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TwE protein IRS-1 acts as an interface between signalling proteins
with Src-homology-2 domains (SH2 proteins) and the receptors
for insulin, 1GF-1, growth hormone, several interleukins (1L-4,
IL-9, [L-13) and other cytokines'™. It regulates gene expression
and stimulates mitogenesis, and appears to mediate insulin/IGF-
1-stimulated glucose transport®. Thus, survival of the TRS-1

mouse with only mild resistance to insulin was surprising™"". This
dilemma is provisionally resolved with our discovery of a second
IRS-signalling protein. We purified and cloned a likely candidate
called 4P5 from myeloid progenitor cells and, because of its

FiG. 1 The molecular cloning of IRS-Z, 8, The amino-acid sequences of
five unigue tryptic peptides obtained from 4PS ara shawn in upper case
for full confidence, In lower case for less confidence, Dazhes indicate
pasitions that could not be assigned. b, Map of overlapping cONA and
genomic DNA clones encoding mouse and rat IRS-Z. Mouze cDNA
(MFOCP2c-8-4) was initially isolated from a cOMA llbrary prepared with
mRMA from FOC-PZ cells screened with an aligonucleatide based on
the aming-acid sequencsa of pal, ¢, Northem blot of mouse tissue (Clon-
tech) was hybridized at high stringency with an |IRS-2 (2 987-3,325 bp)
flanes i-p) or IRS-1 cDMA probe (2,834-3.136 bp) {lanes 5-h). The
**p-labelled cOMA probes were prepared with Multiprime DNA Labeling
Systemn (Amersham)'*,

METHODS. Cell lysates from insulin-stimulated FOC-P2 cells (20 = 107
weare clarified by centrifugation and passed over the Sepharose-
immobllized GST-fugion protein containing the M-tarminal SH2 domain
from anti-pBS antibody, washed, and eluted with 100 mM Tris-HCI
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[pH 7.4} containing 40 mM glutathiona, 40 mM DTT, 250 mM NaCl,
0.2 mM sodium arthavanadate and 0.4 mM PMSF, The concentrated
eluate was resolved by 7.5% SDS-PAGE, transferred to PYDF mem-
branes and stained with (0.5% Panceau-5. The area coresponding to
AFS was excised and digested in situ with trypsin as described™, The
eluted peptides were separated by narrow-bore high-performance
liguid chromatography using a Vydac C18 reverse.phasa column
(2.1 mm = 150 mm). The sequences of five unigue tryptic peptides
(pd7, pe0, pBO, pad, poE) ware determined by automated Edman deg-
radation as described™®, The optimized oligonucleotide probe hased
an the sequence of p80 (a) was prepared for library screening with a
pair of oligonucleotides containing a 10-nucleotide overlap (under-
lined sequence), as previously described: S-GTGGCCTACAMCCCATA-
CCCTGAGGAC-3' and 5-AATCTCAATGTCGCCATAGTCCTCAGGG-3 (raf.
T4 About 105 plaques were screened with the —P-abelled oligo-
nuclectide probe (25=10%cpm. ml Y and one cDMA clone
(MFOCP2e-9-4) was obtained from the mouse FOC-P2 cell polyT)-
primed cDNA library prepared in AExlox (Novagen), and one genomic
clone (mG2E) was Isolated from a mouse genamic library in AFIX (Strat-
agene). Both strands of the 2.4-kb cDNA Insert were sequenced with
Seguenase (US Blocham.) using specific primers selected at conveniant
Intervals. A mouse lung cDMA library was screened with the 5 end of
clone mFOCP2c-3-4 revealing a new cONA [mLc-6) that partially over-
lapped with mFDCP2c-9-4, Two genomic fragments obtained by diges-
tion of mG28 with Kpnl (mG28Kpnl.4) or Sacl (MG285ac?) which
hybridized with the 5 end of mLe-8, were subcloned and sequencad.
The sequences were aligned and the open reading frame of 3,963
nucleotides was identified using the EUGEME and SAM programs. Rat
cONA comesponding to the 5 end of mouse IRS-2 was identified with
mE285ac? in a rat H35 hepatoma cOMNA library (rH35C15, rH35c18,
and rH33cB). Most of the mouse genomic 5 sequence was confirmed by
alignment with rH35c18, although cDNA clones encoding the extreme &'
end were never obtainad. Morthern blots were hybridized avernight at
42 °C with specific probes as described ™.

