
factor-1 receptor (IGF-1R), c-kit and colony-stimulating fac-
tor type 1 receptor (CSF-1R), and PDGFR type a (PDGFR-
a) and type 3 (PDGFR-P) (reviewed in references 16 and 45),
were aligned. The end of the transmembrane region was
assumed to be the NH2-terminal boundary of the TK region.
The COOH boundary was arbitrarily located at the Cys-Trp
doublet (positions 926 and 927 in the EGFR sequence),
which is absolutely conserved among receptor tyrosine
kinases and after which no homology is easily detectable
among these molecules. The sequence alignment was ini-
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tially obtained with a GENALIGN program (Intelligenetics)
and then modified visually to minimize the introduction of
gaps. The homology score was assigned in a conservative
fashion, and thus only a few of the accepted evolutionary
conservative changes were scored as such, i.e., Asp for Glu
and vice versa, Lys for Arg and vice versa, and any

substitution among Ile, Leu, and Val (see legend to Fig. 1 for
details).

Transfection and mitogenic assays. DNA transfection of
NIH 3T3 (19) and NR6 cells (31) was performed by the
calcium phosphate precipitation technique (15), as modified
by Wigler et al. (43). Transformed foci were scored at 3
weeks. Where indicated, EGF (Upstate Biotechnology, 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 normalization
for the efficiency of colony formation in parallel dishes
subjected to selection in mycophenolic acid-containing me-

dium (28). Cells expressing the Ecogpt gene were selected
for their ability to form colonies in the presence of a

mycophenolic acid-containing medium (28). [3H]thymidine
incorporation assays and the growth assay in chemically
defined medium were performed as described previously (8,
14).
Engineering of eukaryotic expression vectors. The LTR-

erbB-2 (9) and LTR-EGFR (8) expression vectors have been
described previously. The chimeric expression vectors used
in this study were engineered starting from LTR-erbB-2 and
LTR-EGFR. Initially, novel Sall and Spel sites were engi-
neered in identical positions in the sequences of erbB-2 and
EGFR bordering the TK1 region (see legend to Fig. 1 for a

definition of TK1 and TK2), by site-directed mutagenesis
(22) (see also Fig. 2 for graphic details). The Sall sites were

generated by modifying the sequences GGAGGC (nucleo-
tides 2225 to 2230) and GGAGAC (nucleotides 2213 to 2218)
of the EGFR (36) and erbB-2 (5) open reading frames,
respectively, to GTCGAC. The SpeI sites were similarly
generated by modifying to ACTAGT the sequences CTT
GGT and GCTCGT (nucleotides 2682 to 2687 and 2669 to
2674 for EGFR and erbB-2, respectively). These modifica-
tions did not alter the predicted protein sequences of EGFR
and erbB-2. The 0.45-kbp Sall-Spel fragments encompassing

the TK1 regions were then reciprocally swapped between
EGFR and erbB-2 to yield the LTR-erbB-2/EGFRTKl and
LTR-EGFR/erbB-2TKl expression vectors. The amino acid
boundaries of the TK1 regions were from positions 689 to
840 (numbered according to Coussens et al. [5]) and from
positions 657 to 808 (numbered according to Ullrich et al.
[36]) for erbB-2 and EGFR, respectively. All of the construc-
tions described were sequenced in both strands of the
regions which underwent genetic manipulation.

Generation of EGFR mutants. EGFR mutants in the TK1
domain were generated in a 3-kbp SmaI-XhoI fragment of
the EGFR cDNA (36) subcloned in M13mpl9. Mutagenesis
was performed according to Kunkel (22) with synthetic
oligonucleotides. The positions of the amino acid deletions
and substitutions (numbered according to the sequence by
Ullrich et al. [36]) are indicated in Table 1. Substitutions
were as follows: 1, Glu-Arg Asp-Val; 5, Ser-Gly-Glu ->

Met-Val-Asn; 6, Lys -> Asp; 9, Ser-Val-Asp-Asn -* Leu-

Glu-Leu-Arg; 10, Asp-Asn-Pro-His-Val -> Leu-Ile-Pro-Glu-
Phe; 12, Asp-Tyr-Val Glu-Phe-Met; 14, His-Ile-Val

Val-Asn-Ser; 15, Gly-Ala -> Thr-Met; 16, Ala-Glu-Glu-Lys
-> Val-Leu-Asp-Val. All the mutations were confirmed by
DNA sequence analysis, and the mutants were subcloned
into the LTR-2/EGFR expression vector (8).

TABLE 1. Enzymatic and biological properties of
EGFR mutantsa

Mutant Type of Mutated Tyrosine kinase Biological
no. mutation residue(s) activity activity

1 Substitution 661-662 + +
2 Deletion 660-667 + +/-
4 Deletion 670-674
5 Substitution 671-673
6 Substitution 713 + +
8 Deletion 742-750 -

9 Substitution 744-747 -

10 Substitution 746-750 -

11 Deletion 775-790 -

12 Substitution 776-778 + +
14 Substitution 648-650 + +
15 Substitution 839-840 + +
16 Substitution 840-843 +/-

a Mutants are numbered here according to the code used in the original
experimental protocols. Substitutions are detailed in Materials and Methods.
Mutant cDNAs were subcloned in the LTR-EGFR expression vector (8) and
transfected in NR6 fibroblasts. The biological activity of the transfectants was
assessed as their ability to incorporate [3H]thymidine upon EGF stimulation
in comparison to wild-type EGFR transfectants derived in the same experi-
ment. Tyrosine kinase activity was assayed as the ability of the mutant
receptors to undergo in vivo autophosphorylation upon EGF triggering, as
assessed by Western blot analysis of cell lysates with anti-PTyr antibodies.
Symbols: +, activity comparable to wild-type EGFR; +/-, activity impaired
compared with wild-type EGFR; -, absent or markedly diminished activity
compared with wild-type EGFR.

Protein analysis. Total cellular proteins were obtained
from mass cell populations derived after transfection and
marker selection. Where indicated, cell lysis was performed
after incubating cells at 37°C with EGF. Lysates were
obtained in a buffer containing 50 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5), 150 mM
NaCl, 1% Triton, 10% glycerol, 5 mM EGTA (ethylene
glycol tetraacetic acid), phosphatase inhibitors (10 mM so-
dium ppi and 400 F.M sodium orthovanadate), and protease
inhibitors (1 mM phenylmethylsulfonyl fluoride and 10 ,ug of
aprotinin per ml). Immunoprecipitation and immunoblot
analyses were performed as described previously (10, 14,
33). Immunodetection was carried out with the M6 serum,
directed against the erbB-2 peptide 1218 to 1231 (10); the E7
serum, directed against the EGFR peptide 1172 to 1186 (10);
a mixture of six monoclonal antibodies directed against
PLC--y (35); and an antiphosphotyrosine (anti-PTyr) affinity-
purified polyclonal serum, prepared as described by Pang et
al. (29). 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, phosphoserine, or phosphothreonine. In
some cases a commercial anti-PTyr monoclonal antibody
(UBI) was substituted for the anti-PTyr polyclonal serum,
with comparable results.

