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ABSTRACT The human insulin receptor gene, INSR, and
its promoter region have been isolated and characterized. The
gene spans >120 kilobase pairs (kbp) and has 22 exons. All
introns interrupt protein coding regions of the gene. The 11
exons encoding the a subunit of the receptor are dispersed over
>90 kbp, whereas the 11 exons encoding the 8 subunit are
located together in a region of =30 kbp. Three transcriptional
initiation sites have been identified and are located 276, 282,
and 283 bp upstream of the translation initiation site. In
addition, a 247-bp fragment from the promoter region pos-
sessing 62.6% of the maximal promoter activity has been
identified. This promoter-active fragment lacks a TATA-like
sequence but has two possible binding regions for the tran-
scriptional factor Sp1. Comparison of the exon structure of the
tyrosine kinase domain of the INSR with the corresponding
regions of the human SRC, ROS, and ERBB2 (NGL) protoon-
cogenes indicates that the exon—intron organization of this
region has not been well conserved.

Insulin initiates a variety of metabolic effects upon binding to
a specific receptor on the cell surface (1). The isolation and
characterization of cDNA clones encoding the human insulin
receptor indicate that the @ and B subunits of the insulin
receptor are derived by proteolytic processing of a common
1382 amino acid preproreceptor (2, 3). The 731-amino acid «
subunit (M,, 135,000) is external to the plasma membrane and
contains the insulin-binding region. It is linked by interchain
disulfide bonds to the 620-amino acid 8 subunit (M,, 95,000),
which includes a 194-amino acid extracellular domain, a
23-amino acid membrane-spanning segment and a 403-amino
acid cytoplasmic segment that has intrinsic tyrosine kinase
activity. Both the a subunit and the extracellular region of the
B subunit are glycosylated.

Recent studies have indicated that the synthesis of an
abnormal insulin receptor can contribute to the development
of non-insulin-dependent diabetes mellitus (4, 5). As a first
step in characterizing potentially abnormal genes relevant to
diabetes, we have determined the exon—intron organization
of the human insulin receptor gene, INSR, and characterized
the 5’ flanking promoter sequences that regulate its expres-
sion.

MATERIALS AND METHODS

General Methods. Standard procedures were carried out as
described by Maniatis et al. (6). Probes were labeled by
nick-translation. DNA sequencing was done by the dideoxy-
nucleotide chain-termination procedure (7) after subcloning
appropriate DNA fragments into M13mp18 or M13mp19. The
universal primer as well as sequence-specific oligonucleo-
tides were used as primers. Both strands were sequenced.
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Isolation of INSR. Segments of the gene were isolated from
the partial Hae I11/Alu 1 fetal liver library in phage ACh4A of
Lawn et al. (8) by hybridization with fragments of the human
insulin receptor cDNA (9). DNA fragments containing exons
3, 10, and 11 could not be isolated from this library. Genomic
DNA blotting studies indicated that exon 3 was contained
within a 7-kilobase pair (kbp) BamHI fragment. BamHI
fragments of this size were isolated after electrophoresis in a
1% low-melting-point agarose gel and cloned in AEMBL3 and
phage containing exon 3 identified by hybridization. Blotting
studies indicated that exon 10 was contained within a 6.3-kbp
EcoRI fragment. Despite repeated attempts, this EcoRI frag-
ment could not be cloned. A 2.9-kbp Xho 1/EcoRI subfrag-
ment was readily cloned and contained exon 11 and all but 13
bp of exon 10. The fortuitous identification, during a popula-
tion study (K. Xiang, N. J. Cox, N. Sanz, P. Huang, J. H.
Karam, and G.1.B., unpublished data), of a subject with a rare
EcoRlI restriction fragment length polymorphism facilitated
the isolation of the remainder of exon 10. Restriction mapping
suggested that there was a deletion of 1.2 kbp in the region of
exon 10 in one of the two insulin receptor alleles of this
individual. EcoRI fragments of 5-7 kbp were isolated by
electrophoresis in a 1% low-melting-point agarose gel and
cloned in Agt10. Four phage having EcoRlI inserts of 5.1 kbp
and containing exons 10 and 11 were isolated; the 1.2-kbp
deletion in this fragment is upstream of exon 10. As no phage
containing a 6.3-kbp EcoRI fragment from the other allele was
isolated, we believe that there is a DNA sequence upstream of
exon 10 that prevents the cloning of this region from normal
chromosomes. The sequences of the exons and adjacent
introns were determined. The positions of the exon-intron
junctions were assigned by using the ‘“GT/AG"’ rule (10).