173




LETTERS TO NATURE

Using a Sepharose-coupled SH2 domain derived from pR3,

about 5pg 4PS were partially purified from 200= 107 insulin-

te it IRS-2. Alignment of the

sequences of IRS-2 and TRS-1 revealed a h

esigna

rescmblance to TRS-1, we d

i

hly conserved am

g

P2 cells®, Five tryptic peptides derived from

4P3 were subjected to automated Edman microscquencing: twao

stimulated F

terminus containing a pleckstrin-homology domain and a phos-

domain, and a poorly conserved carboxy term-

ing

inus containing severa

photyrosine-hi

identical to IR%-1, whereas the other

i

BTC ~ 32

{p6l and p90y w

three (p4

is
1]

thosphorylation motifs, [RS-2

expressed in many cells, including tissues from IRS-1" ~ mice

ine |

I tyros

¥ with any

homaolog

7. p¥0 and p%6) had no significant

‘ig, la)

[0

ntr

=

GeneBank

veral receptor syste

by se

ignalling

and mav be essential for s

"EXNFPY

PaRE-E=

«ELLF--02 il

s R -aa

EEFR-T--BpFTR-I-LE

LETERaY

- FaLE

TR

-hE

~F-SLFREPR.--

«DE-Falhh--

FXXAN-E-XN-LVASTD

=1

g T

¥ - LERANIREATONND +

Eb---F3~TPELH-0-~

~aaTEL

FERELGg-REL

e FFRGFRAFIEY YR ERFE - mme e

==t AT¥a KDL

FondFOEFR Wi Coneen L P«

*AITISHAN-A

FVTAEN

ITTINEAYIEFIGEPTER

*A-FFEA-UL-WNARTEN-+ATe=RA M)

*A-TEL

PI1E?P-~

Cosssn gcegek

~BF-AV -G

<ENETG

LRAL-

-
-
13 =
o

ok
Fid

“GF

"FEEPEE

TEAE

c e RREARERETEE .-

~EFFAE

~§F-NE-TFDE -

“DEFX -

s NESESFF

s

L

IH-2"™ domains are shown in yellow and biue, respettively; conserved tyrosi-
ne-phaspherylation motifs are pink, and the putative phosphondation site is

labelled with an asterisk. Conserved regions of unknown function in the C

FIG. 2 Sequence alignment between IRS-1 and IRS-2, 4n optimized align-
ment of the complete moussa {m) and partial rat (1) amino-acid sequences

of IR3-2 against the complete mause [m), rat {r), human (k) and Xenopus (x)

terminus are shown in green and proline-rich metifs in purple. Incomplete

rIR5-Z sequence is indicated by small sguare dots,

IRS-1 sequences was chtained using the PILEUP program (Genetic Computer
Group, Madison, Wisconsin). Gaps are indicated by dashed lines, identities
are boxed and the consensus sequence is shown. The H-1™ and the
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A complementary DINA library from the FDXC-P2 cells was
sereened with an optimized nucleotide probe based on the
amine-acid sequence of p60 (Fig. la). A single clone was isolated
(mFCP2e-9-4) which contained a 2.4-kilobase (kb) insert that
was 41% identical to nucleotides 1,333 3,538 of mouse [RS-1
iFig. 1h). The conceptual translation was 33% identical to
amino-acid residues 451-1.234 in mouse [R3-1, and it contained
the exact amino-acid sequences of pal, pE0, p20 and p96. Based
on these observanons, we designated the putative protein
IRS-2

The complete coding region of TRS-2 {3,963 nucleotides) was
assembled from overlapping mouse cDMNA and genomic frag-
ments, and confirmed with homologous rat clones (Fig. 1),
MNorthern analysis indicated that the principal messenger RNA
transcript in mice for IRS-2 is 7.2 kb, whereas the transcript for
IRS-115 9.2 kb (Fig. 1¢). TRS-2 is not limited 1o haematopoietic
cells, as it s expressed in skeletal muscle, lung, brain, liver
kidney, heart and spleen (Fig. 1e). Morcover, it was detected
with a similar tissue distribution in IRS-17 7 mice, suggesting
that it is the alternative insulin receptor substrate in that back-
ground "’

