
MOLECULAR AND CELLULAR BIOLOGY. May 1988, p. 1970-1978 Vol. 8, No. 5
0270-7306/88/051970-09$02.00/0
Copyright © 1988, American Society for Microbiology

Chicken Epidermal Growth Factor (EGF) Receptor: cDNA Cloning,
Expression in Mouse Cells, and Differential Binding of EGF and

Transforming Growth Factor Alpha
I. LAX,' A. JOHNSON,2 R. HOWK,' J. SAP,2 F. BELLOT,1 M. WINKLER,2 A. ULLRICH,3 B. VENNSTROM,2

J. SCHLESSINGER,1t* AND D. GIVOLlt*
Rorer Central Research, 680 Allendale Rd., King of Prussia, Pennsylvania 194061; Genentech, Inc., South San Francisco,

California 940803; and EMBL, 6900 Heidelberg, Federal Republic of Germany2

Received 18 December 1987/Accepted 22 February 1988

The primary structure of the chicken epidermal growth factor (EGF) receptor was deduced from the
sequence of a cDNA clone containing the complete coding sequence and shown to be highly homologous to the
human EGF receptor. NIH-3T3 ceOls devoid of endogeneous EGF receptor were transfected with the
appropriate cDNA constructs and shown to express either chicken or human EGF receptors. Like the human
EGF receptor, the chicken EGF receptor is a glycoprotein with an apparent molecular weight of 170,000.
Murine EGF bound to the chicken receptor with approximately 100-fold lower affinity than to the human
receptor molecule. Surprisingly, human transforming growth factor a (TGF-a) bound equally well or even
better to the chicken EGF receptor than to the human EGF receptor. Moreover, TGF-a stimulated DNA
synthesis 100-fold better than did EGF in NIH 3T3 cells that expressed the chicken EGF receptor. The
differential binding and potency of mammalian EGF and TGF-ac by the avian EGF receptor contrasts with the
similar affinities of the mammalian receptor for the two growth factors.

Control of cell growth is regulated by interaction of
soluble growth factors and cell membrane receptors. The
study of the specificity of growth factor-receptor interaction
and the following steps which lead to the mitogenic re-
sponses of the cell is essential for our understanding of
normal cell growth control and oncogenesis. Several growth
factor receptors possess intrinsic protein tyrosine kinase
activity in their cytoplasmic domain, which is activated by
ligand binding leading to autophosphorylation, phosphoryla-
tion of various cellular proteins, and initiation of pleiotropic
responses resulting in DNA synthesis and cell proliferation
(reviewed in references 4 and 20 and J. Schlessinger, Bio-
chemistry, in press, and Y. Yarden, and A. Ullrich, Bio-
chemistry, in press). One of the best-characterized growth
factor receptors with intrinsic protein tyrosine kinase activ-
ity is the epidermal growth factor receptor (EGF-R) (4, 8, 20,
24; Schlessinger, in press). The human EGF-R (HER) rec-
ognizes equally well at least three distinct growth factors:
epidermal growth factor (EGF), transforming growth factor
alpha (TGF-a), and vaccinia virus growth factor (4, 2, 21).
Analysis of the cellular functions of the EGF-R was greatly
facilitated by the cloning (23) and expression of HER cDNA
in animal cells, including murine NIH 3T3 cells (6, 7, 11-13,
16). Various deletions and point mutations in different por-
tions of the receptor allow localization of some of the
important functions of the EGF-R (reviewed in reference 20
and Schlessinger, in press).
Another approach to analyzing the structure-function re-

lationships of the receptor molecule is to compare EGF-R of
distant evolutionary origin when expressed in the same
cellular environment. Modification of biological functions
such as ligand recognition due to divergence of primary
structure may open up experimental avenues to assignment
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of functions to specific receptor domains (17). Exchange of
cDNA segments between such receptors and construction of
chimeric receptors may enable the identification of the
ligand-binding domain of the EGF-R. To examine this ex-
perimental approach, we have cloned and sequenced the
complete cDNA of the chicken EGF-R (CER) and compared
it with that of the HER. The CER was constructed in the
same vector previously used to express the HER (12, 13),
and the construct was expressed in NIH 3T3 cells previously
shown to be devoid of endogenous EGF-R (6, 7). Our results
demonstrated that, like, the HER, the CER was expressed
as a 170-kilodalton glycoprotein in NIH 3T3 cells. However,
the CER bound murine EGF with an approximately 50-fold
lower affinity than did the HER. Surprisingly, the binding
affinity of TGF-a for the CER was equal to, or even greater,
than its affinity for the HER. TGF-a also stimulated the
kinase activities of the CER and the HER to similar extents.
Furthermore, TGF-a was 100-fold more effective than EGF
in inducing DNA synthesis in CER-expressing cells. The
differential binding and response of the avian EGF-R to the
mammalian EGF or TGF-a raises interesting questions
regarding the evolutionary divergence of these growth fac-
tors. It also provides useful parameters for mapping the
ligand-binding regions after domain exchange between the
two receptors.

MATERIALS AND METHODS
Mouse EGF was from Toyobo Co., and human TGF-a

was either a recombinant TGF-a from Genentech, Inc., or a
synthetic TGF-a. from Bachem. 1251I labeling was by the
chloramine-T method to a specific activity of 100,000 to
200,000 cpm/ng. The concentrations of growth factors were
determined by amino acid analysis, and their specific activ-
ities were determined by displacement titration of cell-bound
1251I-labeled growth factor at saturation by unlabeled growth
factor.
A cDNA library was prepared by oligo(dT) priming of
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mRNA from chicken (SPASAS) embryo fibroblasts. The
double-stranded cDNA was ligated to EcoRI linkers and
cloned in Agtll (19). Preparation of phage and plasmid DNA,
screening libraries, and probes was by standard methods
(14). DNA sequencing was by the chain termination method
(18) on M13 subclones of the cDNA, and both strands were
sequenced. Preparation of full-length cDNA in the expres-
sion vector was performed as follows. The 3.7-kilobase (kb)
EcoRI cDNA fragment (see Fig. 1) was subcloned into the
EcoRI site of Bluescript (Stratagene, San Diego, Calif.). The
5' EcoRI site was eliminated by digestion with Sacl, which
cleaves at the polylinker of the vector and at the 5' noncod-
ing region (nucleotide 258). The two ends were ligated by a
Sacl linker which also contains XbaI and XhoI sites:

