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Abstract. The SH2-B protein is an SH2-domain-containing mol- ing pathways that are involved in a number of cellular responses to
ecule that interacts with a number of phosphorylated kinase anthsulin (Backer et al. 1992; Myers et al. 1992; Sun et al. 1993).
receptor molecules including the insulin receptor. Two isoforms ofHowever, activation of additional pathways by the IR that contrib-
the SH2-B have been identified and have been proposed to arisde to certain physiological responses, such as glucose uptake,
through alternate splicing. Here we have identified a third isoformcould involve as yet uncharacterized signaling molecules (Isakoff
of the SH2-B protein, SH2-B that interacts specifically with the et al. 1995; Morris et al. 1996).

insulin receptor. This interaction required phosphorylation of resi-  The yeast two-hybrid system has been demonstrated to be a
due Y1146 in the triple tyrosine motif within the activation loop of highly effective method for identifying signaling molecules that
the IR kinase and is one of only two signaling molecules shown tanteract with the IR cytoplasmic domain (He et al. 1995, 1998;
interact directly with this residue of the insulin receptor kinase O’Neill et al. 1994; Riedel et al. 1997; Wang and Riedel 1998).
domain. The intron/exon structure of the SH2-B gene was deterThe success of this method has been due in part to the ability of the
mined. Alternate splice sites utilized to generate the different isodRB cytoplasmic tail to autophosphorylate when expressed as a
forms of the SH2-B protein were identified in thé 8nd of the  bait molecule in yeast, thus enabling it to interact with molecules
SH2-B gene immediately downstream of the exon encoding theontaining Src-homology 2 (SH2) and phosphotyrosine-binding
core of the SH2 domain. Additionally, the chromosomal location(PTB) motifs (O’Neill et al. 1994, 1996). Interactions of thefiR

of the SH2-B gene was determined to be the distal arm of mouswith a number of important SH2 and PTB-domain signaling mol-
Chromosome (Chr) 7 in a region linked to obesity in mice. ecules including Shc, Grb10, the p85 subunit of PI-3-kinase, as
well as IRS-1 and IRS-2, have been characterized with this system
(Gustafson et al. 1995; Hansen et al. 1996; He et al. 1996; O'Neill
et al. 1994, 1996). Interactions with previously uncharacterized
proteins have also been reported (Riedel et al. 1997). One of the

The characterization of signaling pathways activated through en[lovel IRB-interacting proteins identified with this system, initially

gagement of the insulin receptor (IR) has greatly enhanced th aetrg;e?: ?:zlagm\:\éaz ;ﬁ;iae%?r:ﬁg t'?i |Ete;%%titwnrgégetg?c;gff:olrzy i
understanding of molecular mechanisms involved in the imracel'Fle)yanF:j contained pleckstrin hc?molo )(/PH) a%d an saz-

lular pathways utilized by a number receptor systems. Indeed, th omains (Osborne et al p1995) Two isofor?nys of the mouse SH2-B
specific molecular events triggered by activation of the IR kinase rotein (termed PSM-lland PSM-V) were found to interact with

that lead to the induction of signaling pathways are similar in ab

wide range of receptor systems (Cheatham and Kahn 1995; Whitt e IRB in the yeast wo-hybrid system (Riedel et al. 1997; Wang

- ind Riedel 1998). These proteins were identical except for se-
and Kahn 1994). These molecular events include the phOSphorquuences in the C-termini and thus were hypothesized to result from

lation tyrosine residues in the IR cytoplasmic domain and binding o . ; ;
i e ; h Iternate splicing (Riedel et al. 1997). A C-terminal truncated iso-
of these phosphotyrosines by specific signaling proteins. Thes orm of SH2-B, termed SH2-B, was identified on the basis of its

signaling molecules include adapter molecules that act as molecy; .. . . h . . ;
lar links between the IR and downstream signaling effector molléblhty to interact with the tyrosine kinase Jak2 and was identical

ecules. In particular, the adapter molecules IRS-1 and IRS- 0 one of the aforementioned Rbinding SH2-B proteins (PSM-

. ) Rui et al. 1997).
which are substrates of the IR kinase, have been shown to b ) ( I g
critical to the activation of multiple signaling pathways by the IR Additional proteins that are structurally related to SH2-B have

. een identified. One such protein, termed APS, is highly related to
as well as by more divergent receptors, such as the receptor f R ) . ! - A .
interleukin-4 and other cytokines (Keegan et al. 1994; Myers et al H2-8 in both the C-terminal SH2 domain (80% identity) and the

1994; Sun et al. 1991, 1995; Wang et al. 1993). Phosphorylation O%H domain (58% identity); the N-terminal region is less similar

Introduction

: . - “Dut still exhibits significant sequence homology (33% identity)
the IRS-1 and IRS-2 molecules by the IR kinase and the interactio ;
of phospho-IRS-1/IRS-2 with additional signaling molecules are okouchi et al. 1997). APS was demonstrated to be phosphory-

- S 2 L ; “lated in response to B cell receptor engagement and co-precipitated
critical to the activation of the Ras/MAPK and PI-3-kinase signal with the adapter Grb2 (Yokouchi et al. 1997). In addition, Shc