The IRS-2¢cDNA encodes u peptide of relative molecular mass
143K, which is 10K longer than TRS-1. Alignment of murine

[RS-2 with IRS-1 from Xenopus'®, mouse’, rat" and human'
sources revealed two TRS-homology (IH-1 and TH-2) domains
at the amino terminus (Fig. 2). The [H-1 domain contains 101
(IR3-1) to 112 {IRS-2) amino acids with 69 identity, whereas
the IH-2 domain contains 156 HR’S 1} to 160 {TRS-2) amino
acids with 75% identity (Fig. 2}, By contrast, the C-terminal
regions of IRS-1 and IRS-2 are 3 ‘1' i identical : however, approsi-
mately 20 common or unigue tyrosine-phosphorylation motifs
are located in relatively similar positions, suggesting that both
[R5-1 and IRS-2 hind multiple SH-2 proteins, meluding pR3,
Grb-2 and SH-PTP2 (Fig. 2).

The expression and tyrosing phosphorylation of endogenous
[R5-2 was investigated in ordinary FDC-P2 cells, and compared
to recombinant TRS-1 or IRS-2 expressed in 32D cells which
do not contain these endogenous proteins’, Cell extracts were
immunoprecipitated  with antibodies against PY, IR5-2 or
[RS-1, and tvrosine phosphorylation was detected by immuno-
blotting with anti-PY antibody. During insulin or [L-4 stimu-
lation, anti-PY and anti-IRS-2 immunoprecipitated Lyrosine-
phosphorylated TRS-2 from FDC-P2 cells and 32D'%% colls (Fig.
3, &), whereas anti-IRS-1 did not (Fig. 3c). In contrast, anti-
PY and anti-IRS-1 strongly immunoprecipitated [RS-1 from
32D'™* cells {Fig. 3a, ¢). whercas anti-IRS-2 did not crossrcact
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FIG. 3 The expression and function of IRS-2 in FOC-P2 cells, 320 cealls
and Fap hapatoma cells, a—c, Quiescent FDC-P2 cells, or 32D cells
expressing the receptors for Insulin and IL-4 (320%™ and either IRS-1
or IRS-2 were incubated without or with 100 nM insulin or 10 nM IL-4
for 1 min, Cell lysates were immunoprecipitated with antibodies against
P¥, IRS-2 or IRS-1 {uPY, «IRS-2, «IRS-1). separated on 7.5% SD5-
PAGE, and immuroblotted with «PY a5 described®. Quiescent rat Fao
hepatoma cells (d) were incubated without or with 100 nb insulin for
1 min and Immunoprecipitated with non-immune serum, «IRS-1 or
alR3-2, and immunoblotted with «PY; e, Phosphatidylinositol-3-0H kin-

ase activity azsoclated with the immuncomplexes was determined™, f

and g insulin and IL-4 stimulated [*Hlthymidine incorporation inta 320
cells (circles) or 32077 cells befare (stars) or after expression of IRS-
1 or IRS-2 [as indicated).