In vitro kinase assays. Cell extracts were prepared from
confluent monolayers incubated for 12 h in serum-free me-
dium. Cell lysates were prepared in lysis buffer, containing
20 mM HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 1.5 mM MgCl, 1 mM phenylmethylsulfonyl
fluoride, aprotinin (10 ,ug/ml), and leupeptin (10 p.g/ml).
Samples were normalized for amount of receptor by immu-
noprecipitation with a monoclonal antibody against the
EGFR extracellular domain (Ab-1; Oncogene Science) fol-
lowed by immunoblotting with EGFR antipeptide serum E7.
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FIG. 1. Identification of two subdomains, TK1 and TK2, within the tyrosine kinase region of growth factor receptors. (A) Amino acid
identity among tyrosine kinase growth factor receptors in their TK regions. The sequences of EGFR, erbB-2, IR, IGF-1R, CSF-1R, c-kit,
PDGFR-oa, and PDGFR-P were aligned as described in Materials and Methods. The figure depicts an ideal receptor tyrosine kinase (TK)
region in which identities among the eight receptors are indicated with black bars and nonidentities are shown as blank spaces. Changes from
Asp to Glu, Arg to Lys, and Ile to Leu or Val and vice versa were scored as identities. The insert TK region of CSF-1R, c-kit, PDGFR-a,
and PDGFR-P is not shown in the diagram, but its approximate location is indicated by an arrow. The two horizontal black bars indicate
residues involved in the creation of the ATP-binding site. Position 0 indicates the last amino acid in the transmembrane region of the analyzed
receptors. (B and C) Dissimilarity profile in the TK1 region of pairs of closely related tyrosine kinase growth factor receptors. Individual pairs
of closely related growth factor receptors (EGFR and erbB-2, IR and IGF-1R, and CSF-1R and c-kit) were analyzed for patterns of
dissimilarity in the TK1 region. To obtain the dissimilarity profile of EGFR versus erbB-2, the amino acid sequences of their TK1 regions were
aligned as described in Materials and Methods and then a preliminary arbitrary score was assigned to each single amino acid position in the
alignment. Scores were 0 for identity of amino acid residues at any given position, 1 for conservative changes (Asp to Glu, Arg to Lys, and
Ile to Val or Leu and vice versa), and 3 for nonconservative changes. The final dissimilarity scores were assigned at each single position by
using an algorithm which arithmetically averaged the preliminary score of every residue with the scores of the residue immediately preceding
and following it (window size, 6; value weights, 1 for each residue from position -3 to +3). The dissimilarity scores of IR versus IGF-1R and
c-kit versus CSF-1R were obtained similarly. Panel B depicts the dissimilarity profile of the EGFRIerbB-2 pair (solid line) matched to that for
the c-kitlc-fms pair (dashed line). Panel C depicts the profile of the EGFRJerbB-2 pair (solid line) matched to the dissimilarity profile of the
IRIGF-1R pair (dashed line).

For the in vitro autophosphorylation assay, lysates con-
taining equal amounts of receptor were immunoprecipitated
with the Ab-1 antibody, and the specific immunoprecipi-
tates, recovered with protein G-agarose, were resuspended
in 30 ,ul of HNTG (0.1% Triton X-100, 20 mM HEPES [pH
7.5], 150 mM NaCl, 10% glycerol) supplemented with 15 mM
MgCl2, 15 mM MnCl2, 20 ,uCi of [y-32P]ATP (3,000 Ci/mmol;
Amersham), and various concentrations of unlabeled ATP
(final ATP concentration, 0.5 to 15 ,M). Kinase reactions
were performed for 1 min at 4°C (initial conditions) with
shaking and were terminated by addition of 1 ml of washing
buffer (35 mM EDTA and 1% Triton X-100 in HNTG). After
centrifuging, each pellet was resuspended in 30 ,ul of sodium
dodecyl sulfate (SDS) sample buffer and heated at 95°C for 5
min. This was repeated with an additional 50 ,ul of sample
buffer, and the supernatants were pooled. 32p incorporation
into EGFR was measured by precipitation with trichloroace-

tic acid. Alternatively, the products of the kinase reaction
were analyzed by 7.5% SDS-polyacrylamide gel electropho-
resis (PAGE), and 32P incorporation was measured by ex-
cising the receptor bands and scintillation counting after
solubilization in Protosol tissue solubilizer (New England
Nuclear). Both methods yielded comparable results.
The synthetic peptide KGSTAENAEYLRV, containing

the Y1173 autophosphorylation site of the EGFR (13), was
used as an in vitro substrate of the EGFR kinase. Conditions
were as described for the autophosphorylation reaction;
each reaction mix contained 20 pICi of [_-32P]ATP and, in
addition, either 1 mM peptide and various concentrations of
unlabeled ATP (for determining Km ATP) or 0.0033 mM to 1
mM peptide in the presence of 15 ,uM ATP (for determining
the Km for peptide substrate). Reactions were terminated by
adding 8 ,ul of 5 x SDS sample buffer and heating at 95°C for
5 min. After centrifuging, the supernatants were analyzed by
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FIG. 2. Structure and biological activity ofTK1 chimeric molecules between EGFR and erbB-2, expressed in NIH 3T3 cells. TK1 chimeric
molecules were generated by reciprocally switching between the EGFR and erbB-2 cDNA sequences encoding a stretch of 151 amino acids
(residues 657 to 808 for EGFR and 689 to 840 for erbB-2) encompassed in the SaIl-SpeI fragments, as discussed in Materials and Methods.
The indicated expression vectors were transfected into NIH 3T3 cells by the calcium phosphate method as described before (15, 43), at 10-fold
serial dilutions of plasmid DNA. Assays were scored at 3 weeks. Where indicated, EGF (20 ng/ml) was added at day 14 and assays were
scored 1 week later. Focus-forming efficiency was calculated in FFU per picomole of added DNA as indicated in Materials and Methods.
Results are expressed relative to the focus-forming activity (assigned a value of 1) of the wild-type LTR-EGFR plasmid (8) in cultures
supplemented with EGF. In this latter condition, the LTR-EGFR expression vector induced transformation with an efficiency of about 1.0
x 102 to 2.0 x 102 FFU/pmol of DNA, compared with about 104 mycophenolic acid-resistant colonies per pmol ofDNA (8-11). Data represent
the average of at least three independent experiments performed in duplicate.