. appeared to interact constitutively with APS (Yokouchi et al.
Correspondence tok. Nelms at Monsanto/Searle, AA4C, 700 Chester- 1997). A second SH2-B-related protein, Lnk, was expressed pri-
field Parkway, St. Louis, MO 63198, USA marily in lymphoid tissue and was phosphorylated in response to
The nucleotide sequence and mapping data reported in this paper have bekrcell receptor cross-linkage (Huang et al. 1995). Lnk lacks N-
submitted to Genbank (accession number AF074329) and to the Mous&rminal sequences found in the SH2-B protein, but these proteins
Genome Informatics database (accession number 1201407). have a high degree of identity from midway through the PH do-
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main to the C-terminus; the PH and SH2 domains of Lnk andGST-fusion protein was expressed in bacteria and purified with glutathi-
SH2-B are 40% and 72% identical, respectively (Huang et alone-agarose beads as described (Ausubel et al. 1993). The beads that
1995). Lnk also has been shown to interact with signaling mol-contained immobilized fusion protein were then incubated with cell lysates
ecules such as Grb2, phospholipasg @nd PI-3-kinase, after T _demll_ed f_roml (_:Ho(iro cells l(‘(’)"g'c)h Loverexpress the IR) dpgoﬁ to c;r a;tgr
. : ulin stimulation min, Nm). sates were prepare SIS Tor
cell activation (Huang et al. 1995). Together, these data suggest&ﬁfn on ice in 50 m HEPES (oH 7‘6)3j 0% Triton )?—180, lmé’GyTA, by
that APS and Lnk may act as adapter molecules in a variety of,, NaF, 20 nm sodium pyrophosphate, 1nmPMSF, 1 nu sodium
signaling _pathWﬁy& o orthovanadate, and 1@g/ml of aprotinin and leupeptin followed by spin-
The high degree of similarity between SH2-B, APS, and Lnkning at 10,000y for 10 min to remove insoluble material. The resulting
suggests that these proteins represent a new family of structurallysate supernatants were incubated with the immobilized GST proféins (
related adapter molecules. Here we have identified a novel memsg) for 4 h to oernight. After extensive washing with 50MHEPES (pH
ber of the SH2-B family of proteins that arises from alternate?7.6), 150 nw NaCl, 0.1% Triton X-100, the proteins that coprecipitated

splicing of the SH2-B gene transcript. This novel isoform of SH2- With the SH2-By SH2-GST or control GST proteins were analyzed by
B, termed SH2-B, interacts with the IR kinase domain and re- SDS-PAGE, followed by immunoblotting with either anti-IR (IR-CT1) (a

quires residue Y1146 in the phosphorylated triple tyrosine motifg'oﬁnfrf;?)sKeLneilgdtlgz,' "1?3;"2? Z%Ti?rég.slmfc?rrjtllbgdIsetZt(eP\E(;izc?t)ec(:Imrnaonlzduc_
for this interaction. Additionally, the alternate splice sites that are| o pjacid NY)g ' P 9
used to generate isoforms of SH2-B have been characterized, ang ' '

the genetic location of the SH2-B gene has been identified. ) ) )

Insulin receptor kinase gel shift assayhe tyrosine kinase domain of

the IR (IRK) was purified from baculovirus-infected Sf-9 cells and auto-
phosphorylated as described (Hubbard 1997). Approximately equal
amounts of purified unphosphorylated IRK, bis-phosphorylated IRK (pre-
Yeast two-hybrid systenThe yeast strain EGY48trp1, ura3, his3, ~ dominantly py1150/1151) for which auto-dephosphorylation had occurred
leu2) and yeast expression vectors (provided by the laboratory of RogefWei et al. 1995), and tris-phosphorylated IRK (pY1146/1150/1151) were
Brent, Harvard Medical School) have been previously described (Golemighixed, to which was added the SH2/EB5H2-GST fusion protein purified

and Brent 1992). Construction of a gRbait containing the cytoplasmic 0N glutathione-agarose beads. Samples were loaded onto a native (non-
domain (pLexA.IR.cyto, referred to as theBRait) and kinase or tyrosine ~ denaturing) 20% homogeneous polyacrylamide PhastGel and electropho-
mutant forms of this IR bait have been detailed elsewhere (Gustafson etesed for a total of 132 volt-hours on a PhastSystem (Pharmacia Biotech,
al. 1995; O'Neill et al. 1994, 1996). Interactions between the SH2-B Piscataway, NJ).

protein and I baits were determined through the expression oftyz-
lactosidase reporter gene (Estojak et al. 1995). The SftRuBion protein
used in the yeast two-hybrid interaction studies included the SH2 domai
and sequences C-terminal to the SH2 domain of Shix@ncoded by ;o0 \ith the [(C57BL6/JEI x SPRET/Ei) SPRET/E] (BSS) backcross
nucleotides 1374-2049 of the SH2:BDNA, GenBank (AF074329) fused ; e :

e e b : -, panel. A 425-bp PCR fragment was amplified from nucleotide 2571-2997
to the VFlGdtrﬁnscrlr[])tlor?al aCt'Yat'on dtljmal[a-.GaIactosmgse agt'\é'ty of the SH2-B gene (number according to Genbank AF020526) with the
Wlai ana.yz’eN ‘.”“’“9' fo OA{‘V color or solution assays as described (He gl),5ying primers: 5 TACAGCTCCAGCAGCTACCACTAGG (forward)
al. 1996; O'Neill et al. 1994). and 5 ACAACAACCTTAATATAACTGACAGCCC (reverse) [anneal-

ing temperature 67°C]. A sequence polymorphism in the SPRET/Ei allele
Yeast two-hybrid library screem mouse pre-B cell cDNA library in ~ resulted in the loss of 8sgHI restriction site at nucleotide 2806 in this
the yeast expression vector JG4-5 was a kind gift of the laboratory of€gion. PCR fragments generated from the 94 animals in the BSS backcross
Zheng Sheng Ye (Rockefeller University). This library was screened withwere restricted withBspHI and analyzed by gel electrophoresis on 2%
the IRB bait according to described protocols (Gyuris et al. 1993; Zervosagdarose gels. The 425-bp PCR fragment from the C57BL6/JEi allele was
et al. 1993). Isolated clones were sequenced by Paragon Biotech Inéestricted into 235-bp and 190-bp fragments, while the SPRET/Ei allele
(Baltimore, Md.), and full-length clones were obtained by screening aremained undigested.
mouse liver cDNA library (Stratagene, La Jolla, Calif.) with partial cDNAs
obtained from the yeast library screen. Results

