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To identify structural characteristics of the closely related cell
surface receptors for insulin and IGF-I that define their dis-
tinct physiological roles, we determined the complete primary
structure of the human IGF-I receptor from cloned cDNA.
The deduced sequence predicts a 1367 amino acid receptor
precursor, including a 30-residue signal peptide, which is re-
moved during translocation of the nascent polypeptide chain.
The 1337 residue, unmodified proreceptor polypeptide has
a predicted M. of 151 869, which compares with the 180 000
M, IGF-I receptor precursor. In analogy with the 152 784
M, insulin receptor precursor, cleavage of the Arg-Lys-Arg-
Arg sequence at position 707 of the IGF-I receptor precursor
will generate o (80 423 M,) and 3 (70 866 M,) subunits,
which compare with ~135 000 M, () and 90 000 M, (3)
fully glycosylated subunits.

Key words: IGF-I receptor/insulin receptor/tyrosine kinase/signal
transduction

Introduction

Insulin-like growth factor I (IGF-I), a 70 amino acid polypeptide
with extensive structural homology to insulin (49%) and IGF-II
(61 %) exerts its biological effect by binding to a specific receptor
on the surface of target cells. The IGF-I receptor is similar to
but distinct from the insulin receptor (Froesch et al., 1985; Rech-
ler and Nissley, 1985). Like the insulin receptor, the IGF-I recep-
tor is a membrane glycoprotein of M, 300 000—350 000,
consisting of two « subunits (M, ~ 135 000) and two (3 subunits
(M, ~90 000) that are connected by disulfide bonds to form the
functional 8 —a —a—f heterotetrameric receptor complex (Cher-
nausek ez al., 1981; Bhaumick et al., 1981; Massague and Czech,
1982; Kull ez al., 1983; Rechler and Nissley, 1985). In analogy
with the insulin receptor (Ronnett et al., 1984), IGF-I receptor
«a and (B subunits are thought to be encoded within a single
180 000 mol. wt receptor precursor (Jacobs et al., 1983a) that
is glycosylated, dimerized, and proteolytically processed to yield
the mature o, —f3, form of the receptor. Upon binding to the
extracellular domain, IGF-I stimulates an intracellular, tyrosine-
specific protein kinase activity which leads to 8 subunit auto-
phosphorylation (Jacobs et al., 1983b; Rubin et al., 1983; Zick
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et al., 1984) and presumably phosphorylation of cytoplasmic
components of an IGF-I-specific signal transfer cascade.

Despite functional and structural similarities, the receptors for
IGF-I and insulin are thought to play different biological roles
during mammalian development and mature life. Whereas insu-
lin plays a key role in regulation of a variety of metabolic pro-
cesses, the IGFs appear to be more potent in promoting growth.
Multiple biological effects have been attributed to these hormones;
however, identification of the specific biological function of the
two hormones was complicated by the fact that insulin and IGFs
can interact with each other’s receptors in a concentration-depen-
dent manner. Insulin binds with high affinity to the insulin recep-
tor, low affinity to the IGF-I receptor, and very poorly to the
IGF-II receptor. The converse is true for IGF-II, whereas IGF-I
binds with the highest affinity to its own receptor, has slightly
lower affinity for the IGF-II receptor, and still lower affinity for
the insulin receptor. To enhance our understanding of the
molecular mechanisms that evoke specific hormonal effects in
cellular systems, and to attempt to identify structural features
underlying these processes, cDNA clones encoding the human
IGF-I receptor precursor were isolated and characterized. By
comparison with the recently established primary structure of the
closely related human insulin receptor (Ullrich ez al., 1985; Ebina
et al., 1985), we are now able to distinguish features that are
common to both receptors, and thus likely to play a common
role, from those that define the unique functions of IGF-I and
insulin receptors. Furthermore, these experiments demonstrate
that insulin and IGF-I receptors are the products of distinct genes,
located on separate chromosomes, that are controlled by different
types of regulatory signals.

Results

IGF-I receptor purification and amino acid sequence deter-
mination

The IGF-I receptor was purified from Triton X-100 solubilized
human placental membranes by wheat germ agglutinin (WGA)-
Sepharose chromatography, followed by immuno-affinity chro-
matography using the monoclonal antibody «IR3 (Kull ez al.,
1983; Flier et al., 1986; Le Bon et al., 1986), which has been
shown to bind IGF-I receptor with 100 times higher affinity than
the insulin receptor. SDS —PAGE analysis of the reduced IGF-I
receptor preparations revealed that the major polypeptide bands
obtained correspond to the « and 3 subunits (Figure 1a, lane 1).
For amino acid sequence determination, the receptor was
prepared from fractions that did not bind to insulin-Sepharose
to minimize possible contamination by insulin receptor. The IGF-I
receptor « subunit, which was more stable under our purifica-
tion conditions and was therefore obtained at higher yields, was
purified from a polyacrylamide gel (Figure la, lane 2 and
Materials and methods) and either subjected directly to Edman
degradation sequence analysis or first to lysyl peptidase treat-
ment and fractionation of the peptides by reversed-phase h.p.l.c.

2503



A.Ullrich et al.

66— s Peptide 1: Glu Ile XXX Gly Pro Gly Ile Asp Ile Arg Asn Asp Tyr GIn GIn Leu Lys Arg Leu Gln XXX XXX Thr Val Ile Glu
Peptide 2: Met Tyr Phe Ala Phe Asn Pro Lys

Peptide 3: Asn(Arg)Ile(Ile)Ile Thr Trp His(Arg)Tyr(Arg)Pro Pro Asp Tyr Arg Asp Leu Ile(Ser)Phe Thr

Peptide 4: Asp Val Gln Pro Gly(Ile)Leu(Leu)His Gly Leu Lys Pro(Trp)Thr GIn Tyr Ala Val

Peptide 5: Ile Pro Ile Arg Lys

e gusumah Peptide 6: (Val)Phe Glu Asn Phe Leu His Asn Ser

Fig. 1. IGF-I receptor purification and protein sequence analysis. (a) Silver stained SDS—PAGE of the purified IGF-I receptor (2 pg, lane 1) and
electrophoretically purified « subunit (flane 2). The positions of the M, standards (myosin, 8-galactosidase, phosphorylase b, bovine serum albumin and
ovalbumin) are indicated. (b) Amino-terminal amino acid sequence (peptide 1) and peptide sequences from purified IGF-I receptor « subunit. Parentheses
indicate uncertainty in assignment; X's indicate unknown amino acids.

a
1 2 3 4 5 6 7 8 ol IB0FE1M8 1 2 RT3 1 AT 1 58] 61081 778 BT S IO
PEPTIDE 1: GLU ILE XXX GLY PRO GLY ILE ASP ILE ARG ASN ASP TYR GLN GLN LEU LYS ARG LEU
5'-GAG ATC TGT GGC CCC GGC ATC GAT ATC CGG AAC GAC TAC CAG CAG TTG AAG AGG CTG

3'-CTC TAG ACA CCG GGG CCG TAG CTA TAG GCC TTG CTG ATG GTC GTC AAC TTC TCC GAC
* * * * * * * * * *

20 21 22 23 24 25 26
GLU XXX XXX THR VAL ILE GLU
GAG AAT TGC ACT GTC ATC GAA-3'

CTC TTA ACG TGA CAG TAG CTT-5'
* * * *

531 532 533 534 535 536 537 538 539 540 541 542 543 544 545 546 547 548 549

PEPTIDE 4: ASP VAL GLU PRO GLY XXX LEU XXX HIS GLY LEU LYS PRO XXX THR GLN TYR ALA VAL
3'-GGG CCG GAC GAC ACC GTG CCG GAC TTC GGG ACC TGG GTC ATG CGG-5'
* Kk Kk k kkk * * *

c|) | : | 2| | 3| I 4| | 5|kb
RKRR
@ ™
a [—»B
—— )\ |GF-1-R.8
e AIGF-1-R.85
AIGF-1-R.76
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Insulin-like growth factor I receptor cDNA

c a subunit
30 -20 -10 -1
MetLysSerGlySerG1yG1yG]ySerProThrSerLeuTrDGlyLeuLeuPheLeuSerA'laA'IaLeuSerLeuTerroThrSerGlyG1uITﬂuvru
TTTTTTTTTTTTTTGAGAAAGGGAATTTCATCCCAAATARAAGGAATGAAGTCTGGCTCCGGAGGAGGGTCCCCGACCTCGCTGTGGGGGCTCCTGTTTCTCTCCGCCECECTCTCGCTCTGECCGACGAGTGGAGAAATCTGCGGGCCA 150
’—
40
GlylleAsplleArgAsnAspTyrGInGInLeul ysArgLeut1uASTEmTArVal IleGluGlyTereansI1eLeuLeuI1e$erLysA1asluAspTyrArgSerTyrAraneProLysLeurhr\/a1IleThrmuTerEU
GGCATCGACATCCGCAACGACTATCAGCAGCTGAAGCGCCTGGAGAACTGCACGGTGATCGAGGGCTACCTCCACATCCTGCTCATCTCCAAGGCCGAGGACTACCGCAGCTACCGCTTCCCCAAGCTCACGGTCATTACCGAGTACTTG 300
—(— i
70 cm— 8 90 —
LeuLeuPheArgValAlaGlyLeuGluSerLeuGlyAspLeuPheProAsnLeuThrVallleArgGlyTrplysLeuPheTyrAsnTyrAlaleuValllePheGluMetThrAsnLeul ysAsplleGlyLeuTyrAsnLeuArgAsn
CTGCTGTTCCGAGTGGCTGGCCTCGAGAGCCTCGGAGACCTCTTCCCCAACCTCACGGTCATCCGCGGCTGGAAACTCTTCTACAACTACGCCCTGGTCATCTTCGAGATGACCAATCTCAAGGATATTGGGCTTTACAACCTGAGGAAC 450