SDS-PAGE with a 20% acrylamide separation gel overlaid
with a 7.5% gel. After autoradiography, the peptide bands
were excised and counted as described above. Under our
conditions of analysis, no significant difference was ob-
served in the in vitro kinase assays performed in the absence
of EGF or after treating the cell lysates with EGF (50 nM) at
22°C for 10 min prior to immunoprecipitation.

Phosphopeptide mapping. Tryptic peptide maps of EGFR
were derived after immunoprecipitation and receptor auto-

8 0

Cc

20

6 0

4 0

2 0

LU

1 cr
(0 (0
LU LU

EGF -

*16

YU
OZ
LL

4

rn c~

so - 200

siI
-200

-97

-200

*. 9
-97

/- A

97

--200

-- 97

B

0

0 0.1

EGF concentration (nM)

FIG. 3. Dose-response analysis of [3H]thymidine incorporation
upon EGF stimulation of quiescent NIH 3T3 fibroblasts expressing
either wild-type EGFR or the EGFR/erbB-2 TK1 chimera. Cell lines
were derived after transfection and marker selection; receptor
number was assessed by [1251]EGF binding; the NIH-EGFR and
NIH-EGFR/erbB-2 TK1 cells used in these experiments expressed
2.7 x 105 and 2.5 x 105 receptors per cell, respectively. Cells were

serum-starved for 60 h and then stimulated for 22 h with either 1%
calf serum or the indicated concentration of EGF, in the presence of
4 iCi of [methyl-3H]thymidine per well. Data from triplicate wells
are expressed as the ratio [(EGF cpm - background cpm)/(1%
serum cpm - background cpm)] x 100. Open circles, NIH-EGFR;
solid circles, NIH-EGFR/erbB-2 TK1. Results are typical and
representative of three independent experiments.

FIG. 4. Levels of expression and autophosphorylation activity in
NIH 3T3 cells transfected with EGFR/erbB-2 TK1 and erbB-2/
EGFR TK1 chimeras in comparison to their parental molecules.
Lysates were prepared for serum-starved marker-selected mass
populations of NIH 3T3 transfectants. Where indicated, cells were
incubated with 16 nM EGF for 5 min at 37°C prior to lysis. Total
cellular proteins (100 pg) were subjected to SDS-PAGE and blotted
onto Immobilon membranes. Upper panels were probed either with
the EGFR-specific antiserum E7 (left) or with the erbB-2-specific
antiserum M6 (right). Lower panels were probed with anti-PTyr
antibodies. (A) NIH-EGFR and NIH-EGFR/erbB-2 TK1 cells; (B)
NIH-erb-2 and NIH-erbB-2/EGFR TK1 transfectants. In the case of
erbB-2 and erbB-2/EGFR TK1, tyrosine phosphorylation was ob-
served in the absence of any added growth factors, whereas in the
case of EGFR and EGFR/erbB-2 TK1, it was observed only upon
EGF stimulation, in agreement with previous observations (10, 11).
Results are typical and representative of three independent experi-
ments. Molecular mass markers are indicated in kilodaltons.
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phosphorylation in the presence of 50 ,uCi of [_y-32P]ATP for
20 min at room temperature. Labeled immunoprecipitates
were subjected to SDS-PAGE, receptor bands were excised,
and SDS was removed by incubation with 20% methanol for
16 h at 37°C. The gel slices were then lyophilized, resus-
pended in 0.5 ml of 50 mM NH4HCO3 (pH 8.0), containing
200 ,ug of tolylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin per ml, and incubated overnight at 37°C.
The peptide-containing supernatant was lyophilized and
dissolved in 0.05% trifluoroacetic acid, followed by C18 re-
versed-phase high-pressure liquid chromatography (HPLC).
The column was eluted with a 0 to 75% acetonitrile gradient
in 0.05% trifluoroacetic acid with a flow rate of 1.1 ml/min.
Phosphopeptides eluting from the column were detected by
Cerenkov counts with an on-line radiation detector (Radio-
matic model A1-20). Samples of the peak fractions (one-fifth
of the total) were also counted by scintillation.
EGF binding assay. For Scatchard analysis, 105 cells per

well were seeded in 24-well tissue culture plates (Costar).
The day after, culture medium was replaced with binding
medium (Dulbecco's modified Eagle's medium containing 25
mM HEPES [pH 7.5] and 0.2% bovine serum albumin).
After 2 h of incubation at 37°C, cells were shifted to 4°C and
incubated with 1251-EGF over a range of concentrations from
0.016 to 16 nM for at least 6 h. Assays were performed in
triplicate wells, and specificity of binding was determined by
parallel experiments in which a 100-fold molar excess of
unlabeled EGF was used to compete with the tracer. To
measure downregulation of high-affinity EGF-binding sites
by phorbol esters, cells were incubated for 1 h with 100 nM
phorbol myristate acetate (PMA; Sigma) at 37°C before
performing the binding assay. Conditions were the same as
above, except that binding was measured in the presence of
100 nM PMA. After incubation with EGF, cells were washed
six times with ice-cold binding medium and solubilized with
10 mM NaOH-1% SDS. Radioactivity was measured in a
Beckman gamma counter. The number of receptors per cell
and their dissociation constant (Kd) for EGF were deter-
mined from Scatchard plots. Analysis of the binding was
performed with the LIGAND software.