Materials and methods

Genetic mapping of the SH2-B gené@apping of the SH2-B gene was
"Yone with assistance from the Jackson Laboratory backcross mapping ser-

Northern blot analysisMulti-tissue Northern blots (Clontech, Palo The yeast two-hybrid system was used to identify additional mol-
Alto, Calif.) were probed with a 2-kb fragment encompassing then@l of ~ ecules that interact with the phosphorylated IR (Gyuris et al. 1993;
the SH2-By cDNA or a humarg-actin probe by standard protocols. Probes O'Neill et al. 1996; Zervos et al. 1993). A bait molecule consisting
were labeled with a random primer oligolabeling kit (Pharmacia Biotech,of the cytoplasmic domain of the jRwas used to screen a pre-B
Piscataway, N.J.). cell cDNA library as described (O’Neill et al. 1996). Phosphory-
lation of the IRB cytoplasmic tail was detected as previously re-
Mapping of intron and exon boundaries.6.1-kb PCR fragmentwas ~ Ported (K. Nelms, unpublished data; Gustafson et al. 1995; O'Neill
amplified from C57BL6/JEi genomic DNA with eLONGase high-fidelity et al. 1996). Approximatgl 5 x 10 independent clones were
polymerase (GibcoBRL/Life Technologies, Gaithersburg, Md.) and thescreened, from which 16 cDNAs encoding proteins capable of
following primers from the 5UTR and 3 UTR of the SH2-B cDNA: 5 interacting specifically with the IR bait were identified as mea-
CATTGGACCTATGATGCAAGGTCTTTAAAGGG (forward) and 5 sured by induction of LacZ reporter expression. These cDNAs
CTTAAGGCTGGGAGCAGGAAAATGG (reverse) [annealing tempera- ere jsolated and sequenced, and a number were found to be

ture 68°C]. Multiple sequencing primers derived from the SH2-B cDNA ,o,/i,5ly described genes for proteins that interact with the IR

sequence were used to directly sequence genomic PCR fragments. Intrc(lls - | S
exon boundaries were inferred from comparison of the cDNA and genomi ustafson et al. 1995; Tartare-Deckert et al. 1996). These in

sequences. Splice donor and acceptor sites were determined by comparisoiided Vav, Grb2, and the p85 regulatory subunit of phosphati-
with known splice consensus sequences and with the BCM Gene Findéfylinositol-3-kinase (K. Nelms, unpublished data). Several clones
program (available on the World Wide Web at http://dot.imgen.bcm.also contained unidentified sequences. One of these, a 2.1-kb

tmc.edu:9331/gene-finder/gf.html). cDNA, encoded a protein that interacted very strongly with the
IRB bait and was further characterized.

GST fusion protein precipitations and Western blot analyges. This 2.1-kb cIor_le represen_ted a partial CDNA and was thus
GST-fusion protein expression vector containing the SH2 domain of SH2US€d to screen a liver cDNA library. Overlapping clones repre-
By (SH2-By SH2-GST) was produced by subcloningecRI-Pst restric- ~ senting a 3.1 kb full-length cDNA were isolated, sequenced, and
tion fragment (nucleotides 1364—1850 of the SHR-BDNA, GenBank  found to be highly related to the murine homolog of the rat SH2-B
AF074329) into pGEX-5X-2 (Pharmacia Biotech, Uppsala, Sweden). Theprotein [termed PSM-1 according to (Riedel et al. 1997)] and
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Fig. 1. SH2-By is a C-terminal variant of the SH2-B gene and is
REQAGSHAGVCEGDRCYP 650 highly expressed in different tissues. (A) The protein sequence of
ERSTSRDPAQPSEPPPWT 650 SH2-By is identical to that of SH2-B and SH2-B through
649 EAGSRLGAMOGCARATDATEMPPPPSC residue 625 but diverges at the C-terminus. The SH2,
L1 o | | PSERVIV 682 SH2-Bx (o), SH2-B3 (B) amino acid sequences are indicated.
651 DASSTLLPFGASDCVTEHLP 670 The pleckstrin homology domain is in italics, and the SH2
domain is underlined. Amino acid differences at positions 172

° I Il

0 651 DPPHPGAEE.ASGAPEVAAATAAAAKERQEKEKAGSGGVQEELVPVAELVP 700 and 564 are due to strain-specific polymorphisms. (B) Northern
0. 701 MVELEEAIAPGTEAQGGAGSSGDLEVSLMVQLQQLPLGGNGEEGGHPRAI 750 analysis of SH2-B (upper) and3-actin (lower) gene expression
o 751 NNQYSFV 756 in different mouse tissues.