130
TieThrArgGlyAlalleArgl1eGlul ysAsnAlaAspLeulBl yrLeuSer ThrValAspTrpSerLeullel euAspAlaValSerAsnAsnTyrI1eValGlyAsnLysProProl ysG1ufilic] yAspLeuff§ProG1yThr
ATTACTCGGGGGGCCATCAGGATTGAGAARAATGCTGACCTCTGT TACCTCTCCACTGTGGACTGETCCCTGATCCTGGATGCGETGTCCAATAACTACATTGTGGGGAATAAGCCCCCAAAGGAATGTGGGEACCTGTGTCCAGGGACC 600

MetelueluLysProMeﬂcmLysanrhrlyeAsnAsncluryrAsnTyrArﬂranrmrAsnAr'1 LysMe tER@ProSer Thr-sl oA 1 Jff§Ir hr61uAsnAsnG1 < 7|
ATGGAGGAGAAGCEGATGTGTGAGAAGACCACCﬂTCAACAATGAGTACAACTACCGC'GCTGGACCACAAACCGCTGCCAGAAAATGTGCCCAAGCACGTGTGGGAAGCGGGCGTGCACCGAGAACAATGAGTGCTGCCACCCCGAGTGC 750

210 ——— 220 230 250
LeuGlySerEy@SerAlaProAspAsnAspThrA ] aimvalA ) af@ArgHisTyr Tyr TyrAlaGlyVa I[E#8Na1ProA | Jg@ProProAsnThr TyrAraPheG1uG1yTrpArglEg@ValAspArgAspPhelfiA 1aAsn 1 e
CTGGGCAGCTGCAGCGCGCCTGACAACGACACGGCCTGTGTAGCTTGCCGCCACTACTACTATGCCGGTGTCTGTGTGCCTGCCTGCCCGCCCAACACCTACAGGTTTGAGGGCTGGCGCTGTGTGGACCGTGACTTCTGCGCCAACATC 900

270 280 N 290 300
LeuSerAlaGluSerSerAspSerGluGlyPheVal I1eHisAsp61yG1uEiiMet6 InG1ul§BProSerGlyPhel1eArgAsnGlySerGnSerMetTyriEaml e ProEysi 1uG1yProE@ProL ysVa EREG 1 uG1uG1u
CTCAGCGCCGAGAGCAGCGACTCCGAGGGGTTTGTGATCCACGACGGCGAGTGCATGCAGGAGTGCCCCTCGGGCTTCATCCGCAACGGCAGCCAGAGCATGTACTGCATCCCTTGTGAAGGTCCTTGCCCGAAGGTCTGTGAGGAAGAA 1050

310 330
LysLysThrLysThrl 1eAspSerVa]ThrSerMaG]nMetLeuG] nG1yER@ThrI1ePhel ysGlyAsnLeuLeulleAsn]leArgArg6lyAsnAsn I]eA]aSerG!uLeuG!uAsnPheMetGlyLeu I1eGluValvalThr
AAGAAAACAAAGACCATTGATTCTGTTACTTCTGCTCAGATGCTCCAAGGATGCACCATCTTCAAGGGCAATTTGCTCATTAACATCCGACGGGGGAATAACATTGCTTCAGAGCTGGAGAACTTCATGGGGCTCATCGAGGTGGTGACG 1200

360 370 —
GlyTyrValLysIleArgHisSerHisAlalLeuValSerLeuSerPheleul ysAsnLeuArgLeulleLeuGlyGluGluGInLeuGluGlyAsnTyrSerPheTyrValleuAspAsnGIinAsnLeuGInGInLeuTrpAspTrpAsp
GGCTACGTGAAGATCCGCCATTCTCATGCCTTGETCTCCTTGTCCTTCCTAAARAACCTTCGCCTCATCCTAGGAGAGGAGCAGCTAGAAGGGAATTACTCCTTCTACGTCCTCGACAACCAGAACTTGCAGCAACTGTGGGACTGGGAC 1350

4 420 430
HisArghsn euT’&rﬂeLysAlaG]yLysMetTerheA'IaPheAsnProLysLemﬂSerGIuIleTyrArgMeLG'IuG1uVa'IThrG]yThrLysG1yArgG]nSerLysG‘lyAspI1eAsnThrArgAsnAsnG]yG]uArg
CACCGCAACCTGACCATCARAGCAGGGAAAATGTACTTTGCTTTCAATCCCAAATTATGTGTTTCCGAAATTTACCGCATGGAGGAAGTGACGGEGAC TAAAGGGCGCCAAAGCAAAGGGGACATAAACACCAGGAACAACGGGEAGAGA 1500

460 : 470 480 490
AlaSerfgmG1uSerAspValleutisPheThrSer ThrThrThrSerLysAsnArgllellelleThr TrpHisArgTyrArgProProAspTyrArgAspLeulleSerPheThrValTyrTyrL ysGluAlaProPhelysAsnVal
GCCTCCTGTGARAGTGACGTCCTGCATTTCACCTCCACCACCACGTCGAAGAATCGCATCATCATAACCTGGCACCGETACCGGCCCCCTGACTACAGGGATCTCATCAGCTTCACCGTTTACTACAAGGAAGCACCCTTTAAGAATGTC 1650
f J
— 520 530 ® 540 '
ThrGl uTyrAspGIyG]nAspA 143061 ySer AsnSer TrpAsnMet ValAspValAspL euProProAsnLysAspValGluProGlyl leLeuleuHisGlyLeul ysProTrpThrGInTyrAlaValTyrVallysAlavalThr

ACAGAGTATGATGGGCAGGATGCCTGCGGCTCCAACAGCTGGAACATGGTGGACGTGGACCTCCCGCCCAACAAGGACGTGGAGCCCGGCATCTTACTACATGGGCTGAAGCCCTGGACTCAGTACGCCGTTTACGTCAAGGCTGTGACC 1800
. (A — 1
560 570 PR b T . 600

LeuThrMetValGluAsnAspHisIleArgGlyAlalysSerGlulleLeuTyrIleArgThrAsnAlaSerValProSerleProleuAspValleuSerAlaSerAsnSerSerSerGinLeulleValLysTrpAsnProProSer
CTCACCATGGTGGAGAACGACCATATCCGTGGGGCCAAGAGTGAGATCTTGTACATTCGCACCAATGCTTCAGTTCCTTCCATTCCCTTGGACGTTCTTTCAGCATCGAACTCCTCTTCTCAGTTAATCGTGAAGTGGAACCCTCCCTCT 1950

im 620 630 640 650
LeuProAsnGlyAsnLeuSerTyrTyrIleValArgTrpG1nArgGInProGInAspGlyTyrLeuTyrArgHisAsnTy erLysAspLysIleProlleArgLysTyrAlaAspGlyThrIleAspIleGluGluValThrGlu
CTGCCCAACGGCAACCTGAGTTACTACATTGTGCGCTGGCAGCGGCAGCCTCAGGACGGCTACCTTTACCGGCACAATTACTGCTCCAAAGACAAAATCCCCATCAGGAAGTATGCCGACGGCACCATCGACATTGAGGAGGTCACAGAG 2100

670 700
AsnProLysThrGluVal a6 1y61yGlul ysG1yProfiSEsmA | dEProL ysThrG1uA1aGluLys61nA1aGlul ysG1uG1uA1aGluTyrArglysVal PheGluAsnPhel euHisAsnSer I TePheValProArgPro
AACCCCAAGACTGAGGTGTGTGGTGEGGAGARAGGGCCTTGCTGCECCTGCCCCAAAACTGAAGCCGAGARGCAGGCCGAGAAGGAGGAGGCTGAATACCGCAAAGTCTTTGAGAATTTCCTGCACAACTCCATCTTCGTECCCAGACCT 2250
nd /3 subunit 720