RESULTS

Sequence divergence in the kinase domain of EGFR and
gpl85erbB2. Alignment of the predicted primary sequence of
the catalytic domains of EGFR and gpl85erbB-2 shows an
overall amino acid sequence identity of about 80% (5), with
most of the differences clustered in a few discrete areas.
Based on the pattern of conservation among receptors from
different subfamilies, however, this domain can be divided
into two subdomains, TK1 and TK2 (Fig. 1A). The TK2
domain shows the least sequence variability, which suggests
that it might form the structural core for the phosphotrans-
ferase reaction (Fig. 1A) (16). The TK1 subdomain, on the
other hand, is poorly conserved among the various receptor
subfamilies (Fig. 1A) (16), although it retains a high degree of
similarity among receptors of the same subfamily.
We searched for profiles of sequence divergence in the

TK1 domain of different pairs of closely related receptors.
We chose three pairs of receptors (see legend to Fig. 1 for
details), the members of each pair having evolved from a
similarly distant branching point of the evolutionary tree of
tyrosine kinases (16). The computer analysis shown in Fig.
1B and 1C indicates that among different pairs of receptors,
the clusters of sequence divergence in their TK1 domains fall
into similar positions, which suggests that evolutionary

pressure favored variability of a limited number of se-
quences in the TK1 domain of tyrosine kinase receptors.
The NH2-terminal half of the EGFR and erbB-2 kinase

domain determines specificity of signal transduction. If se-
quence variability in the TK1 domain were responsible for
specificity of coupling with mitogenic pathways, then ex-
changing the TK1 domains between gpl85erbB-2 and EGFR
should confer erbB-2-like properties on the latter and vice
versa. We engineered such chimeric molecules, designated
EGFR/erbB-2 TK1 and erbB-2/EGFR TK1, and transfected
them into NIH 3T3 fibroblasts. As previously shown (8-11),
the parental erbB-2 expression vector induced transforma-
tion at least 100-fold more efficiently than EGFR, even when
the latter was maximally stimulated by EGF addition (Fig.
2). Switching the erbB-2 TK1 domain into EGFR markedly
increased the EGFR transforming efficiency, which was still
dependent on EGF supplementation (Fig. 2). Conversely,
the erb-2/EGFR TK1 construct displayed greatly reduced
focus-forming activity compared with the erbB-2 molecule.
Therefore, the transforming activity of the chimeras segre-
gated with that of the wild-type cDNAs from which the TK1
domains were derived.
We took advantage of the ligand dependence of EGFR

signalling to compare the mitogenic response to EGF of NIH
3T3 cells transfected with wild-type EGFR and EGFR/
erbB-2 TK1 molecules. As shown in Fig. 3, at comparable
levels of receptor expression, the NIH-EGFR/erbB-2 TK1
cells showed a four- to fivefold-higher mitogenic response to
EGF than NIH-EGFR cells; however, the 50% effective
dose (ED50) for EGF was comparable for both cell lines
(about 0.1 nM EGF). The difference between these two cell
lines in the magnitude of their maximal mitogenic response
to EGF, despite similar ED50 values, affinity for EGF
binding (data not shown), and receptor levels (see also
below), is compatible with the concept that the EGFR and
erbB-2 effector pathways are qualitatively different and that
specificity of substrate recognition is conferred by their TK1
domains.
Western immunoblot analysis of mass populations of NIH

3T3 transfectants derived after marker selection showed that
the levels of expression of wild-type and chimeric receptors
were comparable (Fig. 4). Furthermore, no difference in the
level of tyrosine phosphorylation in vivo was detected
between gpl85erbB2 and the erbB-2/EGFR TK1 chimeras or
between the EGFR and the EGFR/erbB-2 TK1 chimeras
(Fig. 4) under appropriate conditions of stimulation. It has
been shown previously that the level of tyrosine phosphor-
ylation in vivo correlates well with gpl85erbB-2 and EGFR
kinase activity (10, 32-34). Thus, since differences in neither
receptor expression nor kinase activity in vivo could account
for the observed biological differences, we conclude that
structural determinants located in the TK1 subdomain of the
EGFR and the erbB-2 product must be responsible for their
specific coupling with different mitogenic pathways.
Mutational analysis of the TK1 domain of the EGFR. As

discussed above, the sequences of the EGFR and gpl85erbBl2
in their TK1 regions differ in only a few discrete areas. Then,
in principle, mutations targeted to these regions might be
sufficient to impair mitogenic signalling without affecting the
phosphotransferase activity of the receptor. We chose to use
the EGFR to pursue this experimental approach, since the
availability of a ligand allows precise quantitative measure-
ments of biological activity and receptor expression.

Mutations were introduced in the EGFR cDNA coding
sequence in order to obtain either deletions or amino acid
substitutions within the TK1 sequences which diverge from
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erbB-2 (Table 1), and the mutants were transfected into NR6
fibroblasts, which are devoid of endogenous EGFR (31). The
sequence containing EGFR residues 839 to 844, located in
TK2, was also included as a target for mutations because of
its high divergence between EGFR and gp185erbB2. Cell
lines expressing individual mutants were obtained after
marker selection and screened for mitogenic response and
autophosphorylation in vivo upon EGF triggering. The re-
sults of the initial screening are summarized in Table 1. The
mutants in which we could not detect EGF-dependent ty-
rosine autophosphorylation despite receptor expression
(mutants 4, 5, 8, 9, 10, 11, and 16) were also unable to
transduce a mitogenic signal (Table 1). These mutants were
not investigated further, since the mutations were likely to
have affected the intrinsic enzymatic activity of the receptor.
Mutants 1, 2, 6, 12, 14, and 15 showed catalytic activity in
vivo and were mitogenically active.
To obtain cell lines expressing similar levels of the latter

mutants, NR6 transfectants were subjected to fluorescence-
activated cell sorting (FACS) analysis with a monoclonal
antibody against the extracellular domain of the human
EGFR in an indirect immunofluorescence assay. 125I-EGF
binding confirmed that these cell lines expressed similar
levels of receptors (data not shown). FACS-derived cell lines
expressing EGFR mutants 1, 6, 12, 14, and 15 exhibited a
mitogenic response to EGF which was indistinguishable
from that of wild-type EGFR (Table 1) and were not ana-
lyzed further. However, cell lines expressing mutant 2
(referred to as EGFR A660-667 henceforth) were found to be
mitogenically less responsive to EGF than cell lines express-
ing wild-type EGFR despite comparable levels of expression
and autophosphorylation activity. This phenomenon was
reproducibly observed with cells derived from two indepen-
dent transfections and sorting experiments.