CTCTAGACTCGAGACT
TCGAGAGATCTGAGCTC

To this plasmid the 0.7-kb EcoRI cDNA fragment (see Fig.
1) was ligated at the unique EcoRI site at the 3' end of the
cDNA. The correct orientation was checked by digestion
with HindlIl and sequencing. The 4.4-kb cDNA insert was
prepared from this plasmid by XhoI digestion (one XhoI site
at the Sacl linker and one at the Bluescript polylinkers) and
inserted into the unique XhoI site of the modified pLSV (12)
as previously described. The resultant plasmid, pLSY, was
prepared for transfection by the CsCl method. This con-
struct contains 34 base pairs of the 5' untranslated region and
450 base pairs of the 3' untranslated region which does not
include the polyadenylation site.

Transfections. NIH 3T3 cells (clone 2.2) were grown in
Dulbecco modified Eagle medium (DMEM; GIBCO Labora-
tories, Grand Island, N.Y.) with 10% fetal bovine serum.
Dishes (10-cm diameter) of cells were cotransfected with a
mixture (10 ,ug:l jig) of pLSY and pSV2Neo DNA per dish
by the calcium phosphate precipitation technique (26). Two
days after transfection, the cells were split, seeded at a
density of 100,000 cells per 10-cm dish, and grown in the
presence of 0.8 mg of Geneticin G418 (GIBCO) per ml in the
medium for neomycin resistance selection. Resistant clones
were picked after 3 weeks, tested for expression of the CER
by immunoprecipitation with antibody RK2 (9) and receptor
self-phosphorylation, and analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and autoradiogra-
phy. Full details concerning the generation of NIH 3T3 cells
that express the HER (HER14 cells) were previously pub-
lished (6, 7).

Binding experiments. Cells were plated at a density of
100,000 cells per well in 24-well dishes coated with 20 ,ug of
human plasma fibronectin (Meloy Laboratories) per well and
allowed to grow for 48 h to confluency in DMEM containing
10% fetal bovine serum. Confluent cells in 24-well Costar
dishes were washed with DMEM containing 20 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH
7.4) and 2 mg of bovine serum albumin per ml and then
incubated in duplicate with [1251I]TGF-a (0.02 to 500 ng/ml;
specific activity, about 100,000 cpm/ng) in the same buffer.
Nonspecific binding was determined by parallel experiments
of binding to parental untransfected cells (NIH 3T3 clone
2.2). After incubation for either 90 min at 4°C or 60 min at
240C, the cells were placed on ice and washed four times
with ice-cold DMEM containing 1 mg of bovine serum
albumin. The cells were lysed in 1 ml of 1 M NaOH for 30
min at 370C, and the radioactivity in the lysate was measured
to determine the amount of bound ligand. A similar protocol
was used for the binding of [1251]EGF to cells that express
the HER (6, 7). A computer program developed by Stephen

Felder was used to fit the data to either a one- or a two-site
model of ligand binding and to obtain receptor numbers and
K,, values.

[35S]methionine labeling. Subconfluent cells in 10-cm
dishes were washed with methionine-free DMEM and grown
for 12 h in methionine-free DMEM-10% fetal bovine serum
containing 50 p.Ci of [35S]methionine per ml. The cells were
washed three times with DMEM, scraped into 0.5 ml of lysis
buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA
[ethylene glycol-bis(P3-aminoethyl ether)-N, N, N', N'-tet-
raacetic acid], 1 ,ug of aprotinin per ml, 1 ,ug of leupeptin per
ml. 1 mM phenylanethylsulfonyl fluoride), and incubated for
30 min on ice, and the lysate was spun for 5 min in an
Eppendorf centrifuge in the cold. Protein A-Sepharose (3 mg
per sample) was suspended in 20 mM HEPES (pH 7.5),
washed with 20 mM HEPES, and incubated for 30 min at
room temperature with antiserum RK2. The protein A-
Sepharose-antibody complex was washed three times with
HNTG (20 mM HEPES [pH 7.5], 150 mM NaCl, 10%
glycerol, 0.1% Triton X-100). The immunoprecipitate was
then washed once with 50 mM HEPES (pH 8.0)-0.2% Triton
X-100-500 mM NaCl-5 mM EGTA, twice with 50 mM
HEPES (pH 8.0)-O.1% Triton X-100-0.1% SDS-150 mM
NaCI-5 mM EGTA, and once with 10 mM Tris hydrochlo-
ride (pH 8.0)-0.1% Triton X-100, and then 3 volumes of
sample buffer was added to the washed immunoprecipitate,
boiled for 4 min, and electrophoretically separated on a 7%
SDS-polyacrylamide gel.

Phosphorylation experiments. In vitro autophosphoryla-
tion experiments were performed essentially as previously
described (6, 7). Ligand-induced phosphorylation of the
EGF-R in living cells was performed as follows. Confluent
cells in six-well Costar (Cambridge, Mass.) dishes were
starved with 0.5% serum for 12 to 16 h. Cells were incubated
with EGF or TGF-a (1 or 10 ,ug/ml) for 20 min at 37°C, the
medium was aspirated, and the cells were washed twice with
cold phosphate-buffered saline and then solubilized with 50
,ul of boiled sample buffer. The solubilized cells were heated
at 95°C for 5 min and cooled to room temperature for 15 min.
The samples were sonicated for 30 s and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with 7%
acrylamide. Subsequently, the gels were blotted onto nitro-
cellulose filters with Omniblot (ABN). The nitrocellulose
blots were treated with 3% bovine serum albumin' in phos-
phate-buffered saline overnight in the cold and then incu-
bated for 4 h with antiphosphotyrosine antibodies (a gift
from P. Comoglio), washed once with 10 mM Tris hydro-
chloride (pH 7.5)-S150 mM NaCl (TBS), twice with TBS
containing 0.1% Triton-X-100, and once with TBS (3). The
washed filter was incubated for 1 h with '25N-labeled protein
A (200,000 cpm/ml) in TBS containing 3% bovine serum
albumin and washed with the TBS solutions described
above. The filters were autoradiographed for 1 to 3 days.