730 — 740 750
GluArgLysArgArgAspValMetGlnValAlaAsnThrThrMetSerSerArgSerArgAsnThrThrAlaAlaAspThrTyrAsnIleThrAspProGluGluleuGluThrGluTyrProPhePheGluSerArgValAspAsnLys
GAAAGGAAGCGGAGAGATGTCATGCAAGTGGCCAACACCACCATGTCCAGCCGAAGCAGGAACACCACGGCCGCAGACACCTACAACATCACCGACCCGGAAGAGCTGGAGACAGAGTACCCTTTCTTTGAGAGCAGAGTGGATAACAAG 2400

760 770 790
GluArgThrValI1eSerAsnL euArgProPheThrLeuTyrArgl leAspl leHisSerfEglAsnHisG1uA 1a61uLysL euG] yEJSerAl aSerAsnPheVal PheA1aArgThrMet ProA1aG1uGlyAlaAspAspl lePro
GAGAGAACTGTCATTTCTAACCTTCGGCCTTTCACATTGTACCGCATCGATATCCACAGCTGCAACCACGAGGCTGAGAAGCTGGGC TGCAGCGCCTCCAACTTCETCTTTGCAAGGACTATGCCCGCAGAAGGAGCAGATGACATTCCT 2550

810 820 830 80 850
GlyProValThrTrpG1uProArgProGluAsnSerI1ePheLeulysTrpProG1uProGluAsnProAsnGlyLeul leLeuMetTyrGlulleLysTyrGlySerG1nValGluAspGinArgG]u§livalSerArg61nGluTyr
6GGCCAGTGACCTGGGAGCCAAGGCCTGAAAACTCCATCTTTTTAAAGTGGCCGGAACCTGAGAATCCCAATGGATTGATTCTAATGTATGAAATAAAATACGGATCACAAGT TGAGGAT CAGCGAGAATGTGTGTCCAGACAGGAATAC

~

700

860 880 890
ArgLysTyrG]yGlyklaLysLeuAsnArgLeuAsnProG]yAsnferhrA]aArgl1eG]nA1aThrSerLeuSerG]yﬂsnG]ySerTrpThrAspProValPhePheTera]GlnAlaLysThrG)yTyrG]uAsnPheI]eHls
AGGAAGTATGGAGGGGCCAAGCTAAACCGGCTAAACCCGGGEAACTACACAGCCCGGATTCAGGCCACATCTCTCTCTGGGAATGGETCGTGGACAGATCCTGTGTTCTTCTATGTCCAGGCCAARACAGGATATGAARACTTCATCCAT 2850

930
LeullelleAlaLeuProvalAlavalLeulLeulleValGlyGlyLeuVallleMetLeuTyrVal PheH\sArgLysArgAsnAsnSerArgLeuG]yﬂsnG]yVa]LeuTyrA]aSerValAsnProG]uTytheSerMaMaAsp
CTGATCATCGCTCTGCCCGTCGCTGTCCTGTTGATCGTGGGAGGETTGGTGATTATGCTGTACGTCTTCCATAGARAGAGAAATAACAGCAGGCTGGGGAATGGAGTGCTGTATGCCTCTGTGAACCCGGAGTACTTCAGCGCTGCTGAT 3000
L R S S A SR BT MRS

* 980 %k 990 1000
ValTyrValProAspGluTrpGluValAlaArgGluLysIleThrMetSerArgGluLeuGlyGInGlySerPheGlyMetValTyrGluGlyValAlalysGlyValVallysAspGluProGluThrArgValAlallelysThrval
GTGTACGTTCCTGATGAGTGGGAGGTGGCTCGGGAGAAGATCACCATGAGCCGGGAACTTGGGCAGGGGTCGTTTGGGATGGTCTATGAAGGAGT TGCCAAGGGTGTGGTGAAAGATGAACCTGAAACCAGAGTGGCCATTAAAACAGTG 3150

1020 1030 1040 1050
AsnGluAlaAlaSerMetArgGluArgl leGluPheleuAsnGluAlaSerValMetLysGluPheAsnigliHisHisValValArgLeuleuGlyValvalSerGInGlyGInProThrLeuVal IleMetGluLeuMet ThrArgGly
AACGAGGCCGCAAGCATGLGTGAGAGGATTGAGTTTCTCAACGAAGCTTCTGTGATGAAGGAGTTCAATTGTCACCATGTGGTGCGATTGCTGGGTGTGETGTCCCAAGGCCAGCCAACACTGGTCATCATGGAACTGATGACACGGGGE 3300

1060 1070
AspLeul ysSerTyrL euArgSerLeuArgProGluMetGluAsnAsnProValleuAlaProProSerLeuSerLysMet11eGInMetA1aG1yG1ul 1eAlaAspGlyMetAlaTyrLeuAsnAlaAsnL ysPheValHisArgAsp
GATCTCAAAAGTTATCTCCGGTCTCTGAGGCCAGAAATGGAGAATAATCCAGTCCTAGCACCTCCAAGCCTGAGCAAGATGAT TCAGATGGCCGGAGAGATTGCAGACGGCATGGCATACCTCAACGCCAATAAGTTCGTCCACAGAGAC 3450
1110 1120 1130 1140 1150
LeuAlaAlaArgAsrigylMet ValAlaGluAspPheThrVallys 11eG1yAspPheGlyMet ThrArgAspl 1eTyrGluThrAspTyr TyrArgLysG1yGlyLysGlyLeuLeuProValArgTrpMet SerProGluSerLeulys
CTTGCTGCCCGGAATTGCATGGTAGCCGAAGATTTCACAGT CAAAATCGGAGATTTTGGTATGACGCGAGATATCTATGAGACAGACTATTACCGGAAAGGAGGEARAGGGCTGCTGCCCGTGCGCTGGATGTCTCCTGAGTCCCTCAAG 3600
1160 1170 1180 1190 1200
AspGlyValPheThrThrTyrSerAspValTrpSerPheGlyValvalleuTrpGlulleAlaThrLeuA1aGluGInProTyrG1nGlyL euSerAsnGluGlnValLeuArgPheValMetG1u61y61yL eul euAspl ysProAsp
GATGGAGTCTTCACCACTTACTCGGACGTCTGGTCCTTCEGGGTCGTCCTCTGEGAGATCGCCACACTGGCCGAGCAGCCCTACCAGGGCTTGTCCAACGAGCAAGTCCTTCGCTTCGTCATGEAGGGCEGCCTTCTGGACAAGCCAGAC 3750
1210 1220 1230 1240 1250
AsnCysProAspMetL euPheGul euMetArgMe BRI rpG InTyrAsnProl ysMetArgProSerPheLeuGlullel1eSerSer I1el ysGluGluMetGluProGlyPheArgGluValSerPheTyrTyrSerGluGluAsn
AACTGTCCTGACATGCTGTTTGAACTGATGCGCATGTGCTGGCAGTATAACCCCAAGATGAGGCCTTCCTTCCTGGAGATCATCAGCAGCATCAAAGAGGAGATGGAGCCTGGCTTCCEGGAGETCTCCTTCTACTACAGCGAGGAGAAC 3900
1260 1270 1280 1290 1300 :
LysLeuProG1uProGluGluLeuAspLeuGluProGluAsnMetGluSerValProl euhspProSerAlaSerSerSerSerLeuProLeuProAspArgHisSerGlyHisLysAlaGluAsnGlyProGlyProGlyValleuval
AAGCTGCCCGAGCCGGAGGAGCTGGACCTGGAGCCAGAGAACATGGAGAGCGTCCCCCTBGACCCCTCGECCTCCTCGTCCTCCCTGCCACTGCCCGACAGACACTCAGGACACAAGGCCGAGAACGGCCCCEGCCCTRGEETGCTRGTC 4050
1310 1320 1330
LeuArgAlaSerPheAspGluArgGInProTyrAlatisMetAsnGlyGlyArglysAsnGluArgAlaleuProl euProGinSerSer ThriEyslend
CTCCGCGCCAGCTTCGACGAGAGACAGCCTTACGCCCACATGAACGGEGGCCGCAAGAACGAGCGGGCCTTGCCGCTGCCCCAGTCTTCRACCTGCTGATCCTTGGATCCTGAATCTGTGCAAACAGTAACGTGTGCGCACGCGCAGCEE 4200
GGTGGGEGEEGAGAGAGAGTTTTAACAATCCATTCACAAGCCTCCTGTACCTCAGTGGATCTTCAGTTCTGCCCTTGCTGCCCGCGGGAGACAGCTTCTCTGCAGTARAACACATTTGGGATGTTCCTTTTTTCAATATGCAAGCAGCTT 4350
TTTATTCCCTGCCCARACCCTTAACTGACATGGGCCT TTAAGAACCTTAATGACAACACT TAATAGCAACAGAGCACTTGAGAACCAGTCTCCTCACTCTETCCCTETCCTTCCCTGTTCTCCCTTTCTCTCTCCTCTCTGCTTCATAAC 4500
GGAAAAATAATTGCCACAAGTCCAGCTGGGAAGCCCTTTTTAT CAGTTTGAGGAAGTGGCTGTCCCTETGECCCCATCCAACCACTGTACACACCCGCCTGACACCGTGGGTCATTACAAAARAACACGTGGAGATGGARATTTTTACCT 4650
TTATCTTTCACCTTTCTAGGGACATGAAATTTACAAAGGGCCATCGTTCATCCAAGGCTGTTACCATTTTAACGCTGCCTAATTTTGCCAAAATCCTGAACTTTCTCCCTCATCGGCCCGGCGCTGATTCCTCGTGTCCGGAGGCATGGG 4800
TGAGCATGGCAGCTGGTTGCTCCATTTGAGAGACACGCTGGCGACACACTCCGTCCATCCGACTGCCCCTGCTGTGCTGCTCARGGCCACAGGCACACAGETCTCATTGCTTCTGACTAGAT TATTATTTGGGGGAACTGGACACAATAG 4950
GTCTTTCTCTCAGTGAAGGTGGGGAGAAGCTGAACCGL 4989