Figure 5A shows a typical EGF dose-response experiment
for cell lines expressing about 2 x 104 receptors per cell of
either wild-type EGFR or EGFR A660-667. The maximal
response of the A660-667 mutant was about eightfold lower
than that of the wild-type EGFR. At levels of expression of
about 105 receptors per cell, the maximal response to EGF of
the A660-667 mutant was 30 to 40% of that obtained with
wild-type EGFR (Fig. SB). In both experiments we also
observed a three- to fivefold increase in the ED50 for EGF of
cells expressing the A660-667 mutant. These results were
paralleled by those obtained in a growth assay in chemically
defined medium under conditions in which cell growth is
strictly EGF dependent. While no difference was detected in
the ability to grow in 1% serum, EGF-dependent growth was
impaired in NR6-EGFR A660-667 compared with that in
NR6-EGFR. NR6-EGFR A660-667 growth was reduced by
about 30% in medium containing 1 nM EGF and by 50 to
60% in medium containing 0.15 nM EGF compared with that
of NR6-EGFR expressing similar numbers of receptors
(Table 2).
The A660-667 mutation does not alter EGFR affinity for

EGF or its intrinsic catalytic properties. The above biological
analysis indicated that the A660-667 mutation impairs the
ability of the EGFR to transduce a mitogenic signal. While it
was possible that the A660-667 mutation affects the ability of
the EGFR to recognize cellular substrates important in the
transduction of the mitogenic signal, differences in either the
intrinsic kinase activity or the EGF-binding affinities of the
A660-667 mutant may also account for the observed alter-
ations of biological behavior.
To resolve these possibilities, we evaluated the EGF-

binding properties of the A660-667 mutant and wild-type
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FIG. 5. Dose-response analysis of [3H]thymidine incorporation
upon EGF stimulation of quiescent NR6 fibroblasts expressing
either EGFR A660-667 or wild-type EGFR. Cell lines obtained by
two independent transfection and selection experiments were se-

rum-starved for 60 h and then stimulated for 22 h either with 0.5%
serum or with the indicated concentrations of EGF in the presence
of 4 ,uCi of [methyl-3H]thymidine per well. Data are expressed as the
ratio [(EGF cpm - background cpm)/(0.5% serum cpm - back-
ground cpm)] x 100. Open symbols, NR6-EGFR A660-667; solid
symbols, NR6-EGFR. (A) The number of 125I-EGF-binding sites per
cell was 1.8 x 104 and 1.9 x 104 for NR6-EGFR A660-667 and
NR6-EGFR, respectively. Cell lines used for the experiment de-
picted in panel B expressed the following numbers of 125I-EGF-
binding sites: O, 7.1 X 104; 0, 6.5 x 104; A, 10 X 104; M, 8.5 x 104;
A, 11 X 104. Results are typical and representative of three
experiments performed in triplicate.

EGFR. As shown in Table 3, both NR6-EGFR and NR6-
EGFR A660-667 expressed two classes of receptors having
dissociation constants (Kds) in the range of 10' M (low-
affinity sites) and 10-10 M (high-affinity sites) (6). Treatment
with phorbol esters led to the disappearance of high-affinity
sites in NR6-EGFR, as published previously (6), as well as in
NR6-EGFR A660-667 (Table 3). Therefore, the quantitative
partition of high- versus low-affinity sites, the affinity con-

stants, and the regulation of receptor affinity by phorbol
esters were similar in NR6-EGFR A660-667 and NR6-EGFR
(Table 3).
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TABLE 2. EGF-dependent cell growth of NR6-EGFR and NR6-
EGFR A660-667 cells in chemically defined mediuma

Avg no. of cells in medium withb:
Expt no.

I I + E( nM) I + E (0.15 nM) 1% CS

1
EGFR wild type 30,000 156,200 96,200 251,900
EGFR A660-667 36,300 104,400 59,400 253,800

2
EGFR wild type 34,000 165,400 140,400 358,000
EGFR A660-667 43,300 99,800 70,000 335,900
EGFR A660-667 31,300 84,500 53,600 362,000
a Cells (4 x 104) were plated on 60-mm dishes coated with poly-D-lysine.

Cells were counted after 5 days. Numbers represent the average cell counts of
duplicate dishes in two independent experiments. NR6 transfectants express-
ing about 105 receptors per cell were used in both experiments. In experiment
2, two independently derived NR6-EGFR A660-667 transfectants were used.

b I, insulin (5 ,g/ml); E, EGF (1 or 0.15 nM); CS, calf serum.

As discussed above, EGFR mutations in the TK1 region
were initially screened for their ability to undergo EGF-
dependent autophosphorylation in vivo. Figure 6 depicts an
analysis in which Western blots of cell lysates obtained from
NR6-EGFR and NR6-EGFR A660-667 cells were probed
with either an anti-EGFR antiserum (Fig. 6A) or an anti-
PTyr antibody (Fig. 6B). In this experiment, cells were
incubated for 5 min at 37°C with 16 nM EGF prior to lysis,
resulting in a comparable level of autophosphorylation of
EGFR A660-667 and wild-type EGFR. Similar results were
obtained when the incubation with EGF was shortened to 1
min, when a 10-fold-lower concentration of EGF was used
(data not shown), when labeling with 32p in vivo was
followed by incubation with 16 nM EGF (1 or 5 min at 37°C),
and when immunoprecipitation with anti-PTyr antibodies
was done (data not shown). These results show that the
EGFR A660-667 mutant is able to undergo EGF-dependent
autophosphorylation in vivo with the same efficiency as
wild-type EGFR.
We next performed a kinetic study of the catalytic prop-

erties of the wild-type EGFR and EGFR A660-667 mutant in
vitro. For this purpose, we used an assay in which the ability
of the immunoprecipitated receptor to undergo autophos-
phorylation in vitro could be correlated with its ability to
phosphorylate a synthetic exogenous substrate on tyrosine
residues. Cell lysates were prepared from NR6-EGFR and
NR6-EGFR A660-667, and the receptor content in each
lysate was estimated by immunoblot analysis of serial dilu-

TABLE 3. Analysis of the 251I-EGF-binding properties of NR6-
EGFR and NR6-EGFR A660-667 cellsa

High affinity Low affinity

Receptor No. of No. of
receptors/ Kd (nM) receptors/ Kd (nM)

cell cell

Wild-type EGFR 10,000 0.10 110,000 6.3
Wild-type EGFR + PMA 115,000 7.6
EGFR A660-667 9,000 0.07 128,000 4.4
EGFR A660-667 + PMA 141,000 4.8

a 125I-EGF binding was assessed by Scatchard analysis over a range of
concentrations from 0.016 to 16 nM in triplicate wells. Specificity of binding
was controlled in a parallel competition experiment by using a 100-fold molar
excess of unlabeled EGF. Where indicated, binding experiments were per-
formed in the presence of 100 nM PMA. Data were analyzed with the
LIGAND software.
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FIG. 6. EGF-dependent autophosphorylation in vivo of wild-
type EGFR and EGFR A660-667. NR6 transfectants expressing
either wild-type or mutant receptors were serum-starved for 6 h,
incubated for 5 min at 37°C with 16 nM EGF or in serum-free
medium, and lysed thereafter. One hundred micrograms of total
cellular protein from each sample was subjected to SDS-PAGE and
Western blot analysis. The upper panel was probed with the
EGFR-specific E7 antiserum; the lower panel was probed with
anti-PTyr antibodies. Results are representative of three experi-
ments. Molecular mass markers are indicated in kilodaltons.