SH2-Bg (also termed PSM-V), but differed from these proteins atare produced, the intron/exon structure of the SH2-B gene was
the C-terminal end (Fig. 1A). Thus, we hypothesized that thisdetermined. A 6.1-kb genomic fragment was amplified by high-
cDNA encoded a third splice variant of the SH2-B gene and refeffidelity PCR with primers from the '5and 3 untranslated regions
to it as SH2-B;. We also propose that the other isoforms, SH2-of the SH2-By transcript. The resultant PCR product was se-
B/PSM-1 and SH2-B/PSM-V, be referred to as SH2eBand quenced with primers from within the cDNA sequence, and the
SH2-Bg, respectively. The N-terminal 632 amino acids of SH2- intron/exon boundaries for the SHZ&xB SH2-B3, and SH2-B
Ba, SH2-B3, and SH2-B are more than 99% identical and con- genes were determined by comparison of the genomic and cDNA
tain the PH and SH2 domains (Fig. 1A). The two residues thasequences (Fig. 2A). Exons 1 through 6 of the SH2-BH2-B3,
differ in this region are due to mouse strain-specific polymor-and SH2-B; transcripts were found to be identical. Introns within
phisms (K. Nelms, unpublished observations). In contrast, the dithis region ranged in size from 98 to 1600 nucleotides. Exons 6 and
vergent C-termini exhibited very limited homology (Fig. 1A). 7 contained sequences encoding the SH2 domain (Fig. 2A). The
Expression of the SH2-B gene was examined by Northern first 168 nucleotides of exon 7 in the SH2:BSH2-B3, and SH2-
analysis with a probe that contained the uniqueeBd of the Bv transcripts (&, 78, and %, respectively) are identical and
SH2-By cDNA. The SH2-B; MRNA was expressed widely and at encode most of the C-terminal end of the SH2 domain (Figs. 1A
high levels in all tissues examined except the spleen, where exand 2A). The use of alternate splice sites at ther®d of exon 7
pression was detectable but significantly lower than in other tistesults in the different SH2-B transcripts.
sues (Fig. 1B). The expression pattern of SHRBRNA differed The genomic sequence of the SH2-B gene from exon 7 through
from the expression pattern previously reported for the SKH2-B the transcription stop site was examined, and the alternate splice
mRNA. In contrast to the SH2-Bmessage, SH2®MRNA was  sites were mapped (Fig. 2B and Table 1). The SH2daBd SH2-
shown to be expressed at high levels in the brain and liver, but aBp transcripts utilized the same splice donor site at therfl of
low or undetectable levels in other tissues including lung, kidneyexon 7. The use of alternate splice sites beyond tte®n8 of exons
testis, and spleen (Riedel et al. 1997). Additional bands detected il and B results in C-terminal sequence differences between
this Northern analysis may reflect cross-hybridization of the SH2-SH2-Ba and SH2-B. The SH2-Bv transcript is spliced from the
By probe with RNA encoding related proteins. Indeed, APS has3’ donor site of exond to an acceptor site 695 nucleotides down-
been shown to be 80% identical in the SH2 domain and 58% in thetream at the Send of a 369-nucleotide exong8unique to the
PH domain to SH2-B (Yokouchi et al. 1997). SH2-Bua transcript (Fig. 2A and 2B). In contrast, the SH2-B
The sequence of different isoforms of the SH2-B protein sug-transcript is spliced from the’3onor site of exon [ to an ac-
gested a pattern of alternate splicing in tHed of the transcript.  ceptor site 418 nucleotides downstream at thesbd of a 93-
To determine how the SH2eB SH2-B3, and SH2-B transcripts  nucleotide exon, 8 (Fig. 2A and 2B). The 3end of exon 8 is
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1 2 3 4 5 6 Ty 8y
B

CACCTGCGCTTGTCACTAAATGAGGAGGGACAGTGCCGGGTCCAACATCTGTGGTTCCAGTCCATTTTCGATATGCTTGAGCACTTCCGGGTGCACCCCATCCCTCTGGAGTCTGGAGGT
H L R L S L N E E G 0 C R V 0 H L W F Q s I FD M L E HF R V H?P I P L E S G G-

TCCAGTGATGTTGTCCTTGTCAGCTATGTGCCCTCCCAGCGGCAGCAGG-GTGAGCAGAGCAGGTCTGCAGGGGAGGAGGTGCCCGTGCACCCAAGAAGTGAG-GTgtgtgtgccaggaagac
S s D V VL V S Y V P S O R Q O GG E Q S R S A G EE V P V HP R S E

ggggt gttagtggggagcagggcagtcaggtacctgggaggggcagtggagagctgggtgctgcattcccattcecattggaccctececgegecatcat

tgtctgtctcctggacccatcectectcagecttgtetttggecttttgggggattcatggectgateccctecttectececttgatgtctgatgtecctgtetgatetctcactttcccee

acccaccatcccatctgtccccacgttyg cccctecect G-GCC! GCAGGCT \GCCATGC. 'GT 'GACCGATGCTACCCCGATGCCTCCTCCAC
G R E Q A G S HA GV CEGDUZ RTCYPDA AS ST
A G S R L G A M Q G C A RATDATPMUPP P P

CCTCCTGCCCTTCGGAGCGAGTGACTGTGT-GTaagtgtggtcctctcaccaccgcccatgattcatcttecat ttgct tgg
L L P F G A 8 D C V
S ¢C P §S E R V T V *

ctccttggggagg g tcg aagaactcacttccttccacaagcaatgtcttctcaccattctcatccAG-AACGGAGCACCTCCCGTGACCCAGCCCAGCCCTC
T E H L P *
E R S T S R D P A Q P S

TGAACCCCCTCCATGGACAGATCCCCCACATCC AGAAG. GTC CAGAAGTTGCGGCAGCCACAGCCGCAGCAGCCARAGAGAGGCAAGAGAAAGAGAAAGCGGG
E P P P W T D P P H P G A E E A S G V P E V A A A T A A A A K E R Q E K E K A G

CAGTGGAGGGGTCCAGGAAGAGCTGGTCCCCGTGGCTGAGCTGGTCCCCATGGTTGAATTGGAAGAGGCCATAGCACCAGGCACTGAGGCTCAGGGTGGTGCTGGCTCTAGTGGGGACTT
S 6 6 V Q0 E E L V P V A E L V P M V E L E E A I A P G T E A Q G G A G S S G D L