Fig. 2. IGF-I receptor cDNA clones, nucleotide sequence and predicted amino acid sequence. (a) Nucleotide sequence of synthetic oligonucleotide probes
deduced from peptide amino acid sequences. Asterisks indicate differences between predicted and actual nucleotide sequence. (b) Schematic diagram of the
cDNA structure of IGF-I receptor. Overlapping cDNA clones used in sequence determination are shown below. Translated sequences are boxed, with the
signal sequence shaded. Also indicated are the putative precursor processing site (RKRR), the transmembrane domain (TM) and the positions of the synthetic
oligonucleotide probes derived from peptides 1 and 4. (¢) Nucleotide and predicted amino acid sequence. Amino acids of the proreceptor are numbered above
starting at Glu 1, and are preceded by a 30-residue signal sequence; nucleotides are numbered to the right. Experimentally determined peptide sequences are
underlined and numbered (Figure 1b); potential N-linked glycosylation sites are overlined; cysteine residues are shaded; and the transmembrane domain is
heavily underlined. The potential ATP binding site is indicated by asterisks over Gly 976, 978 and 981, and by an arrow over Lys 1003. The putative
precursor processing site is boxed.
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[6F~1-R MKSGSGGGSPTSLWGLLFLSAALSLWPTSGE IIGPGIDIRNDYQQLKRLENETVIEGYLHILLISK-~AEDYRSYRFPKLTVITEYLLLFRVAGLE 64
IR MGTGGRRGAAAAPLLVAVAALLLGAAGHLYP-—GE VE-PGMDIRNNLTRLHELENEISVIEGHLQILLMFKTRPEDFRDLSFPKLIMITDYLLLFRVYGLE 70
------------------- T-T-AA--L-P--GE-J-PG-DIRN-———-L--LENB-VIEG-L-ILL--K-=--D~R-—=FPKL--IT-YLLLFRV-GLE
16F-1-R  SLGDLFPNLTVIRGWKLFYNYALVIFEMTNLKDIGLYNLRNITRGAIRIEKNADLEEYL STVDWSLILDAVSNNYIVGNKPPK-ERGD 163
IR SLKDLFPNLTVIRGSRLFFNYALVIFEMVHLKELGLYNLMNITRGSVRIEKNNELJIYLATIDWSRILDSVEDNYIVLNKDDNEEEGD 170
SL-DLFPNLTVIRG=-LF-NYALVIFEM==LK-=GLYNL-NITRG--RIEKN--L[gYL-T-DWS-ILD-V--NYIV-NK----E[GD
IGF-1-R  KTTINNEYNYREWT TNRIEQKMEP STIIGKR AT E NNECEH PEL G SIEISAPDND T HYYYAGVIElVPARIPPNT YRFEGWRBVORDFBANILSAESSDS 263
IR ATVINGQF VERIGWTHSHEQK VIEP T IiK SHGIETAE G SERL GNEISQPDDPTK NFYLDGRIEVE TIJPPPYYHF QDWRIGIVNF SFIENDL HHKEK NSR 270
~T-IN—==-= RIEWT - - 60K P - 40— - T -—- £ GH-EfL 6 S -PD--T ——Y--GV-—EPP--Y-F--W my REERE T
IG6F-1-R 1 PRE 6 PP K VIBIE EEKK TKTIDSVT SAQMLQGEIT IFKGNLLINIRRGNNIASELENFMGLIEVVTGYVK 359
IR PlelL G PGP K VIEIHL LEGEKTIDSVTSAQELRGETVINGSL IINIRGGNNLAAELEANLGLIEEISGYLK 369
PG PP K VB -———- KTIDSVTSAQ-L-GJT -——G—-L-INIR-GNN-A-ELE---GLIE---GY-K
IGF-1-R  IRHSHALVSLSFLKNLRLILGEEQLEGNYSFYVLDNQNLQQLWDWDHRNLTIKAGKMYFAFNPKLIEVSEIYRMEEVTGTKGRQSKGDINTRNNGERASIGE 459
IR IRRSYALVSLSFFRKLRLIRGETLEIGNYSFYALDNQNLRQLWDWSKHNLTITQGKLFFHYNPKLEL SE THKMEEVSGTKGRQERND ALK TNGDQA SIGE 469
IR=S—ALVSLSF=--LRLI-GE----GNYSFY-LDNQNL-QLWDW-==NLTI--GK-~F——NPKL|}-SEI-~MEEV-6TKGRQ---DI1----NG--AS
IGF—1-R  SDVLHFTSTTTSKNRIIITWHRYRPPDYRDLISFTVYYKEAPFKNVTEYDGQDAIGSNSWNMVDVD--L---PPNKDVEPGILLHGLKPWTQYAVYVKAV 554
IR NELLKFSYIRTSFDKILLRWEPYWPPDFRDLLGFMLFYKEAPYQNVTEFDGQDARIGSNSWTVVDIDPPLRSNDPKSQNHPGWLMRGLKPWTQYATFVKTL 569
ol -F--e-TS=—-I-——W==Y-PPD-RDL-~F-==YKEAP--NVTE-DGQDAKGSNSW--VD-D--L-~--P-~---PG-L--GLKPWTQYA--VK--
IGF=1-R  TLTMVENDHIRGAKSEILYIRTNASVPSIPLDVLSASNSSSQLIVKWNPPSLPNGNLSYYIVRWQRQPQDGYLYRHNYEISKD-KIPIRKYADGTIDIEEV 653
IR _VTFSDERRTYGAKSDIIYVQTDATNPSVPLDPISVSNSSSQIILKWKPPSDPNGNITHYLVFWERQAEDSELFELDYELKGLKLPSRTWS-PPFESEDS 667
e GAKS—I-Y=-T-A-—PS-PLD--S-SN555Q-I-KW-PPS—PNGN=—-Y-V-W-RQ--D--L--—-Yf-K-—K-P-R-—-cc---E--
B subunit
16F-1-R  TENPKTEVBGGEKGH PKTEAEKQAEKEEAE YRKVFENFLHNSIFVPRPERKRRIDVMQVANTTMSSRSRNTTAADTYNITDPEELETEYPFFESRVD 753
IR QKHNQSE Y-EDSAGE PKTDSQILKELEESSFRKTFEDYLHNVVFVPRP RKRRISLGDVGNVTVAVPT-VAAFPNTSSTSVPTSPEEHRP-FEK-VV 763
______ E—22-6 PKT——————F—EE--—RK-FE-=LHN-=FVPRP4RKRRI-—==V-N=T—-----omme--T—===-P-——E-—-P-FE--V-
[6F-1-R  NKERTVISNLRPFTLYRIDIHSENHEAEKLGESASNFVFARTMPAEGADDIPGPVTWEPRPENSIFLKWPEPENPNGLILMYEIKYGSQVEDQREGV SR 852
IR NKESLVISGLRHFTGYRIELQAINQDTPEEREISVAAYVSARTMPEAKADDIVGPVTHE IFENNVVHLMWQEPKEPNGLIVLYEVSYRRYGDEELHLEIDTR 863
NKE—=VIS=LR=FT=YRI-——N-——————FIS———- V—ARTMP—=-ADDI-GPVT-E-===N-=-L-W-EP==PNGLI-=YE-=Y-mou— -R
IGF-1-R  QEYRKYGGAKLNRLNPGNYTARIQATSLSGNGSWTDPVFFYVQAKTGYENFIHLITALPVAVLLIVGGLVIMLYVFHRKRNNSR-LGNGVLIASVNPEYF 951
IR KHFALERGERLRGLSPGNYSVRIRATSLAGNGSWTEPTYFYVTDYLDVPSNIAKIIIGPLIFVFLFSVVIGSTYLFLRKRQPDGPLG-~PLIVASSNPEIYIL 961
—emmmmeG=-L==L-PGNY—=RI-ATSL-GNGSWT-P--FYVommmmmm—— [-—IT==P--—=——=——-=r= Y-F-RKR-=--- LG---L|YAS-NPE[Y}-
16F-1-R  SAAD---—- VMVP DEWE VAREK ITMYRELGQGSFGMVYEGVAKGVVKDEPETRVAIKTVNEAASMRERTEFLNEASVMKEFNEHHVVRLLGVVSQGQPTL| 1046
IR SASDVFPRSVIYVPDEWEVSREKITLLURELGQGSFGMVIYEGNARDI IKGEAETRVAVKTVNESASLRERIEFLNEASVMKGFTIGHHVVRLLGVVSKGQPTL| 1061
SR=Dz= =t VIYIVP DEWE V=REKIT-JRELGQGSFGMV|YEG-A----K—-E-ETRVA-KTVNE-AS-RERIEFLNEASVMK-F—HHVVRLLGVVS-GQPTL
16F-1-R |VIMELMTRGDLKS[LRSLRPEMENNPVLAPPSLSKMIQMAGE IADGMAJLNANKFVHRDLAARNEMVAEDF TVKIGDFGMTRDIIYVIE TDY YRKGGKGLLPV] 1146
IR VVMELMAHGDLKS|YLRSLRPEAENNPGRPPPTLQEMIQMAAE IADGMA|YLNAKKFVHRDLAARNEMVAHDF TVKIGDFGMTRDI|YE TD|Y YRKGGKGLLPV| 1161
V—MELM==GDLKSIYILRSLRPE-ENNP-—-PP—-L--MIQMA—-E IADGMALNA-KF VHRDLAARNEMVA-DF TVKIGDFGMTRDI|Y[E TD[Y YRKGGKGLLPV
[6F-1-R |RWMSPESLKDGVFTTJSDVWSFGVVLWEIATLAEQPVQGL SNEQVLRFVMEGGLLDKPDNGPOMLFELMRMAWQ[YNPKMRP SFILETTSSIKEEMEPGFRE 1246
IR RWMAPESLKDGVFTTSSDMWSFGVVLWE ITSLAEQP|YQGL SNEQVLKFVMDGGYJL DQPDONEPERVTDLMRMAWQF NPNMRPTFILEIVNLLKDDLHPSFPE 1261
RWM=PESLKDGVFTT-SD-WSFGVVLWE I--LAEQP|YQGLSNEQVL-FVM-GG-LD-PDNgGP--—-- LMRMEWQ-NP-MRP—F|LE I ——=-K==—-P-F -E
16F-1-R  VSFYYSEENKLPEPEELDLEPENMESVPLDPSASSSSLPLPDRHSGHKAENGPGPGVLVLRASFDERQPYAHMNGGRKNERALPLPQSS 1337
IR VSFFHSEENKAPESEELEMEFEDMENVPLDRSSHBQREEAGGRDGG-———~-~-~ SSLGFKRSYEEHIP|YTHMNGGKKNGRILTLPRSNP 1343
VSF——SEENK-PE—-EEL--E-E-ME-VPLD-S--—-===mm- REEG- S oS L--==S=—E--PY-HMNGG-KN-R-L-LP-S——=
25