tions of the lysates. Quantitatively immunoprecipitated wild-
type and mutant EGFR showed specific autophosphoryla-
tion activity that was independent of receptor concentration
in the immunoprecipitate (data not shown). The initial rate
(i.e., 1 min of incubation at 4°C) of autophosphorylation of
wild-type EGFR and EGFR A660-667 showed a similar
dependence on ATP concentration (Fig. 7A and B), with a
Km of 3 to 4 p.M for both molecules. Likewise, the velocity
of peptide substrate phosphorylation showed a similar pro-
file of dependence on either ATP or peptide concentration
for both the wild-type and mutant receptors, with a Km of 4
to 5 ,uM for ATP (Fig. 7C and D) and 180 to 190 ,uM for the
peptide (Fig. 7E and F). Furthermore, no differences could
be observed in the HPLC profile of tryptic phosphopeptides
obtained after in vitro autophosphorylation of either wild-
type or A660-667 EGFR (Fig. 8), indicating that the sites of
in vitro autophosphorylation of the A660-667 mutant were
the same as those of wild-type EGFR. Taken together, these
results demonstrate that the impaired signalling properties of
the EGFR A660-667 mutant cannot be ascribed to either
reduced affinity for EGF or alterations of its intrinsic ty-
rosine kinase activity.

PLC--y phosphorylation by the EGFR A660-667 mutant in
vivo. Recently, several groups have reported that the y
isozyme of phospholipase C (PLC--y) is physically associated
with and is a substrate of ligand-activated EGFR and
PDGFR (24, 25, 39, 40). In an attempt to characterize the
ability of the EGFR A660-667 mutant to recognize physio-
logical EGFR substrates, we investigated its ability to phos-
phorylate PLC--y on tyrosine residues. NR6-EGFR and
NR6-EGFR A660-667 cells expressing a comparable level of
receptors (Fig. 9C) were treated with EGF for 5 min at 37°C
prior to lysis. Equal amounts of cellular proteins from either
cell line were immunoprecipitated with excess anti-PTyr
antibodies and then subjected to immunoblot analysis with a
mixture of anti-PLC--y monoclonal antibodies (35). No quan-
titative difference was observed in the EGF-dependent phos-
phorylation of PLC-y on tyrosine residues in immunoprecip-
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FIG. 7. Analysis of the catalytic properties of wild-type EGFR and EGFR A660-667 in vitro. Lysates were prepared from NR6
transfectants, and equal amounts of receptor were immunoprecipitated for in vitro assays. Reactions were carried out at the initial rate for
1 min at 4°C. In preliminary experiments, the specific autokinase activity of both EGFR and EGFR A660-667 was found to be independent
of receptor concentration in the immunoprecipitates (not shown). Open circles, wild-type EGFR; solid circles, EGFR A660-667. (A and B)
Receptor autophosphorylation activity was assayed as a function of ATP concentration. (C, D, E, F) Receptors were assayed for their ability
to phosphorylate the synthetic peptide KGSTAENAEYLRV, containing the Y1173 autophosphorylation site of the EGFR. The velocity of
peptide phosphorylation was assayed as a function of ATP concentration in panels C and D and as a function of peptide concentration in
panels E and F. (A, C, E) Michaelis-Menten plots; (B, D, F) Lineweaver-Burk plots. Results are representative of three independent
experiments performed in triplicate.

itates from both NR6-EGFR and NR6-EGFR A660-667 (Fig.
9A). Since neither the steady-state level of PLC--y nor the
level of receptors (Fig. 9B and C) was different in the two
cell lines examined, we conclude that the A660-667 mutant
was able to phosphorylate PLC--y with the same efficiency as

wild-type EGFR.
We next evaluated the ability of the wild-type and A660-

667 EGFRs to couple with the phosphatidylinositol turnover
pathway by measuring the formation of inositol phosphates
in cells labeled with myo-[3H]inositol. As shown in Table 4,
activation of the EGFR kinase induced the formation of
[3H]inositol phosphates in NR6-EGFR cells. The ability of
an active EGFR kinase to stimulate PIP2 breakdown was,
however, significantly lower than that of PDGFR expressed
at comparable levels (Table 4), consistent with our previous
observations (14). Moreover, no major difference in [3H]
inositol phosphate formation was observed in NR6-EGFR
and NR6-EGFR A660-667 cells treated with EGF, consistent

with their comparable efficiency of PLC-y phosphorylation
(Table 4).

Tyrosine phosphorylation of cellular proteins by EGFR and
EGFR A660-667. We next analyzed the ability of EGFR and
EGFR A660-667 to phosphorylate cellular proteins on ty-
rosine residues. To this end, NR6-EGFR and NR6-EGFR
A660-667 cells expressing comparable levels of receptors
(Fig. 9C) were metabolically labeled with 32Pi and then
treated with EGF or mock-treated prior to lysing. Cellular
lysates were immunoprecipitated with an anti-PTyr antibody
and analyzed by SDS-PAGE. As shown in Fig. 10A, treat-
ment of NR6-EGFR and NR6-EGFR A660-667 with EGF for
1 or 5 min resulted in increased tyrosine phosphorylation of
a number of cellular proteins. Major 170-kDa species corre-

sponded to the EGFR and the EGFR A660-667 (Fig. 10A).
Other proteins phosphorylated on tyrosine by active EGFRs
included species of approximately >200, 115 (14), 95, 85, 72
to 75, 60, 52, and 45 kDa. None of these proteins displayed
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FIG. 8. Tryptic phosphopeptide maps of wild-type EGFR and
EGFR A660-667 phosphorylated in vitro with [y-32P]ATP. Similar
amounts of either wild-type (B) or mutant (A) EGFR were immu-
noprecipitated from NR6-EGFR or NR6-EGFR A660-667 cells.
Immunoprecipitates were subjected to in vitro autophosphorylation
with [_y-32P]ATP and analyzed by SDS-PAGE. Receptor bands were

then excised and subjected to extensive trypsin digestion. Peptides
were separated by reversed-phase HPLC. Eluted phosphopeptides
were detected by Cerenkov counts with an on-line radiation detector
and are expressed as cpm relative to the entire input sample.
Aliquots of the peak fractions (one-fifth of the total) were also
analyzed by scintillation counting with the following results (peaks
are numbered from left to right). Mutant: first peak, 1,148 cpm;