GGA 'GTCCCTAATGGTACAGCTCCAGCAGCTACCACTA AACGGAGAAGAA ACCCCCGAGCCATTAATAATCAGTACTCATTTGTGTGAGATACCTGCCCACCCTC
E V S L M V Q L Q Q L P L G G N G E E G G H P R A I NN Q Y S F V *

cattttcctgctcccagecttaagttgtgagactgagetgggtaggaacacagaggaaagtgggagtcccctcectacatgettectg ttgtcag tgtgtatgttggta

caagttgaggttcatgagccctgttaagtccccagttactacacactacaggtgcccttg ag ttgggctccgttacctccctgaggggetettatggtcagecccat

ccctgggggctgtttccccactaataacccccaacccaaccaagggtgagggggaagggctgtcagttatattaaggttgttgttgttgtttt aaataaat

aaagggtttatctcagttccatcaaaa

Fig. 2. Alternate splicing in the 3end of the SH2-B gene results in the expression of the SW29B12-B3, and SH2-B forms. (A) Intron/exon structure

of the SH2-B gene. Splicing of each SH2-B gene transcript is identical through exon 6. Use of alternate splice sitéseaidttoé &on 7 results in the

a, B, or y forms. Intron/exon structure of each form, (3, or vy) is indicated. (B) Genomic sequence of tHeeBd of the SH2-B gene. Identical protein
sequences coded by exom/B3, andy are underlined, Protein sequences unique toytftgm are in italics. Sequences unique to fhiorm are in standard

type. Sequences unique to thdorm are in underlined italics. Stop codons for each form are indicated (*). Splice sites are indicated by dashes (-). Intro
sequences are in lowercase, coding sequences are in uppercase.

spliced to the same acceptor site used at thensl of exon & of The SH2-By transcript results from the use of a splice donor
the SH2-Bx transcript, but the translational reading frame is site 53 nucleotides’3o the splice donor site used in exons &nd
shifted relative to the SH2-®Btranscript, resulting in a novel exon 78 of the SH2-Bx and SH2-B transcripts, respectively (Fig. 2B).
(9B) encoding 5 amino acids and a translation stop (Fig. 2A andThis alternate site is spliced to the same donor and acceptor sites
2B). All splice sites identified matched the consensus sequence farsed in exons 8 and P of the SH2-B transcript (Table 1).
mammalian splice donor and acceptor sequences (Table 1; Greétowever, the use of the alternate splice donor site at then8 of
1991). exon A results in a frameshift and an exony,&hat encodes a
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Table 1. Splice site sequences used in thel andvy forms of SH2-B.

A IR 2-Hybrid Interaction
Intron Mutants |sHz-By| SHC | IRS-1
Exon (donor site) (bp) Exon (acceptor site) o wr e [ | e
o K-1018 | K1018A . - .
K " Y146 | YOBIF | wves | snes | ser
1 CCC AAG| gtgagc 270 2 gcgtagGCG TCC s YO6OF | +r | - N
K Y1146F T [ | e
2 GTT AAG | gtagga 214 3 ctgtagGTA GAA Y-1316  |Y11501151F| + - | -
P o3 y-1312 A30-CT JUCURR [FRARE
3 C CCC G(| gtaaga 98 4 ttgtapA CCC TG
4 CG CAG G| gtaagg 1600 5 tttcagGA GCT T
T
5 CC ACA G| gtattg 156 6 ctgaapGATCG T B Insulin: = + = + = +
K 200
6 GC%AAG | gtgagt 113 o, B,y cctcag| CAC CTG o . : . 1 IB: oPY
7o AG CAG G| gtgagc 695 & atccag AA CGG A
Q 200 —— _
7B AG CAG G| gtgagc 418 B ccccag GC CGG G IB: cIR
c R [ Siin)
8B C TGT GT| gtaagt 175 B atccag A ACG GA
E 200 S
7y AGT GAG | gtgtgt 370 8y ccccag GCC GGG IB: oIRS-1
\ o7 —{&58
8y CT GTGT|gtaagt 175 STOP atccagl AA CG GA i T

Exon numbers and, B or y designations are as in Fig. 2. Codon usage in the donor Lysats  GST ssl:lzz_-gg-r

splice site is indicated, as are the intron sizes (bp).

sequence unique to SH2yBSplicing at the 3 end of exon & 1.2 3

results in the formation of a translation termination codon (Fig. 2BC F S | SH2-By SH2-GST/

and Table 1). SH2By —f e IRK-3-PO 4
We wished to determine what region(s) of thegIBytoplasmic SH2-GsT

tail was required for its interaction with SH2yBBinding analyses

were performed in the yeast two-hybrid system by co-expressiol - e — [RK0-PO,

of the SH2-By protein with mutants of the IR bait molecule. ol :::t:jga

Molecular interactions were indicated by the activityfalac- 4

tosidase expressed from the LacZ reporter gene as described (HeFet 3. SH2-Bv bind hosphorviated Y1146 in the triol . i
al. 1996; O'Neill et al. 1994). The interaction of wild-type and ~'9; 3: SH2-By binds to phosphorylate in the triple tyrosine moti

tant IR3 bait | | ith oth ; i | les in th of the insulin receptop kinase domain. (A) Analysis of the interaction of
mutant IR3 bait molecules with other signaling molecules in the SH2-By with wild-type (WT) or mutant forms of the IR cytoplasmic tail

yeast two-hybrid system has previously been demonstrated to IRy in the yeast two-hybrid system. Interactions of SHgEith WT, an

flect the ability of these molecules to interact in vivo (Gustafson etaTp binding mutant (K1018A), juxtamembrane (JM) tyrosine mutants

al. 1995; O'Neill et al. 1994; Sun et al. 1992; Tartare-Deckert et al.(Y953F and Y960F), tyrosine kinase (TK) domains mutants (Y1146F and