47

Fig. 3. Comparison of IGF-I and insulin receptors. (a) Comparison of primary amino acid sequences of IGF-I receptor (IGF-I-R) and insulin receptor (IR).
Ideptical residues are indicated on the third line, gaps having been introduced to optimize alignment. The signal sequences are heavily underlined, cysteine
residues shaded, tyrosines in the cytoplasmic domain are boxed, and potential N-glycosylation sites are lightly underlined. Asterisks and open triangles indicate
residues involved in ATP binding. Boxed regions include, in order, the putative precursor processing site, the transmembrane domain and the tyrosine kinase
domain. (b) Hydropathy analysis (Kyte and Doolittle, 1982) of IGF-I receptor and insulin receptor precursor sequences. Receptor domains are schematically
represented and the percent homologous residues indicated. The signal sequence is shown by fine shading, cysteine-rich domain by cross-hatching,
transmembrane domain by a black bar, and tyrosine kinase domain by coarse shading.
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Fig. 4. Northern blot analysis of human, rat and mouse mRNAs. Lanes 1 and 2: human term placental mRNA. Lane 3: BRL-3A2. Lane 4: rat term
placental mRNA. Lanes 5 and 7: mouse 3T3-LI fibroblasts. Lanes 6 and 8: 3T3-LI adipocytes. cDNA probes are indicated below lanes. IR, human insulin
receptor; IGF-I-R, human IGF-I receptor. Exposure times: lane 1, 24 h; lanes 2—4, 5 days; lanes 5—8, 4 days. Sizes are in kb and were deduced from
commercial, synthetic RNAs (RNA Ladder, BRL) ranging in size from 0.3 to 9.5 kb.

The amino-terminal sequence and five peptide sequences were
determined, as shown in Figure 1b.

Isolation and characterization of IGF-I receptor cDNA

Long, single oligonucleotide hybridization probes were designed
on the basis of partial sequences 1 and 4 (Figure 1b). Codon
choices were based on corresponding nucleotide sequences of
the insulin proreceptor (Ullrich er al., 1985) as well as codon
usage frequencies of human genes (Grantham ez al., 1981). Gaps
in the sequence were filled with codons found in the insulin recep-
tor homologous sequence.

A 78-nucleotide synthetic probe derived from the amino-ter-
minal « subunit sequence (Figure 2a) was used initially to screen
2 X 108 clones of a human term placental cDNA library in A\gt10
(Ullrich et al., 1985). Clone NIGF-1-R.8 (Figure 2b) contained
the probe sequence. The 730 bp EcoRI insert of AIGF-1-R.8 and
the synthetic probe derived from peptide 4 (Figure 2a) were used
for subsequent screening of the same placental library to yield
overlapping clones ANIGF-1-R.85 and AIGF-1-R.76, of 2.8 kb and
3.5 kb, respectively (Figure 2b).

Complete nucleotide sequence analysis of the cloned cDNA
resulted in deduction of the complete primary sequence of the
human IGF-1-receptor precursor (Figure 2c). The 4989-nucleo-
tide sequence contains an open reading frame of 4101 nucleotides,
which begins with an ATG codon that is flanked by sequences
that meet the requirements for an initiation codon as defined by
Kozak (1984). The 45-nucleotide sequence preceding this poten-
tial initiation codon includes a purine-rich portion and a 5’'-ter-
minal oligo T sequence and is likely to be part of a 5'-untranslated
sequence, although no in-frame stop codon can be identified. At
the 3’ end, the open reading frame is flanked by a TGA signal
for translation termination and 840 nucleotides of 3'-untranslated
sequence. No polyadenylation signal (AATAAA) or poly(A) tail

is found at the 3’ end of the A\IGF-1-R.76 cDNA insert, suggest-
ing that the 3’-untranslated region of our sequence is incomplete.

Primary structure of the IGF-I receptor precursor

The initiation methionine is the first amino acid of a 30-residue
sequence which precedes the chemically identified amino-terminal
glutamic acid residue. This displays structural features character-
istic of signal peptides, necessary for transfer of the nascent poly-
peptide chain into the membrane of the endoplasmic reticulum.
The IGF-I receptor signal sequence is unusually rich in polar
residues such as threonine and serine (30%). Cleavage by signal
peptidase occurs after a glycine residue to expose the amino-
terminal IGF-I receptor o subunit glutamic acid residue; this
establishes the preproreceptor organization to be NH;-signal
peptide-a subunit-3 subunit-COOH. The « subunit region con-
tains a single cysteine-rich (24 cys) region between residues 148
and 302, and 11 potential N-linked glycosylation sites. An Arg-
Lys-Arg-Arg tetrapeptide after residue 706 marks the putative
cleavage site of the a8 proreceptor polypeptide, suggesting that
the B subunit begins at Asp 711.

The B subunit portion is characterized by the presence of a
single, 24 amino acid hydrophobic sequence (residues 906 —929)
that is likely to be the transmembrane domain, and is flanked
at its carboxy terminus by a stretch of basic amino acids that
may facilitate plasma membrane anchoring. Five potential N-
linked glycosylation sites are found between residues 711 and
905 upstream from this hydrophobic sequence. This region prob-
ably represents § subunit extracellular sequences. Structural
features characteristic of tyrosine kinase enzymatic domains are
found downstream from the transmembrane sequence, thus the
cytoplasmic domain is generated by the carboxy-terminal 407
amino acids of the 8 subunit.