[3H]thymidine incorporation. Cell lines expressing either
the CER or the HER were seeded in 24-well Costar dishes at
105 cells per well and grown for 2 days. The cells were then
incubated with medium supplemented with 0.5% fetal bovine
serum containing either EGF or TGF-ot (TGF-o, 0.05 to 100
ng/ml: EGF, 0.1 to 1 ,ug/ml). The cells were incubated for 18
h and [3H]thymidine (5 ,uCi per well) was added for 4 h at
37°C. The cells were then washed, and the amount of
trichloroacetic acid (5%)-precipitable radioactivity was de-
termined. For chicken embryo fibroblasts, [3H]thymidine
incorporation was determined essentially as described by
Betsholtz and Westermark (1).
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FIG. 1. Schematic diagram of CER cDNA. The beginning (ATG)
and end (TGA) of the open reading frame are shown. The trans-
membrane region is marked by a heavy vertical line. Restriction
sites: B, BamHI; E, EcoRI; P, Pstl; S, Sacl.

RESULTS

Isolation and sequence of CER cDNA. To isolate CER
cDNA, a chicken embryo cDNA library in Agtll (19) was

screened with a v-erbB probe derived from the avian ery-

throblastosis virus genome (25). Ten positive plaques were

CGGCTGGCCCCGGCTGCTCCGCAAACCCTGTGACAGAAAGGAGCGCAGGGAGGAGGAAAGAAGAGGAGGAGAAGGAAGGGI

isolated and tested for hybridization with a probe represent-
ing the extracellular portion of the HER (23). One of the
isolated clones (C1.12), which contained two EcoRI frag-
ments of 3.7 and 0.7 kb and showed strong hybridization
with HER cDNA, was chosen for further analysis. The
partial restriction enzyme map of C1.12 is shown in Fig. 1,
and the sequence of the 5' half of the cDNA is given in Fig.
2. The rest of the sequence was found to be identical to the
sequence of c-erbB published by Nilsen et al. (15). C1.12
contains 290 base pairs of the 5' nontranslated region and 450
base pairs of the 3' nontranslated sequence. From the
deduced amino acid sequence (Fig. 1; reference 15), we

conclude that the CER gene encodes 1,223 amino acids, 13
more than the HER gene, 6 of which are in the signal

sequence. The overall similarity between the CER and the
HER is depicted in Fig. 3. The signal peptide of the CER is
6 residues longer than that of the HER. The extracellular

iGAGGAGGAAGAAGAAGAGGAAGAAGGCAGCAGTCCGCCCGCAGCTGGGTAGGCACGTGTGCGCGCAGCCC 150

-30
MetGlyVal

TCGACGGCCGCCCTCCAGCATGCTGCGCGGAGGCAGAGCGGCAGCTCGGAGCTGAGCGGGGTGGAGCGGAGCGCAGAGCAGTGCAGAGTGAGGAGCAGCTCGTCGGGGAGCTCCGTGTGCCCGTCGCGTCCGACGCACACCATGGGTGTA 300

-20 -10 1 10 20
ArgSerProLeuSerA l aSerG lyProArgG lyAl aA IaV al LeuVal LeuLeuLeuL,euG lyVa lAl aLeuCysSerA l aValG l uG IuLysLysV a ICysG InG lyThrAsnAsnLysLeuThrG l nLeuG lyH i sValGl "AspH i s
CGCAGCCCCCTGTCCGCCTCtGGGCCTCGCGGGGCCGCTGTCCTGGTGCTACTGCTGCTGGGCGTCGCGCTGTGTTCCGCCGTGGAGGAGAAGAAAGTTTGTCAAGGGACAAATAACAAGTTGACCCAGCTGGGGCACGTGGAAGACCAT 450

30 40 50 60 70
PheThrSerLeuGInArgMetTyrAsnAsnCysG IuV aIVallLeuSerAsnLeuGIul IleThrTyrValGluHisAsnArqAspLeuThrPheLeuLysThrI leG InGluValAl aGlyTyrValLeul IeAl aLeuAsnMetValAsp
TTCACCAGCCTGCAGAGAATGTACAACAACTGCGAAGTGGTACTGAGTAACCTGGAGATTACCTACGTGGAGCATMATCGCGATCTCACCTTCCTTAAGACCATACAGGAGGTTGCAGGCTATGTGCTCATTGCGCTTAACATGGTGGAC 600

80 90 100 110 120
V alIIl eProLeuG luAsnLeuG I lnI el leArgG lyAsnV a ILe,TyrAspAsnSerPheA l aLeuA laVal LeuSerAsnTyrH isMetAsnLysThrG l nG lyLeuArgG l uL euProMetLysArgLeuSerG luI l eLeuAsnG ly
GTCATTCCCTTAGAAMACCTCCAGATTATCCGAGGGAATGTGCTTTATGACAACTCTTTTGCCCTGGCAGTTTTATCCMATTACCACATGAATAAACCCAGGGACTTCGAGAGCTGCCAATGAAACGGCTATCAGAAMTTCTCAATGGA 750

130 140 150 160 170
GlyValLys I leSerAsnAsnProLysLeuCysAsnMetAspThrValLeuTrpAsnAspII elI eAspThrSerArgLysProLeuThrVaILeuAspPheA IaSerAsnLeuSerSerCysProLysCysHi sProAsnCysThrGlu
GGTGTTAAAATCAGCAACAACCCCAAACTGTGCAACATGGACACTGTTCTCTGGMATGACATCATTGATACAAGCAGGAAGCCTCTCACAGTACTTGACTTTGCAAGCAATCTTTCTTCTTGTCCAAMATGCCATCCGAACTGCACAGAA 900