Primer Extension. The start of transcription was deter-
mined by primer extension using a modification of the
procedure described by Gil ef al. (11). About 10 ug of total
RNA from term placenta, adult liver, and IM-9 and Hep G2
cells and 1 pmol of the 32P-labeled oligonucleotide 3'-
GAGCCTCGTACTGGGGGCGCCCG-5' complementary to
nucleotides —47 to —69 of the mRNA were hybridized and
extended with reverse transcriptase. The primer-extended
products were separated on a 5% polyacrylamide/8 M urea
gel.

Identification of the Promoter Region Necessary for Tran-
scription of INSR. Various fragments of the putative promoter
region were isolated and inserted into the Bgl II site of the
bacterial chloramphenicol acetyltransferase (CAT) reporter
gene plasmid pCAT3M (12). Hep G2 cells, a human hepato-
blastoma-derived cell line (13), were transfected with 25 ug
of plasmid DNA per 100-mm dish by using the calcium-
phosphate procedure as described by Gorman (14). After 48
hr, cells were harvested, and CAT activity in cell extracts
was measured (14).

Abbreviation: CAT, chloramphenicol acetyltransferase.



Biochemistry: Seino et al. Proc. Natl. Acad. Sci. USA 86 (1989) 115

Exon } 4 567 8 9 1011 I2 l3 14 I5 1617 819 ZQZ/IZZ
—f—HH—H—l———H—ﬁFHA—H—lH—HH—H/—H#—H'—"—HHH'—
a Subunit B Subunit
e ARINSR-! —L 438 \hINSR-II
°°+ﬂ}-'{’—° AINSR-2 —i—xnmsn 12
|—'°——+ ARINSR-3 ——}—{ﬁxnmsa -13
-—"i'—H—Eixnmsn-ta
29150 , hINSR-5
'2-|£|——thsa 6
—Q—P—'Hxnmsa 7
‘—°lﬂ|-’-{2—°thSR-a
23] AhINSR-9
24 AnINSR-10
i 1 1 1 1 1 1 1 1 1 1 1 1
-12.5 0 10 20 30 40 50 70 80 90 100 110 120 kbp

F1G. 1. Map of the human insulin receptor gene, INSR. The positions of the exons are indicated by the filled boxes. The transcriptional
initiation site is the 0 coordinate. The name as well as the sizes and order of the EcoRI fragments in each clone are noted. The vertical lines
represent natural EcoRlI sites. The EcoRlI insert in clone AhINSR-10 has a 1.2-kbp deletion upstream of exon 10.

RESULTS

Exon-Intron Organization of Human INSR. INSR was
isolated as a series of overlapping DNA fragments that span
>130 kbp (Fig. 1). As parts of five introns were not com-
pletely cloned, the gene must be larger than indicated in Fig.
1. The coding region of the gene comprises 22 exons (Fig. 1
and Table 1). All of the introns interrupt protein coding
regions of the gene. The overall distribution of the exons is
rather striking. Exons 1-3 are distributed over a region of >50
kbp. By contrast, exons 4-9 and 12-22 are located together
in regions of 15 and 20 kbp, respectively, separated by a
region of >25 kbp containing exon 10 and the 36-bp miniexon
11. As a consequence of this pattern of exon—intron distri-
bution, the 11 exons encoding the a subunit of the receptor
are dispersed over >90 kbp, whereas the 11 exons encoding
the B subunit are located together in a region of =30 kbp.

Table 1. Exon-intron organization of INSR

Alternative Splicing Generates Different Insulin Receptors.
The insulin receptor cDNA sequences first reported by
Ullrich et al. (2) and Ebina et al. (3) predicted the sequences
of insulin receptor precursors of 1370 and 1382 amino acids,
respectively. This difference in size is due to the absence/
presence of a 36-bp segment in the cDNA sequence following
the codon for amino acid 717. The gene sequence indicates
that this size difference results from alternative splicing of the
region encoded by exon 11. Interestingly, both forms of the
insulin receptor have been expressed in vivo (9, 15, 16) and
are functional; however, the properties of the two types of
proteins have not been compared rigorously.