Tyrosine kinase features are located within a 257-residue region
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Fig. 5. Chromosome mapping of IGF-I receptor locus. (a) Autoradiogram
obtained following hybridization of IGF-I receptor cDNA probe
(MGF-1-R.76 insert) with EcoRI-digested DNA from human X Chinese
hamster hybrid cells and controls. Lane A: human diploid cell line;

lane B: Chinese hamster Don/a23; lanes E—H: hybrid cell lines containing
human chromosome 15; lanes C, D and I: hybrid cell lines missing human
chromosome 15. (b) Silver grain distribution along chromosome 15
(ideogram from ISCN, 1985).

between amino acids 973 and 1229 and include a potential ATP
binding site (Gly 976 to Gly 981 and Lys 1003). The entire un-
modified IGF-I proreceptor polypeptide chain having a predicted
M, of 151 869 can thus be subdivided into the 80 423 dalton «
subunit that lacks sequences with membrane-spanning character-
istics, and a 70 866 dalton 3 subunit that contains tyrosine kinase-
homologous sequences and appears to anchor the intact receptor
complex in the plasma membrane.

Comparison with insulin receptor
Figure 3 shows an alignment of insulin and IGF-I receptor precur-
sor amino acid sequences (a) and a comparison of their hydropa-
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thy profiles (b). This analysis demonstrates the close similarities
in the overall organization and primary structures of the two
receptor precursors. Despite some minor insertions and/or de-
letions that are spread throughout both sequences, the precursors
show colinear organization and are approximately the same length
(1337 amino acids of the IGF-I receptor versus 1343 for the insu-
lin receptor precursor excluding the signal peptide). While signal
peptide and transmembrane sequences show the lowest degree
of similarity, their overall hydrophobic character is well con-
served. As expected, the highest homology (84 %) is found in
the 8 subunit cytoplasmic region, defining the enzymatic domain
for tyrosine-specific kinase activity. Interestingly, the second
highest degree of similarity (64 —67 %) between the two receptor
precursors is found in extracellular o subunit regions flanking
the cysteine-rich subdomains. Similar levels of sequence hom-
ology (61%) are localized in the interface between transmembrane
and tyrosine kinase domains, where conservation of a basic Arg-
Lys-Arg sequence that flanks the C terminus of the transmem-
brane sequence, in addition to conservation of three tyrosine resi-
dues and their flanking sequences, is found. Sequence similarity
is lower within the o subunit cysteine-rich domain (48 %), despite
conservation of 24 out of 26 cysteine residues between IGF-I
and insulin receptors. Sequences surrounding these conserved
cysteine residues are very hydrophilic in both proteins, suggesting
a tightly structured conformation with a hydrophilic surface. In
the two receptors, a subunit C-terminal and 3 precursor extra-
cellular sequences are ~44 % homologous, and include conserved
cysteine residues (7 out of 8) as well as the precursor cleavage
sequence (Arg-Lys-Arg-Arg). Fifteen out of sixteen potential N-
linked glycosylation sites in the extracellular domains of « and
3 subunits of the IGF-I receptor are found at nearly identical loca-
tions in the insulin receptor, which contains three additional Asn-
X-Thr/Ser consensus sequences. Within the cytoplasmic domain,
the C-terminal hydrophilic tails of IGF-I and insulin receptors
display the most divergent sequences, although they are similar
in length (108 versus 99, respectively). Conserved structural
features in the cytoplasmic domain of IGF-I receptor include four
out of five cysteines and 11 out of 15 tyrosine residues. As can
be seen in Figure 3b, the hydropathy profiles of the two recep-
tor precursors are very similar, yet the insulin receptor is slight-
ly more hydrophilic in most regions.

IGF-I receptor transcripts

It has previously been shown that a cDNA encoding the human
insulin precursor hybridizes with 4—6 mRNAs in term placenta
(Ullrich et al., 1985; Ebina et al., 1985). Given the structural
similarities and ligand overlap of the insulin and IGF-I receptors,
it was possible that one or more of these mRNA species rep-
resented cross-hybridization with an IGF-I receptor transcript.
To address this question, Northern blot hybridizations were car-
ried out using poly(A)-containing RNA preparations from various
tissues, and the hybridization patterns obtained with both IGF-I
and insulin receptor probes were compared. As can be seen in
Figure 4, IGF-I and insulin receptor cDNAs displayed different
patterns of hybridization with human RNA. While insulin recep-
tor cDNA hybridized to four major RNAs of 10.3, 9.6, 8.5 and
6.7 kb (Figure 4, lane 1), IGF-I cDNA hybridization yielded
fainter signals of 11 and 7 kb (Figure 4, lane 2). The hybridiz-
ation signals detected reflect about 10- to 20-fold higher levels
of insulin receptor mRNAs than IGF-I receptor mRNAs in human
term placenta, which is different from the relative amounts of
these proteins in this tissue (about 5-fold; Fujita-Yamaguchi et
al., 1983; Le Bon et al., 1986).
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Table I. Correlation of human chromosomes and human IGF-I receptor sequences in human X rodent hybrid cell lines

Hybridization/ 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 X Y
chromosome
Concordant hybrids +/+ 2 1 4 2 2 4 2 4 2 1 2 3 4 3 6 2 1 4 3 3 5 5 2 0
—/= 4 4 3 7 7 3 6 410 8 5 7 4 110 4 7 5 4 6 2 4 3 8
Discordant hybrids +/- 4 5 2 3 4 2 4 2 4 5 4 3 2 2 0 3 5 2 3 3 1 1 1 6
—/+ 2 5 6 3 2 6 3 5 0 2 4 3 5 8 0 5 3 5 6 4 7 6 3 2
Discordant hybrids 610 8 6 6 8 7 7 4 71 8 6 710 0 8 8 7 9 7 8 1 4 8
Informative hybrids? 12 15 15 15 15 15 15 15 16 16 15 16 15 14 16 14 16 16 16 16 15 16 9 16

“Data for chromosomes rearranged or present at a frequency of less than 10% were excluded.
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Fig. 6. Schematic comparison of IGF-I receptor with other cell surface
receptors and oncogene products. Cysteine-rich domains are shown as cross-
hatched boxes: other cysteine residues in extracellular domain as filled
circles. Tyrosine kinase domains are shaded boxes, with insertions in
c-fins/CSF-1-R and PDGF-R shown as an open box. Asterisks indicate sites
for in vitro autophosphorylation in HER. HER, human epidermal growth
factor receptor; CSF-1-R, colony stimulating factor-1 receptor; PDGF-R,
platelet-derived growth factor receptor.

Rat tissues contained a single, 11-kb IGF-I receptor mRNA
compared with 10.3- and 8.5-kb insulin receptor transcripts (not
shown). Buffalo rat liver cells (BRL-3A2) were found to express
high levels of IGF-I receptor mRNA (Figure 4, lane 3) and no
detectable insulin receptor mRNA (not shown). Massague and
Czech (1982) have reported that IGF-I receptors as well as insu-
lin receptors increase during the differentiation of 3T3-LI fibro-
blasts to adipocytes. To determine if this increase reflected
increased IGF-I receptor mRNA levels, the different 3T3-LI cell
types were analyzed by Northern hybridization. Interestingly,
reduced levels of 11-kb mRNA were found in the mouse adipo-
cytes when compared with fibroblasts (Figure 4, lanes 7 and 8).
In contrast, substantially higher insulin receptor mRNA levels
were detected in a parallel analysis of the same mRNA prep-
arations (Figure 4, lanes 5 and 6, and Ullrich et al., 1985), in
agreement with previous reports (Rubin et al., 1978; Karlsson
et al., 1979; Massague and Czech, 1982).

Chromosome mapping

Southern blot analysis of DNA from 16 human X rodent cell
hybrids were used to localize human IGF-I receptor sequences
to chromosome 15. 32P-labelled human IGF-I receptor cDNA
was hybridized to Southern filters of EcoRI-digested DNA from
hybrids and parental cell lines. Six human-specific fragments of
13,6.6,5.6,4.2, 3.9 and 2.6 kb were observed (Figure 5, lane
A). Seven hybridizing bands (21, 14, 8.3, 6.6, 5.8, 2.8 and
1.3 kb) were present in DNA from the Chinese hamster paren-
tal cell line (Figure 5, lane B). Furthermore, five hybridizing
bands (21, 10.5, 8, 4.2 and 3.5 kb) were detected in rat DNA,
and nine (15.5, 13, 8.6, 7.8, 4.4, 3.8, 3.2, 2.6 and 2.2 kb) in
mouse 3T3 DNA (data not shown). In Chinese hamster X human
hybrid DNAs, all five human-specific EcoRI fragments that were
distinguishable from hamster fragments were present in hybrids
containing human chromosome 15 (Figure 5, lanes E, F, G and
H), and all five were absent in hybrids lacking chromosome 15
(Figure 5, lanes C, D and I). The results of the discordancy
analysis for 16 hybrids are summarized in Table I. The 14
Chinese hamster X human hybrids were from six different series:
one was a mouse X human and one a rat X human hybrid.
Chromosome 15 shows perfect concordance with the human IGF-
I receptor sequences, whereas all other chromosomes are exclud-
ed by at least four discordant hybrids.