180 190 200 210 220
AspHisCysTrpG lyAl aGlyGluG lnAsnCysGlnThrLeuThrLysVal I leCysAl aGl nGInCysSerGlyArgCysArgGlyLysValProSerAspCysCysH isAsnGlnCysAl aAl aGlyCysThrGlyProArgGl uSer
GACCACTGCTGGGGTGCTGGTGAACAGAACTGCCAGACTTTAACAAAAGTCATCTGTGCCCAGCAATGCTCTGGCCG,GTGCAGAGGAAAGGTGCCCAGTGACTGCTGCCACATCAGTGTGCTGCAGGGTGCACAGGACCTCGGGAGAGT 1050

230 240 250 260 270
AspCysL euA IaCysArgLysPheArgA spAspA I aThrCysLysAspThrCysProProLeuV a ILeuTyrAsnProThrThrTyrG InMetAspV a lAsnP roG I uG lyLysTyrSerPheG lyA I aThrCysV alArgG I uCysP ro
GACTGCCTGGCATGCCGCAAGTTTCGGGATGATGCTACCTGCAAGGACACATGTCCCCCACTGGTCCTCTATAACCCCACCACCTATCAAATGGATGTCAACCCTGAGGGAAAATACAGCTTTGGAGCCACTTGTGTGAGGGATGTCCA 11200

280 290 300 310 320
H i sAsnTyrYVal V alThrAspH i sG lySerCysV alArgSerCysAsnThrAspThrTyrG l uVa lG luG l uAsnG lyValArgLysCysLysLysCysAspG lyLeuCysSerLysVal CysAsnG lyI I eG Iyl l eG IyG I uLeuLys
CACAACTATGTGGTGACAGATCATGGCTCCTGCGTTCGCTCGTGTAATACTGATACTTACGAAGTGGAAGAAAATGGTGTTCGGAAGTGTAAMMATGTGATGGGCTATGTAGCAAMGTGTGCAATGGCATTGGAMTAGGTGAACTTAAM 1350

330 340 350 360 370
G lyI leLeuSerII eAsnA IaThrAsnI l eAspSerPheLysAsnCysThrLys IIleAsnG lyAspVal Serl l eLeuProValA I aPheLeuG lyAspA I aPheThrLysThrLeuProLeuAspProLysLysLeuAspVa lPheArg
GGGATCCTATCCATAAATGCCACAAACATCGACTCCTTCMAAMACTGTACGAAGATCAATGGGGATGTCAGCATTCTTCCTGTTGCATTTCTAGGGGATGCCTTCACAAMGACACTACCCCTTGACCCTAAGAAGCTGGATGTCTTTAGA 1S00

380 390 400 410 420
ThrValLysG I uI l eSerG lyPheLeuLeul l eG lnA IaTrpProAspAsnA l aThrAspLeuTyrAl aPheG luAsnLeuG luI I eIlleArgG lyArgThrLysG lnH isG lyG IlnTyrSerLeuA I aV alIV a lAsnLeuLysIIleGl n
ACAGTCAAAGMATATCAGGATTTTTGTTGATTCAGGCCTGGCCTGATAATGCTACTGATCTCTATGCTTTTGAAAATCTGGAGATTATCCGAGGCCGAACCAAGCAGCACGGCCAGTATTCCCTTGCTGTTGTTAACTTGAAAATACAG 1650

430 440 450 460 470
SerLeuG lyLeuArgSerLeuLysG I u I leSerAspG lyA spI IeA IlaI eMetLysAsnLysAsnLeuCysTyrA I aAspThrMetAsnTrpArgSerLeuPheA I aThrG lInSerG lnLysThrLys I IleI eG InAsnArgAsnLys
TCGTTGGGGCTGCGCTCCCTCAAGGAAMTAAGTGATGGAGACATTGCCATTATGAAGAACAAGAACCTCTGCTATGCTGACACCATGAACTGGCGCAGCTTGTTTGCTACTCAGAGTCAGAAAMCAAAAATTATACAGAACAGAAATAAA 1800

480 490 500 510 520
AsnAspCysThrA IaAspArgH i sV al CysAspProL euCysSerAspVaIlG lyCysTrpG lyProG lyProP heH i sCysPheSerCysArgPhePheSerArgG InLysG l uCysV al LysG lnCysA snlIleLeuG lInG lyG I uPro
AATGATTGTACTGCTGACAGGCATGTGTGTGACCCGCTGTGCTCGGACGTGGGCTGCTGGGGCCCAGGGCCCTTCCACTGCTTTTCCtGCAGGTTTTTCAGTCGCCAGAAGGAGTGTGTAAACAGTGCAACATCCTGCAAGGGGAGCCA 1950

530 540 550 560 570
ArgGlI uPheGlI uArgAspSerLysCysLeuProCysH i sSerG IluCysLeuVilG lnAsnSerThrAl aTyrAsnThrThrCysSerG lyProG lyProAspH isCysMetLysCysAl aHi sPheI I eAspGlyProH i sCysVa 1Lys
CGTGAGTTTGAAAGAGACTCCAAATGCCTCCCCTGCCACTCAGAGTGTCTGGTACAGAACTCCACTGCATACMACACMACCTGCTCTGGACCGGGCCCAGACCACTGCATGAAGTGTGCCCATTTTATAGATGGTCCCCACTGTGTGAAG 2 100

580 590 600 610 620
AI1 aCysProA I aG l yV a lLeuG lyG I uAsnAspT hrLeuV a ITrpLysTyrA I aAspAl aAsnA 1 aVa lCysG l nLeuCysH i sProAsnCysThrArgG lyCysLysG 1lyProG lyLeuG l uG lyCysProAsnG lySerLysThrP ro
GCCTGCCCCGCTGGGGTCCTGGGTGAGAATGATACCCTGGTCTGGAAGTATGCAGATGCCAATGCTGTTTGCCAGCTCTGCCATCCAAACTGTACACGAGGGTGCAAAGGGCCAGGTCTTGAAGGATGTCCAAATGGCTCCAAAACTCCA 2250