METHOQDS, Antibodies against IR3-1 and IRS-2 were prepared in rabbits
[HRP Corp.) as described™: zIRS-2 was obtalned as a GST-fusion pra-
tein containing residues G19-746 of mouse IRS-2 (ref. 20, «IRS-1
(residues 1,221-1.234 of rat IRS-1) were made with syrthatic peptides
coupled to keyvhale limpet heemecyanin™; aPY antibodies were rabbit
polyclonal®® or mouse monaclonal 4610 (UBIL An IRS-2 expression
vector was assembled in pCMY"™ fram two partial cDNA inserts
(MFDCP2c-9-4 and mlc-8) and a genomic fragment (mG285ac) by
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using Wotl, Bial and ARl restriction sites, and blunt-ended Spel and
Hindlll subcloning sites. The correct orientation and reading frame was
confirmed by DNA sequencing. 320 cells or cells expressing the IR and
IL4R (32D7%"*" were transfected stably with IRS-1 ar IRS-2 cDMNA by
electroporation as described'™, Lysates from quiescent 320 cells incu-
bated for 1 min in the absence or presence of 100 Al insulin or 10 nM
IL-4 were immunoprecipitated with the indicated anubudles separated
by 7.5% SDS-PAGE and immuncblotted with «PY™. Fao cells wera
grown ta confluence in RPMI-1640 medium and incubated with insulin
(100 nh) for 10 min, and immune complexes were immunoblotted with
@PY or assaved for PI(3|K activity as described'”. Incarporation of
[*H]thymidine into 320 cells was used to quantify factor-induced pro-
liferation. 320 cells (2 = 107 cells per mi) were incubated for 36 h in
REMI-1640 medium containing 10% FBS and the indicated growth fac-
tors or 5% WEHI-3-conditioned medium, incubated for 3 h with
[*Hlthymidine and collected on glass filters (Whatman!®. Radioactivity
was quantified by scintillation counting in ACS scintillation cocktail
(Amarsham). All determinations were carried out in triplicate, and data
are reported as the percentage of incorporation of radioactivity into
cells growing in medium supplemented with 5% WEHI-3-conditioned
medium®®,
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FIG. 4 The structural feature of IRS signal- q
ling proteins, &, The potential tyrosine-
phosphorylation sites aof IRS-1 and IRS.2
are presented in the context of surraunding
amino-acid  saquences, The conserved
phospharylation motifs are in solid boxes o
and the unigue phosphordation motifs are w0
in apen boxes. Binding sites in IRS-1 for ﬂ_‘:
GRB2, 5H-PTPZ and PI3)K are indicated;
expernmentally determined low-affinity sites
are indicated by a grey arow. Two RS-
homolagy domains, IH-1"" and 1H-2™® are
indicated at the N terminus. &, The 1H-2"™
domain in IRS-1 and IRS-2 is aligned with
the putative PTB domains identified in van-
ous proteins®’. Gaps are indicated by
dashed linas, similar residues are boxed:
identical residues are indlcated underneath
iconsensus). Three aming-acid residues
diagnostic for the PTE domain [Gl;.'_: Ser and
His} are indicated by red blocks™ . Similar
hydrophobic residues conserved in each

IRS-1

sequence are highlighted in green. Resi-
dues in IRS-1 and IRS-2 with similarities in
ather PTE demains are highlighted in
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(Fig. 3h). The co-migration during SDS PAGE of endogenous
and recombinant TRS-2 slightly above IRS-1 suggested that we
had the full-length cDNA encoding TRS-2,

The common ability of tyrosine-phosphorylated TRS-1 and
IRS-2 to engage phosphatidyvlinositol-3-0H kinase (PL3)K ) was
investigated in rat Fao hepatoma cells, which contain IRS-1
and a slower-migrating protein called ppl83*™™ (ref. 16). Both
IRS-1 and TRS-2 were immunoprecipitated from Fao hepatoma
cells and immunoblotted with anti-PY (Fig. 34); pplgs"™»
appears to be identical 1o TRS-2. Insulin stimulated tyrosine
phospherylation of both TR3-1 and IRS-2 in Fao cells, and as
expected. [RS-2 migrated slightly above IRS-1 (Fig. 3d'). Inter-
estingly, anti-TRS-2 coprecipitated a 125K tyrosine-phosphoryl-
ated protein which was not found in the anti-IRS-1
immunocomplex {Fig, 34, lane 1), Phosphatidvlinositel-3-0H
kinase assoclated with both TRS-1 and IRS-2 following insulin
stimulation (Fig. 3e), suggesting that both IRS-proteins serve as
interfaces between the insulin receplor and PI{3)K in the same
cell background.
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As untransfecied 32D cells do not contain 1RS-1 or IRS-2,
many hiological responses, including the activation of PI{3 1K
and p70™* and mitogenesis, are insensitive to insulin/1GF-1, TL-
4, IL-13 and other cvtokines® ™" ', Maoreover, overexpression
of the insulin receplor or the 1L-4 receptor in 32D cells does not
rescue the mitogenic response (Fig. 3/ g). However, expression
of either IRS-2 or IRS-1 together with these receptors rescued
insulin and [L-4 stimulated DNA synthesis (Fig. 3/, g). Thus
IRS-1 and TRS-2 are interchangeable as mediators of insulin-
and IL-4-stimulated mitogenesis in 32D cells, Interestingly.
IR5-2 coupled more sensitively to the 1L-4 receptor system than
IRS-1.