Resolution of Nucleotide and Amino Acid Sequence Differ-
ences in the Receptor. Comparison of the INSR nucleotide
sequence and predicted amino acid sequence of its product
with reported cDNA sequences (and deduced amino acids)
resolves several of the reported differences (Table 2). The

Exon Exon size, Sequence at exon-intron junction Intron size, Amino acid
no. bp S’ splice donor 3’ splice acceptor kbp interrupted
1 376/382/383 GAG G gtgagtctgg ............ tctcttgtag TG TGT >25 Val-7
2 552 AAA G gtacgeeggg ......... ctctctccag TT TGC >25 Val-191
3 322 AGC AA gtgagttotg ............ ccgtccttag C TTG >15 Asn-298
4 149 GGC A gtgagtgtect ............ tttgeccttag AC AAT 3 Asn-348
5 145 ATT GG gtacgtggge ............ ttttccatag G AAC 1 Gly-396
6 215 TCC T gtaagtcact ............ acttttccag GT GAA 1 Cys-468
7 127 GAG GC gtaagtagaa ............ gtcttgaaag C CCT 3 Ala-510
8 251 ACC A gtgagtgtgt ......... tccctggeag AC CCC 3 Asn-594
9 168 AAA G gtgagtgecag ............ ctttctccag GG CTG >11 Gly-650
10 202 CCC AG gtcaggactt ............ gtttccacag A AAA 2 Arg-717
11 36 CCT AG gtatgactca ............ gtcgttccag G CCA >8 Arg-729
12 275 GAA G gtagggetge ............ ctccttacag CC AAG 1 Ala-821
13 140 GAT GAG gtaaggccct ......... ttcctcccag GAG CTG 6 Glu-867
14 160 TAT T gtaagtctce ............ tctatttcag TA GAC 3 Leu-921
15 103 AAG AG gtgagttcag ............ cctcctccag G CAG 2 Arg-955
16 68 GAT G gtgagtacca ............ taagaagtag TG TTT 1 Val-978
17 245 CAC GTG gtgagtccag......... tgctctgecag GTG CGC 2 Val-1059
18 111 GCT GAG gtaagctget ......... tctgttttag AAT AAT 0.5 Glu-1096
19 160 GGA G gttegtetgg ............ gtgttgtcag AC TTT 0.5 Asp-1150
20 130 ATG TG gtgagttgtg ............ tcatcggcag G TCC 1 Trp-1193
21 135 AGA GT gtaagtgtag ............ tgcccegeag C ACT 2 Val-1238
22 >900

The positions at which introns interrupt the mRNA and protein sequence are indicated. Exon sequences are in capital letters; intron sequences

are in lowercase. The estimated sizes of the introns are noted.
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Table 2. Comparison of the human INSR gene, cDNA, and protein sequences

Proc. Natl. Acad. Sci. USA 86 (1989)

cDNA
Ullrich Ebina Whittaker
Gene etal. 2) etal. (3) et al. 9)

Gly--20, GGA Gly-—20, GGG Gly-—-20, GGG Gly-—20, GGG
Gly-31, GGA Gly-31, GGA Gly-31, GGA Gly-31, GGC
Tyr-144, TAC Tyr-144, TAC His-144, CAC Tyr-144, TAC
GIn-276, CAA GlIn-276, CAG GIn-276, CAA GIn-276, CAA
Ile-421, ATC Ile-421, ATC Thr-421, ACC Thr-421, ACC
GIn-465, CAG GIn-465, CAG Lys-465, AAG Lys-465, AAG
Asp-519, GAT Asp-519, GAC Asp-519, GAT Asp-519, GAC
Ala-523, GCG Ala-523, GCA Ala-523, GCG Ala-523, GCG
Val-873, GTC Asp-(861), GAC Val-873, GTC Val-873, GTC
Ser-874, TCC Thr-(862), ACC Ser-874, TCC Ser-874, TCC
Lys-1251, AAG Asn-(1239), AAC Lys-1251, AAG Lys-1251, AAG

Position numbers in parentheses differ from the others because the cDNA clone sequenced by Ullrich
et al. (2) lacks the 12 amino acids encoded by exon 11.

differences in the codons for amino acids —20, 421, 465, and
519 represent sequence polymorphisms; those in codons for
amino acids 31, 144, 276, 523, 873, 874, and 1251 need to be
confirmed in other clones to exclude the possibility that they
represent cloning artifacts or sequencing errors.