Regional assignment of the human IGF-I receptor gene was
carried out by in situ hybridization of 3H-labelled IGF-I receptor
cDNA probe to human chromosome spreads. Twenty-three out
of 75 (30.7%) cells exhibited silver grains at bands q25—q26
of chromosome 15. Of the 174 total grains scored, 24 (13.8%)
were found over this specific region with most grains at the distal
band 15926 (Figure 5b). No other chromosomal site was labelled
above background. The in situ hybridization data confirm the
mapping of the IGF-I receptor gene to chromosome 15 made
by somatic cell hybrid analysis and further refine its map pos-
ition to the distal band of the long arm of chromosome 15.

Discussion
Since binding of insulin and IGF-I to their respective cell sur-
face receptors triggers distinct cellular responses, the insulin and
IGF-I receptors must differ not only in the structure of their ligand
binding pockets, but also in regions necessary for their unique
physiological functions. Both of these receptors are tyrosine-
specific protein kinases, and their distinct roles in differentiation
and cellular metabolism suggests that they utilize different path-
ways of signal transduction involving phosphorylation of different
classes of substrates.

In order to identify structural features of the insulin and IGF-I
receptors that define their distinct physiological roles, the com-
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plete primary structure of the IGF-I receptor has been charac-
terized. By first isolating sufficient quantities of the receptor
glycoprotein from human placental membranes using an IGF-I
receptor-specific monoclonal antibody (Le Bon ef al., 1986),
partial amino acid sequence information was obtained and thus
overlapping cDNA clones containing coding sequences for the
entire precursor of the receptor were identified. The assembled
cDNA sequence predicts a 1367 amino acid receptor precursor,
including a 30 amino acid signal peptide, which is removed dur-
ing translocation of the nascent polypeptide chain. The 1337 resi-
due, unmodified proreceptor polypeptide has a predicted M, of
151 869, which compares with the 180 000 M IGF-I receptor
precursor (Jacobs et al., 1983a). In analogy with the 152 784
M., insulin receptor precursor, cleavage of the Arg-Lys-Arg-Arg
sequence at position 707 of the IGF-I receptor precursor will
generate o (80 423 M) and 8 (70 866 M,) subunits, which com-
pare with ~ 135 000 M, () and 90 000 M, () fully glycosyl-
ated subunits.

Extensive similarity with the insulin receptor is not only found
at the level of precursor and subunit size, but also at the level
of structural topology and primary sequence. Only one charac-
teristic transmembrane domain can be identified in the IGF-I
receptor o3 precursor. Thus, like the insulin receptor, the ~
350 000 M, heterotetrameric IGF-I receptor complex spans the
plasma membrane via two ( subunit membrane-spanning
domains, leaving 195 amino acid portions of the 8 subunits pro-
truding from the cell surface to which entire extracellular o
subunits are attached by disulfide bonds (Ullrich er al., 1985;
Grunfeld et al., 1985).

The ligand binding pockets of IGF-I and insulin receptors are
formed by the extracellular « subunits and possibly some extra-
cellular portions of the 3 subunits. Differences in receptor ligand
specificities are likely to be dictated by sequence differences with-
in this region, and indeed lower homology was found in the extra-
cellular cysteine-rich domains (48 %), C-terminal one-third of the
o subunits (47 %) and N-terminal portion of the 3 subunits (41 %).
These regions are more hydrophilic than the remainder of the
extracellular domain sequences, and are likely to be exposed on
the surface of this domain and to function there to define ligand
specificity.

Conservation of cysteine residue spacing in the single cysteine-
rich domain of the IGF-I receptor « subunit indicates a common
evolutionary origin with the closely related insulin receptor as
well as the epidermal growth factor (EGF) receptor (Ullrich et
al., 1985) and the neu oncogene-related putative hormone recep-
tor HER2 (Coussens et al., 1985) (Figure 6). Divergence of se-
quences flanking these conserved cysteine residues in receptor
ligand-binding domains suggests that they may define ligand
specificity within a common, compact structural unit formed by
a network of disulfide bridges. Disturbance of a similar struc-
ture in the low density lipoprotein receptor has been shown to
abolish ligand binding (Yamamoto er al., 1984).

Most cysteine residues outside this Cys-cluster are also con-
served between IGF-I and insulin receptors and may crosslink
o and (3 subunits to form the biologically active a; — 3, hetero-
tetrameric receptor complex, as suggested in Figure 6. In addi-
tion, the locations of most N-linked glycosylation sites are
conserved between IGF-I receptor and insulin receptor « and 3
subunits. The size difference between unmodified and fully
glycosylated subunits indicates that most N-linked glycosylation
sites are modified.

Binding of IGF-I to the extracellular portion of its cell surface
receptor in some way initiates a cytoplasmic signal cascade that
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includes autophosphorylation of tyrosine residues within the intra-
cellular portion of the insulin receptor 3 subunit. Signal trans-
duction through the plasma membrane may involve
intramolecular signal transfer through the transmembrane domain
or ligand-induced, intermolecular receptor association. In the case
of IGF-I and insulin receptors, the heterotetrameric complex
structure may represent a stabilized receptor dimer, in which a
conformation change in one o —@ subunit extracellular domain
could trigger both 3 cytoplasmic domains into an activated confor-
mation. Although direct transfer of ligand binding information
via a single transmembrane domain cannot be excluded, available
data support the aggregation of intermolecular model of trans-
membrane signal transfer (Heffetz and Zick, 1986).

The extensive homology of sequences downstream from the
putative ATP-binding consensus sequence with members of the
src family of tyrosine kinase oncogenes, as well as the hormone
receptors of this gene family, indicates that they represent the
domain encoding the tyrosine kinase enzymatic activity. Despite
its overall homology with the insulin receptor kinase domain
(84 %), it includes three discrete regions of sequence divergence
(Figure 3a) following residues 986, 1072 and 1208. The nonapep-
tide Val-Leu-Ala-Pro-Pro-Ser-Leu-Ser-Lys, which begins at resi-
due 1073, is present at the exact position in the IGF-I receptor
where 70- and 100-residue heterologous insertion sequences are
found in c-fins/CSF-1 receptor and platelet-derived growth factor
receptor structures (Sherr et al., 1985; Coussens et al., 1986;
Yarden ez al., 1986), respectively (Figure 6). The presence of
such a highly heterogeneous sequence within otherwise highly
conserved tyrosine kinase domains of gene family members ap-
pears highly significant and indicates a possible function of this
subdomain in definition of specific receptor function. This possi-
bility is emphasized by the fact that even receptors as closely
related as the IGF-I and insulin receptors diverge at this point.
This insertion may therefore reflect a structural determinant that
defines unique tyrosine kinase substrate interactions.

The sequence homology between IGF-I and insulin receptor
cytoplasmic domains ceases abruptly at isoleucine 1233 and re-
mains at a remarkly low level (44 % overall) up to the carboxyl
terminus. Carboxy-terminal domains of other tyrosine kinase re-
ceptors have been characterized to be equally sequence hetero-
geneous, retaining in all cases, however, a hydrophilic character
as shown in Figure 3b for IGF-I and insulin receptors. This do-
main contains major and minor in vitro autophosphorylation
tyrosine target sites in the EGF receptor which are conserved
in the putative receptor HER2/neu. As suggested by sequence
heterogeneity, this carboxy-terminal receptor domain may, in
conjunction with the nonapeptide sequence at position 1073 —1081
and the divergent membrane-proximal region between residues
933 and 955, be responsible for receptor-specific, ligand-induced,
intracellular signal generation.

Several cell surface receptors are substrates for protein kinase
C phosphorylation. In the human EGF receptor, the specific resi-
due phosphorylated (Thr 654) is adjacent to the membrane-span-
ning region of the receptor and is surrounded by basic residues
(Hunter et al., 1984). This threonine residue is conserved in
HER2/neu (Thr 685) (Coussens ez al., 1985), and an identically
situated serine residue, also flanked by basic residues, is the target
of protein kinase C in pp60V="¢ (Gould er al., 1985). Although
it has not yet been demonstrated that IGF-I or insulin receptors
are protein kinase C substrates, both receptors are phosphorylated
predominantly on serine residues when intact cells are treated
with phorbol esters, known activators of protein kinase C (Jacobs
et al., 1983c; Takayama et al., 1984; Jacobs and Cuatrecasas,



1986). It is thus noteworthy that the IGF-I receptor has a serine
residue (935), flanked by basic residues, that is located near the
membrane-spanning domain and could serve as a protein kinase
C target. Since serine 935 is not conserved in the insulin receptor,
the similar receptor phosphopeptide maps obtained after phorbol
ester treatment (Jacobs and Cuatrecasas, 1986) must not reflect
phosphorylation at this site.