Among the cight identified tyrosine-phosphorylation motifs
in TRS-1, six are well conserved in [RS-2 {tyrosines at positions
649, 671, 911, 964, 1,242 and 1,303). The SH2 domains in p&3
bind strongly to ¥ MPM and Yo MNM in IRS-1 (ref, 20),
which correspond to Y,uMPM and YeuMNL in [RS-2 (Fia.
dary: however, the substitution of Met 972 by Leu may alter the
mteraction. Nevertheless, there are eight other YXXM motifs in
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IR5-2 which may bind p85 after tyrosine phosphorylation (Fig.
dy1). The SH2 domain of Grb-2 binds to a Y VNI motif in
IRS-1 (refs 17, 20), which corresponds to Y., INT in IRS-2 (Fig.
4m). IRS-1 also binds to SH-PTP2 at the Y, IDL and the
Y 22:AS] motifs™ *, which corresponds 1o the Y 24:IAT and
Y 0:AS] motifs in IRS-2; however, the spacing between these
motifs is 10 residues longer in IRS-2, which may alter the regula-
tion of SH-PTP2 (Fig. 4a). Several other potential tyrosine-
phosphorylation motifs unique 1o IRS-1 or TRS-2 may play dis-
tinet roles in signalling (Fig. 4a). Moreover, the C terminus
possesses several other conserved motifs in an otherwise dissimi-
lar peptide backbone, which c¢ould mediate protein-protein
interactions (Fig. 2.

The IH-1 domain in TRS-1 was previously recognized as a
pleckstrin-homology (PH) domain™**, and is best designated as
IH-1" 1o emphasize this fact (Figs 2, 4a). The high degree of
identity between the TH-1""" domains in TRS-1/TRS5-2 suggests
a specific function for this region. Deletion of the TH-1" domain
from [RS-1 significantly impairs coupling 1o an ordinary level
of insulin receptors™. However, the 1H-1™"" domain is not cssen-
tial for IRS-1 phosphorylation, because a high level of insulin
receptors in 32D cells rescues tyrosine phosphorylation of TRS-1
molecules lacking this domain™,

Insulin-stimulated tyrosine phosphorylation of TRS-1 and She
is mediated by an NPXY motif in the juxtamembrane region of
the insulin receptor f-subunit™~"; a similar motif cxists in the

IL-4 receptor and is required for IRS phusphurylatinn:“. A phos-
photyrosine-binding (PTB) domain that recognizes phosphory-
lated NPXY motifs has been identified in Shc and other
proteins™*, Alignment of the IH-2 domain in IRS-1 and IRS5-2
with the PTB domains revealed the presence of three conserved
amino acids (Gly 204, Ser 314, and His 322 in IRS-2) sur-
rounded by similar hydrophobic residues which are diagnostic
for the PTB domain (Fig. 4b). We propose the designation,
TH-2"®, 10 emphasize this similarity. Morcover, a fusion protein
with glutathione-S-transferase that contained the [H-27™®
domain of IRS-1 or TRS-2 bound specifically to the insulin-
receptor-derived sequence, LY ASS-NPE[pY .| -LSASDYV (data
not shown ), Moreover, deletion of the TH-2"" domain impairs
IRS-1 phosphorylation, suggesting that this region is important
for receplor coupling.

The identification of IR5-2 provides new insight into the mod-
ular structure and function of the IRS signalling proteins. Pre-
sumnably, the IRS signalling system provides a means for signal
amplification by eliminating the stoichiometric constraints
encountered by receptors that directly recruit SH2 proteins to
their autophosphorylation sites. Moreover, IRS proteins dissoci-
ate the intracellular itinerary of the signalling complex from the
endocytic pathways ordinarily followed by the activated recep-
tor, The shared use of IRS proteins by multiple receptors is likely
to reveal important connections between various hormones and
cytokines that were previously unrecognized, or observed but
unexplained. |
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