Sequence and Characterization of the INSR Promoter. As
first described by Araki et al. (17), the promoter region of
INSR (Fig. 2) is similar to those described for genes that are
constitutively expressed (so-called housekeeping genes) in
that it is extremely G+C-rich and lacks a TATA sequence.
The 5’ end of the human insulin receptor transcript was
mapped by primer extension to three sites 276, 282, and 283
bp upstream from the translational initiation site (the tran-
scripts initiating at —276 and —282 are much more abundant
than those starting at —283; Figs. 2 and 3). Araki et al. (17)
have suggested that transcription is initiated at a more
proximal site (indicated by *‘#°’ in Fig. 2). Unfortunately, we
have been unable to confirm the primer-extension results,
using an RNase-protection assay, presumably because of the
G+C-rich character of the INSR promoter. However, the

Alu sequence (-1823 to -1747)

promoter-mapping studies in which Hep G2 cells were trans-
fected with plasmid constructs containing various segments
of the promoter region fused to a CAT reporter gene are
consistent with the primer-extension data (Fig. 4). A 274-bp
Xho II-Nco 1 fragment that included the region from —2 to
—276 bp upstream of the translational initiation site [as well
as the single putative transcriptional initiation site of Araki et
al. (17)] had only 9.2% of the activity (a value almost identical
to that obtained by, using pCAT3M) of phINSRP-1, which
contains 1823 bp of the 5’ flanking region. By contrast, a
247-bp fragment extending from —276 to —523 and including
the three transcriptional initiation sites that we mapped by
primer extension had 62.6% of the maximal promoter activ-
ity; this promoter-active fragment also contains two of four
putative Spl binding regions (18) present in the 5’ flanking
region of the gene. Expression of INSR is increased by
glucocorticoids, and at least some of this effect is believed to
be due to increased transcription (19). Inspection of the 5’
flanking sequence (Fig. 2) did not reveal any obvious gluco-
corticoid-responsive elements (20). However, there is an Alu

-1823 AGATCTGGCCATTGCACTCCAGCCTGGGCAACAGAGAAAAACTCCATCTAAAAAAAAAAAAAAAAAAAAAAAAAAA CAGAGAGAGAGAGAGAGAGAGAGAGAAGGAAACGGAACTGGGG

-1704
-1585
-1466

GGAGGATTTGCAAAAATATGGTTAGGGATGGCACTTCAGAGATGAAGCCATCCTGGAGTGTTACGGGCAAGGGAAATGCTGGGGCAAAGCCCCAGAGGCAGGAATAGGTTTGGCCTGTT
GCATGAACAGTGGGTCCAGCTCCTAGCAAACTGTTTATTGAATGAAAGAAGAATGAATGCCTTGGGTCTAGGGTTGTGCTGGGCGCTTTCTTAAGTT TTCTTTCCCGGGTACCTCCCCA
GAACTGGCATGCAGGTATTATTAAACCCATTACACAAGTGAAACTGGCCCAGAGACAGAAAAGTCCCTGGTCCAAGACCACACAGGAGTGAGGGGTGGAGGAACCCTCCTCCCATTGAG

-1347 TTCTGGCTTTCCTATACTGAAAGCCCCTTCCTCTCCTGCAGTAAGGTAGGTGGAACCGCTGTCCCGCCTTGTTGGTGAATGTCGTTGCTAGACTTCAGACACATACAGGCTGGTCTGCT

-1228
-1109
-990
-871
=752
-633
-514

-395

=276
-157

61

GAAAATCAGAGATGTCCACCTGCGCCCTATTCGAGGTCTCCGGCGTCTTCTTTGGCGT CGTCTTTGCCCTTTCAGAAGCGTCTGCACATTTTTCCAGGTGTCATTTCTCCAACTTGAAC
ACAGGGAGCGCACTGGGCACGCGGGCACGTGGCTGTCCCCA