second peak, 737 cpm; third peak, 859 cpm; fourth peak, 469 cpm.
Wild-type: first peak, 722 cpm; second peak, 464 cpm; third peak,
516 cpm; fourth peak, 354 cpm.
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FIG. 9. Analysis of tyrosine phosphorylation of PLC--y in NR6-
EGFR and NR6-EGFR A660-667. Cells were serum-starved for 16 h
and then stimulated for 5 min at 37°C with 16 nM EGF (EGF+) or

mock treated (EGF-) and lysed thereafter. Four milligrams of total
cellular proteins from each lysate was immunoprecipitated with
excess anti-PTyr antibodies and immunoblotted with anti-PLC--y
monoclonal antibodies (A). A similar amount of PLC--y was detect-
able in 100 ,ug of each lysate by performing immunoblot analysis
with anti-PLC--y antibodies before the immunoprecipitation (B). Cell
lines used in this experiment expressed comparable levels of recep-

tor, as shown by the amount of autophosphorylated EGFR detected
by anti-PTyr antibodies in panel C (by '25I-EGF-binding experi-
ments, these cell lines were found to express about 1.0 x 105 EGFRs
or EGFR A660-667s per cell, respectively). Results are typical and
representative of four independent experiments.

TABLE 4. Effects of EGF and PDGF-BB on inositol phosphate
formation in NR6, NR6-EGFR, and NR6-EGFR A660-667 cellsa

Fold stimulation (mean ± SE, n = 4)
Treatment

NR6 NR6-EGFR NR6-EGFR A660-667

No addition 1.00 ± 0.01 1.00 ± 0.01 1.00 ± 0.02
EGF 1.01 + 0.03 1.54 ± 0.13 1.41 ± 0.06
PDGF 8.84 ± 0.57 10.86 ± 1.08 8.92 + 0.91

a Subconfluent cultures of NR6, NR6-EGFR, and NR6-EGFR A660-667
cells were labeled with myo-[3H]inositol and stimulated with the different
agonists for 30 min as described previously (14). Inositol phosphates were
analyzed by anion-exchange chromatography. Results were normalized for
the value of total inositol-containing phospholipids and are expressed as fold
stimulation over control (unstimulated) values for each cell line. Basal level of
inositol phosphates in a representative experiment of NR6-EGFR cells was
7,999 ± 210 cpm (IP1, 5,305 ± 335; IP2, 2,559 ± 168; IP3, 135 ± 11). After
stimulation with EGF for 30 min, the levels were: IP1, 9,373 ± 745; IP2, 2,479
± 512; IP3, 1% ± 21; total, 12,050 ± 885 cpm. The preponderance of inositol
monophosphates after 30 min of stimulation with EGF is due to the rapid
dephosphorylation of calcium-mobilizing inositol phosphates which were
formed during the initial phase of stimulation. The NR6-EGFR and NR6-
EGFR A660-667 cells used in these experiments expressed about 1.0 x 105
EGFRs or EGFR A660-667s per cell, respectively, and both expressed about
1.0 x 105 to 1.5 x 10' PDGFRs per cell.

lower PTyr content in NR6-EGFR A660-667 than in NR6-
EGFR cells under conditions of EGF stimulation.
As an alternative approach, we immunoprecipitated, with

anti-PTyr antibodies, PTyr-containing proteins from NR6-
EGFR and NR6-EGFR A660-667 cells treated with EGF in
vivo and analyzed them by immunoblot with anti-PTyr
antibodies. As shown in Fig. 10B, PTyr-containing proteins
were identified by this approach which corresponded to
those detected in 32P-labeled lysates, namely species of
-170 (EGFR), 115, 72 to 75, 60, 52, and 45 kDa. Also in this
case, however, no significant difference was detected in the
pattern of PTyr-containing proteins in EGF-stimulated NR6-
EGFR and NR6-EGFR A660-667 cells (Fig. 10B).

DISCUSSION

Previous studies have indicated that the tyrosine kinase
domains of the EGFR and erbB-2 products dictate specificity
of mitogenic signal transduction (11). By sequence compar-
ison of EGFR and erbB-2 as well as of other pairs of closely
related receptors, we found that the amino-terminal portion
of their tyrosine kinase domains (TK1 region) had the greater
degree of sequence divergence. This suggested that the TK1
might contain determinants which impart specificity of cou-
pling with postreceptor effector pathways. Indeed, by
switching the TK1 domain of erbB-2 into the EGFR (EGFR/
erbB-2 TK1 chimera), we could essentially confer to this
chimera erbB-2-like mitogenic properties in fibroblasts. Con-
versely, the erbB-2/EGFR TK1 chimera showed a marked
reduction in transforming activity in NIH 3T3 cells com-
pared with the parental erbB-2 product.
The qualitative nature of this phenomenon was further

confirmed by gene transfer experiments performed in the
32D hematopoietic cell line. In line with our previous obser-
vations (11), the EGFR-like phenotype of the erbB-2/EGFR
TK1 chimera in fibroblasts was mirrored by its ability to
abrogate interleukin-3 dependence in 32D cells (11, 29a).
Conversely, the EGFR/erbB-2 TK1 molecule was a poor
mitogenic signal transducer in this hematopoietic cell line,
behaving much like gpl85erbB-2 (11, 29a).
A further genetic analysis of the EGFR TK1 domain

revealed that a deletion spanning residues 660 to 667 im-
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FIG. 10. Tyrosine phosphorylation of cellular proteins by EGFR
and EGFR A660-667. The NR6-EGFR and NR6-EGFR A660-667
cell lines, described in the legend to Fig. 9, and expressing compa-
rable levels of receptor (about 1.0 x 105 receptors per cell, as
estimated by '25I-EGF-binding experiments) were used. Cells were
either mock treated (- lanes) or treated with EGF (16 nM) at 37°C
(+ lanes). (A) Cells were serum-starved for 16 h and then metabol-
ically labeled in the presence of 0.5 mCi of 32P for 4 h at 37°C,
followed by EGF stimulation for 1 or 5 min. Equal amounts of
trichloroacetic acid-precipitable cpm were immunoprecipitated with
excess anti-PTyr antibodies, and the immunoprecipitates were ana-
lyzed by SDS-PAGE on a discontinuous acrylamide gradient gel
(top 7.5%, bottom 12.5%). (B) Cells were serum-starved for 16 h and
then treated with EGF for 5 min or mock treated. Total cellular
proteins (1.0 mg) were immunoprecipitated with excess anti-PTyr
antibodies and then analyzed by immunoblotting with anti-PTyr
antibodies. Molecular mass markers are indicated in kilodaltons.
Arrows point at the PTyr-containing proteins. Results are typical
and representative of two independent experiments.