630 640 650 660 670
Ser IIleA laA]laGlyY a] V al Gl,yGlyLeuLeuCysLeuVal Val ValG lyLeuG lyI l eG lyLeuTyrLeuArgArgArgH is II1 eV alArgLyjsArgThrLeuArgArgLeuLe'uG I nG I uArgG l uLeuVal G luProLeuThrP ro
TCTATCGCGGCTGGTGTTGTCGGAGGACTCCTGTGCCTGGTTGTGGTTGGTCTAGGCATCGGTGI aMACCTGCGGCGACGTCATATCGTGCGGAAGCGCACCCTGCGCAGGCTGCTGCAAGAGAGGGAGCTTGTCGACCACTGACACCC 2400

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the 5' half of CER cDNA. The sequence was determined by subcloning
of EcoRI-PstI; PstI, and BamHI-PstI fragments of the cDNA (Fig. 1) into M13 and sequencing by the dideoxy chain termination method (18).
Sequences overlapping the restriction sites were determined with synthetic oligonucleotides as primers. The sequence was determined on
both strands for the 5' half of the cDNA (to the transmembrane region), and for the 3' half the sequence was determined only for several
segments, confirming the previously published sequence (15). The sequence of c-erbB published by Nilsen et al. (15) begins at nucleotide 2041
(codon 555) in the sequence shown. The cDNA described in Fig. 1 ends at nucleotide 2847 of the sequence of c-erbB (15) and does not include
the polyA signal. The transmembrane region is underlined. The numbers at the right indicate nucleotides, and the numbers above the lines
indicate amino acids.
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-30 MGVRSPLSASGPRGAAVLVLLLLGVALtSAVEEKKVMQGTNNKLTQLGHVEDHFTSLQRMYNNtEVVLSNLE ITYVEHNRDLTFLKTIQE VAGYVL IALN
-24 -----MRP TA L A AALrPASR L J S TF L F $ G QR Y S

72 MVDVIPLENLQI IRGNVLYDNSFALAVLSNYHMNKTQGLRELPMKRLSEILNGGVKISNNPKL,NMDTVLWNDI IDTSRKPLTVLDFASNLSS$PK¢HPN
71 T ER MY E Y DA - K RN Q H A RF AL VESIQ R VSSDFLSNMSM QNH G \,Q D S

172 TEDHWGAGEQNpTLTKVIAQ04SGRRGKVPSD¢HNQCGTGPRE SDtLRKFRDDAT$KDT¢PPLVLYNPTTYQMDVNPEGKYSFGATVR
170>PtGS' E K I S > $ V E> > M K

272 ErPHNY VVTDHGSPVRS$NTDTYE VEENGVRK6KKtDGLrSKV(NGI G IGELKG IL S INATN IDSFKNCTK INGDVS I LPVAFLGDAFTKTLPLDPKK LD
270 K R A\GA S M D ' tE P§ '1 F DS KH S S LH R S H P QE

372 VFRTVKEISGFLLIQAWPDNATDLYAFENLEI IRGRTKQHGQYSLAVVNLKIQSLGLRSLKEISDGDIAIMKNKNL2YADTMNWRSLFATQSQKTKI IQN
370 ILK T E R H F S N T VI SG N I KK G SG S

CER 472 RNKI SDVqWGPGPFH4FSOFFSRQKESVKQ0 ILGEPREFERDSKLPSE¢LVQNSTAYNTTtSGPGPDH>WLHF I DGPH
HER 470 GE S\XTGQ ,HA PE E RD\\V NV GR >\DK L E VEN E >IQ) P ' P -M I T R N'IO'X Y

CER 572 tVKAOAGVLGENDTLVWKYADANAV~QLHPTNTRG GPGLEqP-NGSKTPSIAAGVVGGLLaVVVGLGIGLYLRRRHIVRKRTLRRLLQERELVE
HER 567. M N GH \\H >Y XT T P I T M A L L A FM

CER 671 PLTPSGEAPNQAHLRILKETEFKKVKVLGS6AFGTVYKGLWIPEGEKVKIPVAI*KELREATSPKANKEILDEAYVMSVDNPHVbRLLGI.TSTVQLIT
HER 667 L I

CER 771 QLMPYgLLDYIREHKDNIGSQYLLNW<VQIAKGMNYLEERRLVHRDLAARNVLVKTPQHVKITDFGLAKLLGADEKEYHAEGGKVP IKWMALESILHRI
HER 767 F V D E

CER 871 YTHQSDVWSYGVTVWELMTFGSKPYDGIPASEISSVLEKGERLPQPPI6TIDVYMIMVKtIDADSRPKFRELIAEFSKMRDPPRYLVI GDERMHLP
HER 867 I I Q

CER 971 SPTDSKFYRTLMEEEDMEDI VDADEYLVPHQGFFNSPSTSRTPLLSSLSATSNNSATNBIDRNG-QGHPVREDSFVQRYSSDPTGNFLEESIDDGFLPAP
HER 967 N A D D V I Q S TVA\ L S IK L ALT D T V

CER 1070 EYVNQLMPKKPSTAMVQNQIYNNISLTAISKLPMDSRYQNSHSTAVDNPEYLNTNQSPLAKTVFESSPYWIQSGNHQINLDNPDYQQDFLPNETKPNGLL
HER 1067 tI SV R AGS- PV H QP NPAP-SR PH DP G V PTCVNST D PAH A K S S F K A IF

CER 1170 KVPAAENPEYLRVAAPKSEYIEASAO
HER 1164 GST A t PQS F G

FIG. 3. Comparison of the deduced amino acid sequences of the CER and the HER. The transmembrane region is heavily underlined.
Blanks represent identical residues. Dashes represent deletions. Cysteine residues are hatched. Phosphorylated residues are marked by
arrows, and residues conserved in the ATP-binding site are marked by asterisks. Potential N-glycosylation sites are underlined (CER) or
overlined (CER). Conserved N-glycosylation sites are marked by single lines, and different N-glycosylation sites are marked by double lines.
The data are from Fig. 2 and reference 15.

portions of the CER and the HER show 75% identical
residues. The cytoplasmic domains show 97% identity in the
tyrosine kinase domain and only 65% identity in the C-
terminal 227 residues. All cysteine residues of the two
extracellular cysteine-rich domains, as well as the major
phosphorylation sites corresponding to residues Thr-654,
Tyr-1068, Tyr-1148, and Tyr-1173 of the HER are con-
served. The extracellular portion contains 11 potential N-
linked glycosylation sites, 8 of which are identical to those
present in the HER and 2 others of which are in very close
proximity to similar sites in the HER.