1996). Y1150/1151F), and a C-terminal deletion mutant AB®) lacking two
SH2-By interacted strongly with the wild-type (wt) [Rbait tyrosine residues (Y1316/1322) were measured. Strong (++++), moderate

molecule (Fig. 3A). Mutation of Lys1018 to Ala in the ATP bind- (++), or no (-) interaction is indicated by-galactosidase reporter gene

ing pocket (K1018A) eliminated IR kinase function and blocked expression. The SH2-Binteraction was compared with the interactions of

; : ; T : i the SHC and IRS-1 molecules with the IR mutants. (B) Interaction of an
the interaction with SH2-B, indicating that the kinase activity of . ; . L
the IR8 bait was required for its interaction with SH2/RFig. SH2 domain-GST fusion protein (SH2yESH2-GST) containing the SH2

o - h . . domain and unique C-terminal sequences of SH2:M8h the IR and IRS-1
3A). Similarly, independent mutations in two membrane proximali, cHO-IR cells. Precipitations with GST control or the SH3-BH2-GST
tyrosine residues, Y953 and Y960 (Y953F and Y960F), did notwere performed from total cell lysates (Lysate) before (=) and after (+)

diminish binding of SH2-B to the IR3 bait molecule (Fig. 3A). insulin stimulation. Precipitates were analyzed by immunoblotting (IB)
The interaction of SH2-8 was compared with that of the adapter with anti-phosphotyrosinexY, upper panel), anti-insulin receptatIR,
molecules Shc and IRS-1. In contrast to SH-Bnutation of ~ middle panel), and anti-IRS-k(RS-1, lower panel). (C) In vitro interac-
Y960 completely blocked the interaction of Shc and IRS-1 with tion between SH2-8 SH2-GST fusion protein and various phosphorylated
the IRB bait (Fig. 3A). These interactions have been shown to beoms of the IR kinase (IRK). Lane 1 contains SH3-BH2-GST fusion

; : R P rotein alone; lane 3 contains a mixture of unphosphorylated IRK (IRK-
mediated by the PTB domains of IRS-1 and Shc that speC|f|caII)8_P04)’ bis-phosphorylated IRK (IRK-2-PQ predominantly pY1150/

recognize phosphorylated Y960 (Gustafson et al. 1995; O'Neill et1151) and tris :
. . . , -phosphorylated IRK (IRK-3-R@®Y1146/1150/1151); and
al. 1994). Mutation of Y953 did not affect the IRS-1 or Shc in- jane 2 contains a mixture of SH2¥BSH2-GST fusion protein and the

teractions (Fig. 3A). Additionally, deletion of the C-terminal 30 various phosphorylated forms of IRK. Each band in lanes 1 and 3 contains

amino acids containing two tyrosine residues, Y1316 and Y1322approximately 1-3.g of protein. Note that in lane 2, the IRK-3-R®and

did not lessen the interaction of SH2¢BShc, or IRS-1 with the is absent, but the IRK-0-PQand IRK-2-PQ bands remain. A new, su-

IRB bait. pershifted band is present which represents the Sl&B2-GST/IRK-3-
Three tyrosine residues in the pRkinase domain, Y1146, PO, complex.

Y1150, and Y1151, are also phosphorylated upon kinase activa-

tion. The Y1150/1151 residues have been shown to be required faation of Y1150 and Y1151 (Y1150/1151F) diminished the inter-

full IR B kinase activity (Ellis et al. 1986). The function of Y1146 action of SH2-B;, Shc, and IRS-1 with the IR bait (Fig. 3A).

is less clear. Mutation of Y1146 (Y1146F) completely blocked theThis may either reflect the role of these residues in full kinase

interaction of SH2-B with the IR3 bait molecule, but did not function or suggest a role in the direct molecular interaction with

affect the interaction of Shc or IRS-1 with the mutant bait (Fig. these signaling molecules.

3A). This strongly suggests that Y1146 is a site of specific inter-  The interaction of SH2-8 with the IR3 cytoplasmic tail was

action of SH2-B; with the IR3 cytoplasmic domain. Tandem mu- further investigated by analyzing the interaction of a GST-fusion
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protein containing the SH2 domain of SHZ2:ESH2-By SH2- A Jackson BSS Chromosome 7
GST) with cellular IR in co-precipitation experiments. CHO cells