CTGGCTTGGGTCTCGCCCCTGGGCCGGGGCGCACGCGCGGGCGGGACATCTGGGGGCGCCCACGCGCTCTGGG
ACGAGTGTCGCTGGCCAGGCCCGGACTGAGGAAAGGCGAGTGAGACACTACTCGCCTGGGGTGCAAAATTTAAGGGAGTGAAAAAAAAAAAAAAAGAAAGAAACCAAAACCACCTCGAG
TCACCAAAATAAACATTTTAATGCAGTATTTTTTAAAAAATCAACAGGAATCCTCCAAAGCCCACTATGAACAAAATAGCAAAATGGTAGAGAAAGGATCTGTGCCGCTGCGTCGGGCC
TGTGGGGCGCCTCCGGGGGTCTGAAACTGGAGGAGACT CGGGGCTGTAGGGCGCGCGGATCTGGGGCGCGCCCTCGGTCCCGGCGCGCCCAGGGCCTCCCGCGCGGGGCCCGGCACAGG
GAGGCGGGGAGGCGGGCGGGGCGGGGCGGGACCEGGCGGCACCTCCCTCCCCTGCAAGCTTTCCCTCCCTCTCCTGGGCCTCTCCCGGGCGCAGAGTCCCTTCCTAGGCCAGATCCGCG
CCGCCTTTTCCCGCGGCCCGCACGGGGCCCAGCTGACGGGCCGCGTTGTTTACGGGCCGGAGCAGCCCTCTCTCCCGCCGCCCGCCCGCCACCCGCCAGCCCAGGTGCCCGCCCGCCAG

%
TCAGCTAGTCCGTCGGTCCGCGCGTCCCTCTGTCCCGGAGCCCGCAGAT CGCGACCCAGAGCGCGCGGGGCCGAGAGCCGAGAGACAGTCCCGGGCGCAGCGCGGAGCTCCGGGCCCCG

*
AGATCCTGGGACGGGGCCCGGGCCGCAGCGGCC

TCGGGGCCACCACCGCAAGGGCCTCCGCTCAGTATTTGTAGCTGGCGAAGCCGCGCGCGCCCTTCCCGGGGCTGCCTCTG

GGCCCTCCCCGGCAGGGGGGCTGCGGCCCGCGGGTCGCGGGCGTGGAAGAGAAGGACGCGCGGCCCCCAGCGCCTCTTGGGTGGCCGCCTCGGAGCATGACCCCCGCGGGCCAGCGCCG

-27 -20 -10

Met Gly Thr Gly Gly Arg Arg Gly Ala Ala Ala Ala Pro Leu Leu Val Ala Val Ala Ala
CGCGCTCTGATCCGAGGAGACCCCGCGCTCCCGCAGCC ATG GGC ACC GGG GGC CGG CGG GGA GCG GCG GCC GCG CCG CTG CTG GTG GCG GTG GCC GCG

+1

1 7
Leu Leu Leu Gly Ala Ala Gly His Leu Tyr Pro Gly Glu V(al) Intron 1
CTG CTA CTG GGC GCC GCG GGC CAC CTG TAC CCC GGA GAG G gtgagtctgg

FiG. 2. Sequence of the 5’ flanking region of INSR and exon 1. Nucleotide numbering is relative to the first nucleotide of the codon for the
initiating methionine. The three transcriptional initiation sites described in the text are denoted by asterisks [# indicates the site proposed by
Araki et al. (17)]). The four regions representing potential binding sites for the transcriptional factor Spl are underlined. The 247-bp Xho 11
fragment having 62.6% of the maximal promoter activity extends from nucleotide —276 to nucleotide —523.
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F1G. 3. Mapping the 5’ ends of human insulin receptor nRNA by
primer extension. The four right-hand lanes contain the primer-
extended cDNAs obtained by using RNA from the indicated tissues . ®
or cells. The sequence ladder was obtained by using the same b »
oligonucleotide as a DNA-sequencing primer on the appropriate s
phage M13 template.
sequence (21) in the 5’ flanking region of INSR, and it is ® e ® o ¢ 0o o
possible that this repeated sequence may represent the 5’
boundary of the promoter region.
2 3 5t g I8
DISCUSSION l'j‘lG. 4. Mapping promoter-active fragments from the 5’ flanking
The elucidation of the exon—intron organization of INSR reglotr;:ftll\tlSR. }U;t;g;()'tm; stru(c}:;urel:)fgqcl:hpfttt:ic'r@hTm?:upiré?;
. . : constructs transfected into Hep G2 cells is indicated. The relativ
provides an opportunity to €xamine the cqrrespondence activity, represented as the mean of the results from three independent
between exons and structural and functional units or modules transfections, is noted. Nucleotide numbering corresponds to the
of the insulin receptor (Fig. ). Severa! of the exons encode sequence in Fig. 2. (Lower) Autoradiogram illustrating CAT activity
well-defined structural units: exon 1, signal peptide; exon 2, associated with each construct (the origin is at the bottom). Lanes: 1,