Inspection of the amino acid sequence of the extracellular
domains of the CER reveals an organization similar to that of
the HER. The 622 amino acids of the extracellular portion
can be subdivided into four domains as follows: domain I,
residues 1 to 160; domain II, residues 161 to 310, which
contains 24 Cys residues and is the first Cys-rich domain;
domain III, residues 311 to 475; domain IV, residues 476 to
620, which contains 20 Cys residues and is denoted the
second Cys-rich domain. To analyze further the evolution-
ary relationship between different segments of the extra-
cellular portion of the EGF-R, we compared the amino acid
sequences of domains I and III. Figure 4 depicts the simi-
larity between domains I and III of the CER and the HER
and indicates that the two domains may have evolved by
gene duplication. Each of these segments contain two cys-
teines separated by 100 (domain I) or 108 (domain III)
residues which may form an intradomain disulfide bond. If
Cys-34 and Cys-134 (domain I) are aligned with Cys-339 and
Cys-447 (domain III), the sequences of the two domains
show 40 identical residues (33.5%). Most of these residues
are also conserved in domains I and III of the HER. Since
the two cysteine-rich domains (II and IV) also show high
conservation of the cysteine residues, it is possible that the

unit of gene duplication was composed of domains I and II
together, which duplicated to form domains III and IV (22).

Expression of the CER in murine cells. To compare the
binding properties and receptor function of the CER with
those of the HER, we inserted the CER into the pLSV
vector that was used previously for expression of the HER in
NIH 3T3 and CHO cells (12, 13). The 4.4-kb XhoI fragment,
containing the entire CER cDNA was subcloned into the
XhoI site of the modified pLSV (12) to generate pLSY which
contains the CER in an orientation that juxtaposes the 5' end
to the simian virus 40 promoter region and the 3' end to the
simian virus 40 polyadenylation site (see Materials and
Methods).

This plasmid was cotransfected into NIH 3T3 cells with
pSVNeo, followed by selection with Geneticin (G-418).
Resistant-cell clones were analyzed for expression of the
CER as described in Materials and Methods. Several anti-
HER antibodies were used to precipitate the in vivo
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FIG. 4. Internal homology of domains I and III of the EGF-R.

The amino acid sequences beginning 5 residues before the first
cysteines and ending 13 residues after the second cysteines of
domains I and III (see Fig. 10) were aligned with a minimal number
of gaps. Identical residues are boxed. The numbers to the left
correspond to the sequences shown in Fig. 3.
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[35S]methionine-labeled CER in these cell lines. Polyclonal
RK2 antibodies (9), directed against a synthetic peptide of
residues 984 to 996 of the HER, and antibodies, directed
against a synthetic peptide of residues 659 to 667 or the HER
(F. Bellot et al., manuscript in preparation), precipitated the
CER efficiently. Figure 5 (lanes A to D) shows the immuno-
precipitated [35S]methionine-labeled CER from four cell
lines (CER83, CER110, CER76, and CER109) compared
with that of HER14 (lane F), which expresses the HER (6,
7). The apparent molecular mass of the CER is 170 kilodal-
tons, which is indistinguishable from that of the HER. Figure
5 also shows that the parental NIH 3T3 line (clone 2.2) did
not contain detectable EGF-R (lane E). Furthermore, the
transfected cells expressing the CER showed no trace of
endogenous mouse EGF-R by immunoprecipitation with an
antibody to the C-terminal peptide of the HER, which also
cross-reacts with the mouse EGF-R (Bellot et al., in prepa-
ration) but does not immunoprecipitate the CER.

Differential binding of TGF-a and EGF to the CER. The
HER binds two different growth factors equally well: EGF
and TGF-a (21). We therefore compared the parameters of
binding of the CER in clone CER109 to mouse EGF and
human TGF-a. Binding experiments with '25I-labeled mouse
EGF were difficult to interpret because of the high nonspe-
cific binding (60%) observed with the high concentration of
EGF (5 ,ug/ml) used in the binding experiment. On the other
hand, the affinity of the CER to TGF-a was found to be
comparable to that of the HER. We therefore determined by
Scatchard analysis the binding parameters of the CER to
TGF-a and then analyzed the dissociation constant of EGF
by displacement of labeled TGF-a. The affinity of TGF-a for
the CER (Kd, 0.7 nM) was slightly higher than its affinity for
the HER (Kd, 1.5 nM) (Fig. 6), when the receptors were
expressed in NIH 3T3 cells (clones CER109 and HER14,
respectively). Although this difference was not large, it was
reproduced in three different experiments. The binding data
also indicated a single affinity constant of TGF-o for both
receptors. This was in contrast to EGF, which bound to the
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FIG. 5. Identification of the CER and the HER by immunopre-
cipitation of [35S]methionine-labeled cells. Cells from isolated
clones were labeled with [35S]methionine, lysed, and immunopre-
cipitated with RK2 anti-EGF-R antibodies. The samples were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, with a 7% polyacrylamide gel, and autoradiography. The lanes
contained NIH 3T3 cells expressing the CER clones CER110 (A),
CER83 (B), CER109 (C), and CER76 (D); parental NIH 3T3 cells,
NIH 3T3 2.2 cells (E); and NIH 3T3 cells expressing HER, HER14
cells (F). kDa, Kilodaltons.
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FIG. 6. Binding of ['251]TGF-a to cells expressing either the

HER or the CER. [251I]TGF-a binding to cells expressing either the
CER (CER109 cells) or the HER (HER14 cells) was determined as
detailed in Materials and Methods. The binding curves from dupli-
cate measurements are presented as Scatchard plots determined by
a computer program that fit the data to either a one- or a two-site
model of ligand binding. This experiment was repeated three times
with essentially the same results. A, CER; B, HER.