overexpressing the human IR were stimulated with insulin (100 orvis  EOROCOCHEE 3?9 1SSE1
nv, 10 min), and lysates were precipitated with either GST or Plk IDDIDD== 106 106
SH2-By SH2-GST. Total lysate and precipitates were analyzed bySh2bpsg171M’g:p . =BB.=E.. 1.06 1.06
SDS-PAGE and Western blotting with anti-phosphotyrosine, anti- Hmx3 EOCEEEOE 3P ¥
IR, or anti-IRS-1 (Fig. 3B). Two proteins of about 90 kDa and 180 ovirz  EOCHEEOD "¢ '°
kDa showed significant tyrosine phosphorylation in response to 40452 1 1 1 31
insulin stimulation in total lysates (Fig. 3B, upper panel). These
proteins were precipitated with the SHZBH2-GST but not the
GST control fusion proteins. Immunoblotting with anti-IR and
anti-IRS-1 indicated that the 97 kDa band was the IR and the 180 Q
kDa band was IRS-1 (Fig. 3B, middle and lower panels). These Atp6c2
data confirmed the results obtained in the yeast two-hybrid system = D7xrf50
and further indicated that the SH2 domain of SH2-&uld in- — Mag
teract directly with cellular IR after insulin stimulation. These [~ Cene
results also suggest that SH3-Biteracts with a complex contain- = Fig1
ing IR and IRS-1. However, from this experiment it can not be
ruled out that the SH24B SH2-GST interacts directly with phos- [~ Gas2
phorylated IRS-1.
The requirement of Y1146 for interaction of SH2-Bvith the b= D7Hun9
IRB cytoplasmic domain in the yeast two-hybrid system is only the
second time that Y1146 has been shown to mediate an interaction 19 em = lapls3-30
between a signaling molecule and the8tRreviously, interaction - Hbb, Cokbr <— tubby
of the tyrosine phosphatase SHP-2 with the insulin receptor was
shown to be inhibited by phosphopeptides containing Y1146
(Kharitonenkov et al. 1995). Therefore, the interaction of SH2-B D7Mite
with the IR3 kinase domain was further analyzed in vitro by ex- , Stp1
amining the interaction of the SH2yBSH2-GST with different = Hmx3
phosphorylated forms of the IR core kinase domain (IRK) con-
taining residues 966-1271 (Wei et al. 1995). The order of auto- = H19

phosphorylation in vitro has been established for IRK (Wei et al.Fig. 4. The SH2-B gene maps to distal mouse Chr 7. (A) Haplotype figure
1995). Either Y1150 (predominantly) or Y1146 is phosphorylatedfrom The Jackson BSS backcross showing part of Chr 7 with loci linked to
first, and Y1151 is phosphorylated last. During the later phase ofSH2-B (Locus symboBh2bpsmil Loci are listed in order, with the most
the reaction, IRK begins to auto-dephosphorylate, with phosphorProximal at the top. The black boxes represent the C57BL6/JE:i allele, and
ylated Y1146 (pY1146) hydrolyzed first, followed by either the white t_)ox_es the SPRET/Ei allele. The number of animals with each
pY1150 or pY1151. The various phosphorylated forms of IRK al,ehaplotype is given at the bottom of each column of boxes. The percentage

recombination (R) between adjacent loci is given to the right of the figure,

readily separated on non-denaturing polyacrylamide gels, Witr\‘mith the standard error (SE) for each R. Raw data from The Jackson

higher phosphorylated forms migrating more rapidly than lower| aporatory were obtained from the World Wide Web address http://
phosphorylated forms (Fig. 3C, lane 3). Addition of the SH2-B  www.jax.org/resources/documents/cmdata. (B) Map figure from The Jack-
SH2-GST fusion protein to a mixture of unphosphorylated IRK, son Laboratory BSS backcross showing part of mouse Chr 7 containing the
bis-phosphorylated IRK (pY1150/1151, obtained from the auto-Sh2bpsmiocus and representative flanking markers. The region to which
dephosphorylation phase), and tris-phosphorylated IRK (pY1146the tubby gene has been mapped is indicated by an arrow. The map is
1150/1151) resulted in the mobility shift of only tris- depicteq Wi_th the centromere at the top. Relative distances between mark-
phosphorylated IRK. This is further evidence that the SH2 domairf’s are indicated by a 10 cM scale bar.

of SH2-By specifically interacts with pY1146 of the pRcyto-

plasmic domain. SH2-Bx and SH2-BB, were initially shown to interact with phos-

To gain further insight into the potential role of SH2-B proteins phorylated IR and Jak2 kinases and have been proposed to be
in IR signaling pathways, we mapped the SH2-B gene using thgroduced through alternate splicing of the SH2-B gene transcript
The Jackson Laboratory interspecific backcross panel (C57BL(Riedel et al. 1997; Wang and Riedel 1998; Rui et al. 1997). Here
6JEi x SPRET/EI)E x SPRET/Ei called Jackson BSS. A poly- we have characterized a new isoform of the SH2-B protein, SH2-
morphism in the Suntranslated region of the SH2-B gene resulted By, that binds directly to the phosphorylated kinase domain of the
in the loss of @BsyHI restriction site in thélus spretusillele. This IR and is also a product of alternate splicing.
polymorphism was used to type the 94 animals in the BSS panel. We have mapped the intron/exon structure of the SH2-B gene
Comparison with other markers in the BSS backcross panel led tand have identified alternate splice sites that are utilized to produce
the localization of SH2-B gene to the distal arm of mouse Chr 7mature messenger RNA encoding the SH2-BH2-B3, and SH2-
(Fig. 4). This region of mouse Chr 7 has previously been deterBy proteins. Differential use of splice sites in thé énd of the
mined to contain a locus involved in a multifactorial model of SH2-B transcript accounts for the C-terminal sequence differences
obesity in mice (Warden et al. 1993, 1995). between the SH2-®8 SH2-B3, and SH2-B isoforms. Although
the same splice site at the end of exon 7 is used to produce the
SH2-Bx and SH2-BB transcripts, additional sites are used in the
The adapter protein SH2-B has been shown to be involved in th&H2-B3 transcript that are spliced out of the SHa-Branscript
signaling pathways of a growing number of receptors including the(Fig. 2B). The SH2-B and SH2-B transcripts differ only in the
FceRI receptor, growth hormone receptor, interferon gamma re-splice donor site used at the end of exon 7. Differential splicing in
ceptor, and IR and belongs to a family of related molecules thathe SH2-By, SH2-B3, and SH2-B transcripts leads to translation
includes APS and Lnk (Huang et al. 1995; Osborne et al. 1995reading frame shifts and gives rise to the unique C-terminal amino
Riedel et al. 1997; Rui et al. 1997; Yokouchi 1997). Different acid sequences of these isoforms.
isoforms of the SH2-B protein, which we have referred to as  The differential splicing of genes can be regulated, and it will