no DNA; 2, pCAT3M without aninsert; 3, pSV2CAT, a positive control

putative ligand-binding region; exon 3, cysteine-rich region;
having the simian virus 40 gene early promoter/enhancer upstream of

exon 11, alternatively spliced miniexon; exon 15, transmem- I
brane domain. The tyrosine kinase domain is encoded by five the CAT gene; 4-8, phINSRP-1 to -5, respectively.
exons (exons 17-21); the region between the transmembrane . . . ..

( ); 8 the receptor, although their specific functions at this point are

and tyrosine kinase domains is encoded by a single exon .

(exon 16), as is the COOH-terminal hydrophilic tail of the uncertain. . L

insulin receptor (exon 22). The region encoded by exons 2— ' The tyrosine kinase domain of the hqman insulin regeptor

5 is also homologous to the corresponding segment of the is encoded by exons 17-21 together with a small portion of

human epidermal growth factor receptor gene, EGFR. As exon 22. The exon-intron organization of this domain has

only the general organization of EGFR has been described also been determined for the human ROS (23), SRC (24) and
ERBB? (also called NGL for neuroglioblastoma-derived) (25)

(22) and the precise positions of the introns have not been
determined, it is unknown if the exon structures of the protooncogenes. Comparison of the exon structure of the

homologous regions of INSR and EGFR are similar. How- tyrosine kinase domain of these four genes (Fig. 6) indicates
ever, intron 1 is in an equivalent position in both genes. The that the exon-intron organization of this region has not been
observed correspondence between exons and units of protein well conserved in evolution; however, there are similarities
structure—function described above suggests that it is likely in the positions of some introns between pairs of genes.
that exons 4-10, which encode a significant portion of the Although these data could be interpreted in terms of models
extracellular a subunit, also code for functional domains of involving intron loss or insertion during evolution, studies in

Exons | v 2 y 3 94959 6y’y 8 yiylO glly 12 gi3gld gi5gley 17 ooy |9y ty2ly 22
Z N
7 \
% N

Protein Ligand binding (?) Cys rich Alternative Proreceptor Tyrosine kinase

d ins — 4 exon processing site (ros oncogene homology)

Signal peptide  EGF receptor homology (RKRR)  Trgnsmembrane

Fi1G. 5. Exons in INSR and putative protein domains of the protein. Intron positions are indicated by arrowheads. Exon numbers are shown
between arrowheads. The sequence of the proreceptor processing site is shown by using the single-letter amino acid code.



118 Biochemistry: Seino et al.

v

INSR @FPCSV
ROS @TLPTQB
SR HADGLCHRLTTVCPTSKPQTOQG

v
INSR E[GINARDII=-KGEAETR[VA|VKITVN
ROS E[GITAVDILGVGSGETIK|VAVIKFFLEK
SRC M[GITWNG - - - - - - - T T R|VA|I|K|T L K
ERBB2 O[G|IW IPDG--ENVEKIPVA|IK[VLR
INSR LLGVVSKGQPTLVVMEL[MA H[G|D[L]
ROS QLGVCLLNEPQYIILELMEG|G|D|L
SRC LYAVVSEE-PIYIVTEYMSEK[GS|L
ERBB2 LLGICLTSTVQLVT-=-QL[MP v[&|c|L]

v v —
INSR A A E[I|A D[G|M A[Y]L NA KK F V[H RD L|A[A
ROS C V DlIIS K cvaERuHFIH@DLAA
SRC AR AS|GMA|[Y[VERMNY V|HEDL[RIA
ERBB2 - - Q|IjA MslYlLEDVRLV[HRDEL|A|A|
INSR - - ETD[Y|Y RK G[G|K G L L[P|v R[W|M[A]P[E]
ROS - -KND|Y|Y RKR|GIEGLL|P|VR|W[M|A|P|E
SRC --DNE|YITARQ R—dKPPIK T|AlP|E
ERBB2 IDETE|Y|[HA DG - - v[pj1 K|w/M[A|L|E]

v
INSR Q[P YJQGLSNEQVLKFVMDG[G]Y -LD
ROS QlP Y(PAHSNLDVLNYVQTG|GIR-LE
SRC VPYP@HVNREVLDQV-BR YRMP
ERBB2 K|P Y/DGE I PAREIPDLL -EK|GJERL P
v