HER with two affinities: high affinity (Kd, 5 x 10-10 M) and
low affinity (Kd, 15 x 10-9 M) (reviewed in reference 20 and
D. Schlessinger, in press). The single-binding affinity for
TGF-a fell in the range between the high- and low-affinity Kd
values measured for EGF (Table 1). We also determined the
binding of human TGF-ot to chicken embryo fibroblasts. The
Scatchard plot showed a single affinity, with a Kd of 0.65 nM.
This value is similar to the affinity measured for the CER
(Table 1), indicating that the cloned CER expressed in NIH
3T3 cells is the authentic CER. Binding of 125I-labeled mouse
EGF to chicken embryo fibroblasts could not be measured
because of the low affinity of mouse EGF for the CER and
the low expression of EGF-R in chicken cells.
To determine the Kd of EGF for the CER or the HER, we

analyzed displacement of labeled TGF-ot by unlabeled EGF
under conditions in which about 5 to 10% of the sites of the
receptor were occupied by TGF-a. Figure 7 and Table 1
show the results of this analysis and indicate that the Kd of
EGF for the HER was 2.8 nM and that of EGF for the CER
was 140 nM. The data for the HER are consistent with the
Kc, obtained from direct measurement of EGF binding to the
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TABLE 1. Dissociation constants of the CER and the HER for
EGF and TGF-a

Receptor Growth K, (10-9 M)factorK,(1 M

HER in mouse cells EGF 0.5 (5%); 15 (95%)"
TGF-a 1.5

CER in mouse cells EGF 140"
TGF-a 0.7

CER in chicken embryo TGF-a 0.65
fibroblasts

a The Kd of EGF for the CER was estimated from [25I]TGF-a displacement
experiments (Fig. 7). This analysis yielded a Kd of 2.8 x 10-9 M for the
binding of EGF to the HER expressed in mouse cells. However, direct
[125JIEGF-binding experiments revealed typical high (5%)- and low (95%)-
affinity binding sites for the HER.

HER (reviewed in reference 20 and J. Schlessinger, in press)
and suggest that EGF and TGF-a compete for the same site
on the EGF-R. However, direct binding experiments re-
vealed an additional high-affinity state (Table 1) which com-
prises 5% of the total receptors. Taken together, the results
of Fig. 6 and 7 indicate that the HER bound TGF-a and EGF
at comparable affinities, whereas the affinity of the CER for
TGF-a was about 200-fold higher than that for EGF (0.7 nM
compared with 140 nM). The CER and the HER have similar
affinities to TGF-a, whereas the affinity of EGF to the CER
is 50-fold less than its affinity for the HER. These results
demonstrate differential binding of the CER to the two
mammalian ligands EGF and TGF-a although both growth
factors compete for the same binding site.

Functional analysis of the CER in murine cells. Ligand
binding by the extracellular portion of the EGF-R leads to

activation of the cytoplasmic protein tyrosine kinase domain
and initiation of pleiotropic responses, leading to DNA
synthesis and cell proliferation. We wanted to measure
whether the CER, expressed in NIH3T3 cells, is able to
mediate these responses.
We analyzed the kinase activity of the CER and its

enhancement by either EGF or TGF-a by measuring the
extent of self-phosphorylation of the receptor in vitro and in
living cells. Lysates prepared from CER109 or HER14 cells
were first incubated with the ligands or with buffer alone,
and then the EGF-R was immunoprecipitated with RK-2
antibodies attached to Sepharose beads (9). The washed
immunoprecipitates were subjected, for 1 min at room
temperature, to a phosphorylation reaction mixture contain-
ing [y-32P]ATP, leading to self-phosphorylation. Immuno-
precipitates were electrophoresed on 7% polyacrylamide
gel, followed by autoradiography and counting of the radio-
active content of the EGF-R band. Self-phosphorylation of
the HER was similarly enhanced by EGF and TGF-a (5- to
10-fold; Fig. 8A). Self-phosphorylation of the CER was
likewise enhanced 5- to 10-fold by TGF-a, while a higher
concentration of EGF was required for similar stimulation.
This result probably reflects the lower binding affinity of
EGF than TGF-a for the CER. In addition, we applied
phosphotyrosine antibodies to demonstrate that EGF and
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FIG. 7. Inhibition by EGF of binding of '25I-labeled TGF-a to
cells expressing either the HER or the CER. EGF at increasing
concentrations was used to displace [125I]TGF-a at a constant
concentration from cells expressing either the HER (HER14 cells)
or the CER (CER109 cells). The cells were incubated with a
concentration of ['251]TGF-a which saturates approximately 5% of
the EGF receptors. The concentration of EGF was varied for the
HER from 1 ng/ml to 1 Lg/ml, and for the CER it was varied from 25
ng/ml to 4 ,ug/ml.
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FIG. 8. Autophosphorylation of the CER and the HER in vitro
and in living cells. The effects of TGF-ax and EGF on autophos-
phorylation of the CER and the HER were analyzed. (A) NIH 3T3
cells expressing either the CER (CER109 cells) or the HER (HER14
cells) were incubated in the absence or presence of either EGF or
TGF-a and then immunoprecipitated with RK2 antibodies. The
immunoprecipitates were subjected to the standard conditions of the
phosphorylation reactions. (B) Cells expressing the CER (CER109
cells) or the HER (HER14 cells) were exposed to either TGF-a or
EGF for 20 min, followed by cell solubilization, electrophoretic
separation on gels, electroblotting, and analysis with antiphosphoty-
rosine antibodies as described previously (3).
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TGF-a stimulate autophosphorylation of the avian EGF-R
and the HER in vivo (Fig. 8). As before, EGF and TGF-ax
similarly enhanced autophosphorylation of the HER,
whereas a higher concentration of EGF was required for the
CER.
To analyze the biological function of the CER in NIH 3T3

cells, we measured the effects of TGF-ot and EGF on DNA
synthesis in CER expression cells. Confluent cells were
starved in 0.5% serum for 24 h, EGF or TGF-a was added at
various concentrations. After 18 h of incubation, [3H]thymi-
dine (1 ,uCi per well) was added and the incorporated
[3H]thymidine was measured after 4 h. Both TGF-a and
EGF stimulated DNA synthesis in CER cells to similar
extents (Fig. 9). However, maximal stimulation by TGF-ox
was at 5 ng/ml, whereas maximal stimulation of EGF was at
500 ng/ml (Fig. 9 and Table 2). This 100-fold difference in the
concentration of EGF required for optimal stimulation of cell
proliferation is in accord with the approximately 100-fold
difference between the binding affinities of the two ligands
for the CER. In chicken embryo fibroblasts, maximal stim-
ulation ofDNA synthesis by human TGF-a and mouse EGF
was with 1 and 100 ng/ml, respectively. This is consistent
with the results obtained with transfected NIH 3T3 cells,
indicating that the ligand specificity of the CER is similar
when expressed in chicken cells or transfected murine cells.