paired transduction of the EGFR mitogenic signal. When the
A660-667 mutant was expressed at physiological levels in
NR6 fibroblasts, we observed both an increase in the EGF
ED50 and a reduction of the maximal biological response in
comparison to NR6-EGFR cells. Loss of affinity for EGF or
reduction of the intrinsic catalytic properties of the mutant
receptor were excluded as possible causes for its impaired
ability to deliver a mitogenic signal. We therefore propose
that the A660-667 mutation affects the ability of the EGFR
kinase to recognize one or possibly more of its cellular
substrates. A partial rescue of the A660-667 mutation was
observed by increased receptor expression. This finding
could be explained by the fact that receptor overexpression
might either compensate for a reduced affinity of EGFR
A660-667 for some cellular substrate(s) or allow increased
recruitment of substrates whose phosphorylation is not
affected by the A660-667 mutation.
The effect of the A660-667 mutation seems to be quite

specific in that other mutations in this region failed to induce
the same phenotype. In particular, a Glu-Arg to Asp-Val
mutation of residues 661 and 662 did not alter the biochem-
ical and biological properties of the EGFR. On the other
hand, the A670-674 deletion and the Ser-Gly-Glu -* Met-Val-
Asn mutation at residues 671 to 673 dramatically impaired
the intrinsic catalytic properties of the EGFR kinase. The
latter two mutations are located about 25 residues NH2
terminal to the Gly-X-Gly-X-X-Gly consensus sequence
involved in ATP binding (16). It is possible that folding of the

molecule in this region juxtaposes structures involved in
substrate recognition with those important for the phospho-
transferase reaction. By such a model, the 660 to 667 region
could therefore play a key role in substrate recognition,
whereas the residues COOH terminal to this sequence might
be important for the proper folding of the catalytic site.

In this regard, it is interesting that sequence comparison
between EGFR and erbB-2, in the region corresponding to
the A660-667 deletion, revealed only one amino acid change
of a nonconservative nature, consisting in a Thr for Arg
substitution at position 662 of the EGFR (position 694 of
erbB-2). If this change were important in determining the
signalling specificity of the two receptors, one should expect
increased mitogenic signalling by a mutant EGFR bearing
the Arg-662 to Thr substitution. We are presently engineer-
ing such an EGFR-Thr-662 mutant to test its mitogenic
activity; we are also attempting the generation of chimeras
between the juxtamembrane regions of different tyrosine
kinase receptors.
The 660 to 667 sequence is in the proximity of Thr-669 and

Ser-671, which have been mapped as sites of phosphoryla-
tion of the EGFR (4, 17). We do not know whether the
A660-667 mutation affects phosphorylation of these residues.
However, substitutions at positions 669 and 671 do not
appear to have any impact on EGFR mitogenic activity (4).
Thus, it is unlikely that altered phosphorylation of these
residues may account for the biological effects of the A660-
667 mutation. The 660 to 667 sequence is also in the
proximity of Thr-654, which is a target of protein kinase C
phosphorylation (7, 18). Site-directed mutagenesis at Thr-
654 has shown that phosphorylation of this residue down-
regulates EGFR signalling (6, 23). According to Davis (6),
this is likely to be due to a reduction of the EGFR intrinsic
kinase activity, whereas Livneh et al. (23) have proposed
that some allosteric change induced by Thr-654 phosphory-
lation impairs EGFR signal transduction independently from
the protein kinase C-mediated reduction of the EGFR kinase
activity. These two mechanisms may not be mutually exclu-
sive. Therefore, phosphorylation of Thr-654 might reduce
EGFR kinase activity and also induce an allosteric change
whose functional consequence could be similar to that of the
A660-667 mutation, that is, impaired substrate recognition.
Our data are consistent with those of White et al. (42), who

described a Tyr -* Phe mutation at position 960 in the human
insulin receptor (hIR) which greatly reduced hIR biologic
activity without affecting its intrinsic catalytic function. In
the comparison of the hIR and EGFR predicted sequences,
hIR Tyr-960 falls in the region of the EGFR which is affected
by the A660-667 mutation. Therefore, mutations affecting
analogous regions of two different tyrosine kinase receptors
elicit similar biological effects.

That the juxtamembrane region of the EGFR may be
involved in specific substrate recognition is further sup-
ported by a recent study in which Cochet et al. showed that
residues spanning positions 644 through 666 in the human
EGFR play a crucial role in directing physical interactions
between EGFR and phosphoinositide kinases (3). It will be
of interest to analyze whether the A660-667 mutation affects
these interactions and, if so, whether this has any relevance
in EGF-dependent mitogenic signalling.
The identity of the cellular proteins which are phosphor-

ylated on tyrosine residues upon EGF stimulation remains
elusive. Recently, however, PLC--y and the p2lras GTPase-
activating protein (GAP) have been shown to be substrates
of the EGFR (see reference 37 and references therein). We
therefore tried to determine whether the A660-667 mutation
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affects the ability of the EGFR to phosphorylate these two
polypeptides. By using transfectants expressing about 105
wild-type EGFRs per cell, we have not been able to detect
EGF-stimulated GAP phosphorylation on tyrosine residues
under conditions in which tyrosine-phosphorylated GAP
was easily detected in PDGF-treated cells (data not shown).
This result is consistent with our previous work showing that
the stoichiometry of GAP phosphorylation by the EGFR is
quite low (14). In addition, we did not detect substantial
differences in the ability of the A660-667 mutant to phosphor-
ylate PLC-y or to induce PIP2 breakdown compared with
wild-type EGFR. Therefore, this pathway does not seem to
be involved in the impaired mitogenic response elicited by
the A660-667 mutant.
Our initial attempts at identifying a cellular protein(s)

whose phosphorylation on tyrosine residues is adversely
affected by the A660-667 mutation were not successful. It is
likely that phosphorylation of key substrates for mitogenesis
is tightly controlled and therefore not readily appreciable in
cells expressing normal levels of EGFRs. We are currently
developing cell lines with higher receptor content as well as

high-resolution methods for more detailed chromatographic
analysis of tyrosine-phosphorylated proteins in EGF-stimu-
lated NR6-EGFR A660-667 cells. Such studies may lead to
the identification of key substrates whose reduced tyrosine
phosphorylation accounts for the impaired mitogenic ability
of the A660-667 mutant.
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