INSR EIVNLLEDDLHPSFPEVSFFHSE
ROS RIQDQLQLFRNFFLNSIYKSRDE
SRC YLQAFLEDYFTSTEPQYQPGENL
ERBB2 ELVSEFSRMARDPQRFVVIQE
INSR QREEAGGRDGGSSLGFKRS

Pm OOWO Vrnrn IPPX CCOCR @URDm C@e

Z2Z |(vwrow| HDPUOC [ZZZZ DOUH0 ZOO0Nn PR

Z®R YOO CEHIZTR <HOON TImK< BHA0n» Rmo
ny» HmMZZ WKUOU X e nxHn U220

Qo 0000 OO0 |K<<<| WRDW YOO »Prm

Proc. Natl. Acad. Sci. USA 86 (1989)

WEVS KIT L R E[L G|Q S|F G(M|VjY
PAFP KLT RL L|L G|S AlF GIE|V|Y
WEIP SLR E V K(L G|Q C|F GIE[V]W
Y e
RERTIETF N sv KGFTCHH V R
QEKIETF K HL (S)XK FNHPNILEK
PE-~-AF Q Qv KKLRHEKLVQ
KANKETI O Yv AGVGSPYVSR
SLRPB&%‘INPGRPPPTLQEMIQM
KARMA YGPLLYLVDL---VDL
GETGKYLRLPQL --- =~~~ -~ VDM
ENRGRLSGISQDLLNWCM-~---- - -
A 4
A-HDFT--~-~-V(KII GIDDF G|M T|R(D I Y
SVKDYTSPRIVI|KIIG F GILAIRIDIY
GENLV-+~--- - C|K|V A|ID F G|L A[RIL T E
K----- S PNHVIK|ITDFG|LARILLD
v TSSDH FIGIVVLW[E|ITSLAE
I T Q|S D|V(W)S|F|G[I L IW|E|]ILTLGH
R I K|S D|V F ILLTIEILTTZ KGR
R H Q|S DjV Y VTVWIEILMTFGA
PER TDL RM|ICWIQFNPEKMRPT L
PDD WNL T QICWIAQEPDOQ|RP|IT H
PES HDL cQ W/REKDPEE|RPT E
TIDVYMI V K W/MIDSETCIREPR R
ESEELEMEFEDMENVPLDRSSHC
VINESFEGKFDSSEFSSFRCTVN
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F1G. 6. Alignment of the amino acids encoded by the human INSR, SRC, ROS, and ERBB?2 genes. Identical residues are boxed. Dashes
indicate gaps introduced to generate this alignment. The positions at which introns interrupt the sequences are denoted by the encircled amino
acids; a circle between two residues indicates that the intron is between these two amino acids. Arrowheads indicate the proposed positions
of introns in the ancestral gene. The single-letter amino acid code is used. The following regions of each gene are indicated: INSR, exons 17—
22, amino acids 978-1355; ROS, exons 4-10, amino acids 137-471 (23); SRC, exons 7-12, amino acids 232-533 (24); and ERBB2, amino acids
737-990 (ref. 25); the complete exon structure of this gene has not been determined).

other systems suggest that intron loss is more likely (26). Thus,
the putative ancestral tyrosine kinase domain may have been
assembled from 13 exons (Fig. 6), and introns have been lost in
a more or less random fashion from individual genes.

The structural organization of human /NSR suggests that,
like the structurally unrelated low density lipoprotein recep-
tor gene (27), it is a mosaic having been constructed of exons
recruited from other sources. Furthermore, as introns appear
to divide INSR into segments that define structural and
functional elements within the final encoded protein, the gene
structure could provide a rational basis for creating deletions
in the protein with the purpose of elucidating the function of
each subregion.
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