Discussion
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be important to determine whether cellular context or specificbetween these proteins. However, differential splicing results in
stimuli result in the alternate splicing pattern of SH2-B gene tran-the divergence of the C-terminal region immediately adjacent to
scripts (Green 1991; McKeown 1992). In this regard, it is signifi- the SH2 domain of the SH2eBand SH2-B/ proteins. Thus, it is
cant that the expression pattern of the SHPRBRNA, as indicated  possible that these C-terminal regions contribute to phosphopro-
by Northern analysis, differs from that reported for SH2-@s-  tein binding specificity. It will be of interest to determine how the
borne et al. 1995; Riedel et al. 1997). In particular, SH2-B unique C-terminal sequences of SHR-Bffect its binding to the
mMRNA was expressed at high levels in all tissues examined excepR and whether the SH2dand SH2-B, isoforms bind to Jak2
spleen, whereas SH2eBmRNA was expressed at comparable and related kinases.
levels only in the brain and liver. This may reflect the fact thatthe = Together, these results suggest that differential splicing can
SH2-By probe used in the Northern analyses containéde3  alter the expression of functional motifs in the C-termini of SH2-B
quences unique to the SH2yBsoform. Interestingly, the SH2-B- protein isoforms and may affect SH2 domain binding specificity.
related genes encoding APS and Lnk also have distinct patterns dfideed, control of this differential splicing may represent a unique
expression. Lnk is expressed specifically in hematopoietic tissuenode of SH2-B protein regulation. In this regard, it is interesting
whereas APS is expressed in various tissues and at high levels to note that alternatively spliced forms of another IR-interacting
Burkitt lymphoma cell lines (Huang et al. 1995; Yokouchi et al. molecule, GRB-IR, retain or delete a functional PH domain and
1997). Thus, different members of the SH2-B family and differentthus have been proposed to play distinct roles in IR signaling
isoforms of SH2-B itself may be expressed differentially in distinct (O’Neill et al. 1996).
tissues. The SH2-B gene maps to the distal arm of mouse Chr 7 (Fig.
SH2-B, APS, and Lnk proteins have been demonstrated ta@l). The high degree of homology between the SH2-B proteins,
share characteristics with a number of adapter proteins, includindPS, and Lnk suggests that the genes encoding these proteins
the ability to interact with phosphorylated receptors and kinases asvolved from gene duplication. In this regard, it is possible that the
well as downstream signaling molecules (Huang et al. 1995; Osgenes encoding APS and Lnk may also be found in this region of
borne et al. 1995; Riedel et al. 1997; Wang and Riedel 1998Chr 7, since genes encoding related signaling molecules can be
Yokouchi et al. 1997). Differential splicing may result in the al- genetically linked (Copeland et al. 1995). Indeed, APS has been
teration of specific motifs in SH2-B isoforms that could contribute preliminarily mapped to Chr 7 (T.A. Gustafson, unpublished data).
to their function as adapter molecules. In particular, the uniqudt also will be important to determine whether alternate splicing
C-terminal regions of SH2-8 and SH2-B contain tyrosine resi- results in the expression of different isoforms of the APS and Lnk
dues that are predicted to be sites of phosphorylation. Indeed, tharoteins.
tyrosine phosphorylation sites in APS and Lnk have been demon- The specific role played by different SH2-B proteins in differ-
strated to be in the C-terminal region and are homologous t@nt signaling pathways has yet to be fully elucidated. Clearly these
the C-terminal tyrosine residue of SH2xBHuang et al. 1995; proteins and the related APS and Lnk proteins have the character-
Yokouchi et al. 1997). In contrast, SH2yRloes not have a tyro- istics of adapter molecules. However, it is also possible that the
sine in its unique C-terminus. specific interaction of SH2-B with phosphorylated Y1146 in the
Interestingly, the C-terminal tyrosine of SH2xBies withinan IR kinase domain reflects a role for this protein in the regulation of
N-X-X-Y motif closely related to the N-P-X-Y motif that, when kinase function. It may be significant that the SH2-B gene was
phosphorylated, is bound by phosphotyrosine-binding (PTB) dolocalized to a region of mouse Chr 7 that has been proposed to
main signaling proteins such as Shc, members of the insulin reeontain a gene or genes involved in the regulation of fat metabo-
ceptor substrate (IRS) family, p&Z and others (Gustafson et al. lism in a multifactorial model of obesity in mice (Warden et al.
1995; Eck et al. 1996; Nelms et al. 1998; Trub et al. 1995; Zhoul993, 1995). Additional candidate genes suchidsby and the
et al. 1996). Moreover, the C-terminal sequence of SH2-8F-  mitochondrial uncoupling protein 2 have also been mapped to this
V, is an exact recognition motif for PDZ domains that have beenregion (Fig. 4B; Kleyn et al. 1996; Fleury et al. 1997). However,
described in a number of regulatory and signaling molecules (Harit is tempting to speculate that mutations leading to alterations in
rison 1996). These putative PTB and PDZ recognition motifs maythe expression, function, or splicing of the SH2-B gene could
represent sites of signaling molecule interaction unique to theffect insulin signaling in vivo and lead to changes in fat metabo-
SH2-Bu protein. Although the C-terminal regions of SHBBnd lism.
SH2-By do not contain recognizable motifs, it is possible that the ) o B
unique sequences in these regions are also critical to their functioﬁycknowledgmentswe wish to thank Christine Carter-Su for critical read-
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