The finding that the v-erbB and v-fins oncogenes of acute trans-
forming retroviruses were derived from growth factor receptor
proto-oncogenes by carboxy-terminal sequence truncation further
emphasizes the functional importance of this receptor domain,
and raises the question as to whether the IGF-I receptor gene
represents a potential proto-oncogene. The transforming gene of
the avian sarcoma virus UR-2 (v-ros) (Neckameyer and Wang,
1985) shares sequence homology with tyrosine kinase family
members and was found to be most similar to the insulin recep-
tor (Ullrich er al., 1985). V-ros is equally homologous to IGF-I
and insulin receptors (Figure 6), which are in fact more similar
to each other. Comparison of the IGF-I receptor with all cur-
rently known oncogene sequences did not yield any new potential
receptor —oncogene relationship.

Analysis of IGF-I receptor mRNA size and expression revealed
7- and 11-kb mRNAs in human tissues, of which a 5-kb cDNA
copy was cloned. The two IGF-I receptor mRNAs identified in
human term placenta are derived from a single gene, as deter-
mined by use of 3’-untranslated sequence probes on Southern
blot genomic analysis which revealed a single hybridizing band
after cleavage with EcoRI and PstI (not shown). It is unknown
whether both mRNAs code for the same IGF-I receptor precur-
sor sequence or whether structural variants exist, like the two
insulin receptor species of Ullrich ez al. (1985) and Ebina ef al.
(1985) (insulin receptor variants A and B; Tam,A., Gray,A. and
Ullrich,A., in preparation), which differ by a 12 amino acid in-
sertion at the C terminus of the « subunit. The two human
mRNAs may include 3- and 7-kb untranslated sequences, respec-
tively. The rat and mouse tissues examined only express an 11-kb
mRNA.

Although closely related to the insulin receptor, the IGF-I
receptor gene maps to a distinct chromosomal locus. The IGF-I
receptor gene maps to 15q25—26, whereas the insulin receptor
gene was recently localized on chromosome 19 band
p13.3—p13.2 (Yang-Feng et al., 1985b). Chromosomal assign-
ment of IGFIR to 15q25—26 coincides with the map position
of the cellular proto-oncogene c-fes (Harper et al., 1983). C-fes
was originally thought to be involved in a specific translocation
[t(15;17)(q22; q21)] found in 70% of patients with acute pro-
myelocytic leukemia; however, it now appears that c-fes is not
associated with this form of leukemia (LeBeau and Rowley,
1986). Chromosomes 15 and 19 contain several loci for genes
that are functionally and/or evolutionarily related: CYP2,
cytochrome P450-dioxin inducible on 15 (Hildebrand et al., 1985)
and CYPI, cytochrome P450- phenobarbital inducible on 19
(Phillips et al., 1985); MANA, a-mannosidase A on 15 (Cham-
pion et al., 1978) and MANB, a-mannosidase B on 19 (Ingram
etal., 1977); MPI, mannose phosphate isomerase on 15 (Chern
and Croce, 1975) and for polio, Echo II and Baboon M7 viruses
on 19 (Siddique et al., 1985; Gerald and Bruns, 1978; Brown
et al., 1979). Thus, it is possible that the IGFIR locus on 15q
and the INSR locus on 19p are part of an ancestrally related cluster
of genes.

During differentiation of mouse 3T3-LI fibroblasts into adipo-
cytes, we found that the levels of the 11-kb IGF-I receptor mRNA
decreased, in direct contrast with the insulin receptor mRNAs,
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which dramatically increased. This clearly demonstrates that the
insulin and IGF-I receptors are subject to different mechanisms
of gene regulation, consistent with the distinct functions of their
products.

The availability of complete cDNAs encoding human insulin
and IGF-I receptors will enable, for the first time, a molecular
dissection of domains that mediate the distinct physiological func-
tions of these highly homologous receptors, which play central
roles in human development and metabolism.

Materials and methods

Purification and amino acid sequence determination of the IGF-I receptor

The IGF-I receptor was purified from Triton X-100 solubilized human placental
membranes by WGA-Sepharose chromatography followed by immuno-affinity
chromatography using oIR-3, a monoclonal antibody directed against the IGF-I
receptor (Kull et al., 1983), as previously described (Le Bon e al., 1986). Amino
acid sequence determination was carried out on receptor that was prepared from
large pooled fractions of the flow-through portion of insulin —Sepharose chroma-
tography, which had been accumulated and stored frozen. Briefly, the flow-through
fraction prepared from 20—25 placentae as described for purification of the insu-
lin receptor (Fujita-Yamaguchi et al., 1983) was applied toa2 X 6.4 cm aIR-3
column (~0.5 mg antibody/ml of packed gel) which had been equilibrated with
50 mM Tris—HCI buffer, pH 7.4. The column was washed extensively with
this buffer, and then eluted with 50 mM acetate buffer, pH 5 and 1 M glycine
buffer, pH 2.2. All buffers used contained 1 M NaCl, 0.1% Triton X-100, 0.1 mM
phenylmethylsulfonyl fluoride, and 2 mM N-a-benzoyl-L-arginine ethyl ester.
Fractions (2 ml) were collected in tubes containing 3 ml of 0.5 M Tris to neutralize
the eluates. The pH 2.2 fractions were pooled and concentrated using a PM-10
Diaflo ultrafiltration membrane (Amicon Corp.). The amount of the IGF-I receptor
recovered was ~200 pug.

The IGF-I receptor preparations obtained by affinity chromatogaphy on aIR-3-
Sepharose columns were precipitated by the methanol —chloroform procedure
(Wessel and Flugge, 1984). The precipitate was redissolved in 50 mM Tris—HCI,
pH 6.8, containing 2% SDS and 20 mM dithiothreitol and heated at 60°C for
30 min. This material was subjected to SDS —PAGE in 7% polyacrylamide gels
in the presence of 0.1 mM thioglycolate. After electrophoresis, a guide strip of
the gel was stained with Coomassie blue and the bands corresponding to M| =
120 000 and ~ 90 000 were electro-eluted as described (Hunkapiller er al., 1983).
The purified « and 8 subunits obtained by electro-elution were precipitated by
the methanol —chloroform procedure. A part of the isolated o subunit (130 pmol)
was subjected to amino acid sequence analysis, and the rest (~300 pmol) was
digested by lysyl peptidase. The digests were separated by reversed-phase h.p.l.c.
ona2mm X 10 cm C4 column by elution with a linear gradient of 0.1% tri-
fluoroacetic acid —70% I-propanol. The peptide peaks which seemed to be pure
were collected, concentrated, and subjected to amino acid sequence determination
on the Applied Biosystem Protein Sequencer 470B equipped with PTH Analyzer
120A.

cDNA cloning and library screening

Preparation of human term placenta poly(A)* mRNA (Cathala et al., 1983),
cDNA cloning in Agt10 (Huynh er al., 1985), and screening of a cDNA library
of 2 X 10° recombinant phages was carried out as previously described (Ullrich
et al., 1984a). Two complementary unique 78-mers (Figure 2a) were synthesized
(Crea and Horn, 1980), radioactively labelled with T4 polynucleotide kinase (New
England Biolabs) and [y-*?P]ATP (Amersham) and used for plaque hybridization
in 30% formamide and otherwise under conditions described earlier (Ullrich et
al., 1984b). Subsequent plaque hybridizations were carried out in parallel with
a human insulin receptor fragment under high stringency conditions (50% for-
mamide) to eliminate cross-hybridizing insulin receptor clones.

Northern blot analysis

Formaldehyde agarose gels (1.2%) were used according to the procedure of
Lehrach et al. (1977). Total poly(A)* RNA (5 ug per lane) from various tissues
was analyzed using a 2.8-kb EcoRI fragment as a radioactively labelled (Taylor
et al., 1976) hybridization probe. Nitrocellulose filters were washed and exposed
to X-ray film at —70°C using an intensifying screen (Cronex Lightning Plus,
Dupont).

Chromosomal mapping

The 2.8-kb cDNA EcoRI insert of NIGF-1-R.85 was used for Southern blot analysis
of EcoRI-digested human X Chinese hamster hybrid cell DNAs and for in situ
hybridization to human metaphase and prometaphase chromosomes as described
in detail elsewhere (Harper and Saunders, 1981; Yang-Feng et al., 1985a).
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