DISCUSSION

We cloned a cDNA for the CER and expressed it in
murine cells devoid of the endogenous EGF-R. The DNA
sequence of the cytoplasmic domain of the CER, which is
highly homologous to the v-erbB sequence, was published
previously (15). The sequence of the extracellular domain
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FIG. 9. Stimulation of DNA synthesis by either TGF-at or EGF.

Cells expressing the CER (CER109 cells) were brought to quies-
cence and stimulated with various amounts of EGF or TGF-a. After
18 h [3H]thymidine was added for 4 h and the trichloroacetic
acid-precipitable radioactivity was determined. The counts per
minute in the absence of growth factor (basal) were 4,043 for the
CER and 9,510 for the HER. For 1% serum-stimulated cells, the
counts per minute were 20,500 for the CER and 65,870 for the HER.

TABLE 2. Stimulation of DNA synthesis

Maximal

Cells Growth Stimulation stimulation by
factor ratio" growth factor

(ng/ml)

HER in NIH 3T3 EGF 10.5 100
TGF-a 6.0 50

CER in NIH 3T3 EGF 12.0 500
TGF-ot 12.5 5

Chicken embryo TGF-c 1.6b 1
fibroblasts

" The stimulation ratio is the maximal [3H]thymidine counts per minute
incorporated in the presence of growth factor divided by the incorporated
counts per minute in the absence of growth factor.

b The small stimulation obtained with chicken embryo fibroblasts was due
to the high basal stimulation detected in these cells, which could not be
brought to a quiescent state, probably because they produce their own growth
factors.

shows remarkable homology to the human EGF-R (Fig. 10).
All of the cysteine residues and most of the potential
N-glycosylation sites in the extracellular portion are con-
served. In addition, the extracellular portion was subdivided
into four domains (I to IV, Fig. 10); domains II and IV are
the cysteine-rich domains. By aligning the sequences of
domains I and III, we showed that these domains probably
represent homologous repeats for both the HER and the
CER. Figure 4 shows 27% identical residues in both the
HER and the CER in domains I and III. If positions where
three of four residues are identical (Fig. 4) are included in the
comparison, the similarity is 37%, and if we also include
conservative replacements, the similarity is 49%. Domains I
and III contain two cysteine residues which can form an
intradomain disulfide bond, allowing independent folding of
each domain. We assume also that the cysteine-rich seg-
ments (II and IV) may fold as independent domains. On the
basis of this internal homology and other studies, we pro-
pose a four-domain model for the extracellular portion of the
EGF-R. Moreover, on the basis of affinity labeling of the
EGF-R with EGF (10) and the ligand-binding properties of a
deletion mutant devoid of domain I (I. Lax, F. Bellot, A. M.
Honeggar, A. Schmidt, A. Ullrich, D. Givol, and J. Schles-
singer, submitted for publication), we suggested that domain
III contributes most of the forces which define the ligand-
binding specificity of the EGF-R (10).
One of the aims of this study was to compare the binding

properties of the CER and the HER. It was anticipated that
mouse EGF would bind to the CER with a lower affinity than
to the HER. Indeed, the binding affinity of EGF to the CER
was 100-fold lower than its affinity to the HER. However,
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FIG. 10. Similarity between the amino acid sequences of the
HER and the CER. The extracellular portion was subdivided into
four domains; domains II and IV are the cysteine-rich regions (see
the text). The numbers were calculated from the data in Fig. 3. PTK,
Protein tyrosine kinase domain.
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the finding (Fig. 5) that human TGF-a binds to the CER with
higher affinity (Kd, 0.7 nM) than to the HER (Kd, 1.5 nM)
was unexpected. It would be plausible to assume that
because of the evolutionary distance between the avian
receptor and the mammalian growth factor, the binding
affinity for both ligands (EGF and TGF-a) is similarly
reduced. This, however, is not the case and raises several
interesting evolutionary and functional problems.
The structural basis for the comparable binding of EGF

and TGF-ot to the HER is not clear. The sequence identity
between mouse EGF and human TGF-a is only 32%, but
perhaps the configurational similarity of the three disulfide
loops contributes significantly to their similar functions in
binding and activating the EGF-R. The availability of the
avian EGF-R and HER cDNAS will allow the design of in
vitro domain exchange and characterization of the differ-
ences between the binding of TGF-a and EGF to the two
receptors, enabling localization of the EGF-binding site.
From the binding and mitogenic properties of human

TGF-a it is possible that this growth factor can function as a
physiological growth factor in birds, since its binding affin-
ities for the CER and the HER are similar. Moreover,
functionally, the v-erbB oncogene which was transduced by
an avian retrovirus (avian erythroblastosis virus) may in fact
be regarded as a truncated TGF-a receptor rather than a
truncated EGF-R (5, 27). On the other hand, EGF can be
physiological growth factor in birds only if a chicken EGF
has a significantly higher affinity to the receptor than that
found for murine EGF. However, there is no information
concerning the structure or even the existence and tissue
distribution of EGF and TGF-a in birds. One plausible
explanation for the differential binding of EGF and TGF-a to
the CER is that the divergence of TGF-a from birds to
mammals is much less extensive than that of EGF. Yet
another possibility is that TGF-ot is indeed the original
growth factor for the EGF-R, whereas EGF evolved later.
The analysis of these possibilities must await the character-
ization of these growth factors and their genes in birds.
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