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ABSTRACT. The 60 kDa insulin receptor substrate in rat adipocytes that binds to the PI-3 kinase displays
several functional characteristics in common with the IRS proteins; so we propose the narft€3pp60
distinguish it from other tyrosine phosphorylated proteins of similar size. During insulin stimulation,
p85 associated with pp&83 more rapidly than with IRS-1 or IRS-2. In mice lacking IRS-1, p85 associated
more strongly with pp68S2 than with IRS-2, suggesting that pp&& provides an alternate pathway in
these cells. Synthetic peptides containing two phosphorylated YMPM motifs displacB53ped IRS-1

from ap85 immune complexes, suggesting that ppePlike IRS-1, engages both SH2 domains in p85.
Moreover, pp6&S2 binds to immobilized peptides containing a phosphorylated NPXY motif, suggesting
that it contains a PTB domain with similar specificity to that in IRS-1. The cloning of Fp&will

reveal a new member of the IRS protein family which mediates insulin receptor signals in a harrow range
of tissues.

Insulin-stimulated phosphorylation of IRS-1 occurs on al., 1996; Sun et al., 1995). Each of these insulin receptor
multiple tyrosine residues which mediate the association andsubstrates contain a pleckstrin homology (PH) domain at the
activation of signaling proteins that contain Src homology-2 NH,-terminus. In addition, IRS-1 and IRS-2 contain a
(SH2) domains. These SH2 proteins, including PI-3 kinase, phosphotyrosine binding (PTB) domain which interacts with
SHP-2, and several smaller adapter molecules (Grb-2, Crk,a phosphorylated NPXY maotif in the receptors for insulin,
and nck), couple the insulin receptor substrates to variousIGF-1 and IL-4 (Sawka-Verhelle et al., 1996; Zhou et al.,
downstream signaling pathways which mediate metabolic 1996; Wolf et al., 1995; O'Neill et al., 1994). Both of these
responses, cell growth, survival, and differentiation (Myers domains couple the IRS proteins to the insulin receptor,
et al., 1994; Beitner-Johnson & LeRoith, 1995; Skolnik et although the PH domain mediates the most sensitive interac-
al., 1993). Without IRS-1, mice are smaller than expected tion (Yenush et al., 1996). Moreover, Gabl does not contain
and display mild hyperinsulinemia, but never develop a PTB domain and p% contains only a partial PTB domain
NIDDM (Araki et al., 1994); however, skeletal muscle suggesting that they rely on the PH domain or other regions
displays an 80% reduction in many insulin-stimulated for interaction with membrane receptors. Recently, IRS-2
responses, including glucose uptake, glycogen synthesis, andvas shown to contain a novel interaction domain which
protein synthesis (Yamauchi et al., 1996). Whereas IRS-2 associates with the phosphorylated regulatory loop in the
apparently compensates for the absence of IRS-1 in hepainsulin receptoB-subunit (Sawka-Verhelle et al., 1996).
tocytes, this is not the case in skeletal muscle or adipocytes A 60 kDa insulin receptor substrate called pp60 has been
(Yamauchi et al., 1996; Patti et al., 1995). described in rat adipocytes but has been difficult to charac-

The identification of physiologically relevant proteins that terize, owing to its low expression levels (Lavan & Lienhard,
are phosphorylated by the insulin receptor is difficult, because 1993; Kanai et al., 1993; Zhang-Sun et al., 1996). Here,
these proteins occur at low concentrations in cells and havewe propose the name pp6& because our results suggest
limited amino acid sequence identities (Sun et al., 1995). that it is functionally similar to IRS-1 and IRS-2. In
However, the alignment of IRS-1 and IRS-2 and the related adipocytes, pp8¢*3bound more rapidly than IRS-1 or IRS-2
molecules Gabl and p#? reveals some general features t0 p85 during insulin stimulation, suggesting that it could
expected for this class of signaling molecule (Carpino et al., be a principal regulator of the PI-3 kinase. Biochemical
1997; Yamanashi & Baltimore, 1997; Holgado-Madruga et €xperiments indicate that it contains a PTB domain and binds
to both SH2 domain in p85. The recent cloning of cDNA
encoding pp60 confirms our expectations and reveals a new
member of the IRS protein family (Lavan, 1997).
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P was purchased from Millipore; Glutathione-Sepharose 4B, homongenized with a polytron using three intervals of 10 s
protein A-Sepharose, and pGEX were from Pharmacia LKB each. The homogenates were clarified by centrifugation at
Biotechnology; Affi-gel 15 and chemicals for electrophoresis 12 000 rpm for 30 min at 4C in a Ti70 rotor (Beckman).
were from Bio-Rad Laboratories;*flJprotein A was pur- Immunoprecipitations, Gel Electrophoresis, and Immu-
chased from ICN; sodium nembutal solution was purchased noplotting  Adipocyte lysates (5 mL) were incubated with
from Abbott Laboratories. Male Spragu®awley ratswere 5 ;| of appropriate antibody fo4 h at 4°C. The immune
purchased from Taconic Farms and fasted overnight beforecomplexes were collected on 4@ of protein A-Sepharose,

use. Peptides were synthesized by Dr. Charles Dahl (Harvardyashed twice with 1 mL of cold lysis buffer, and the proteins
Medical School, Boston, MA), on a Milligen/Biosearch 9600 \yere eluted with Laemmli sample buffer as previously

synthesizer, and each peptide was purified by reverse-phasgjescriped (Ballotti et al., 1986). The precipitated proteins

high-pressure liquid chromatography and confirmed by \yere resolved by reducing SBPAGE on 10% acrylamide

amino acid analysis. , , gels, and transferred to Immobilon P at 110 \t h in
Polyclonal antibodies against the IRS proteins were madeTowbin buffer containing 0.02% SDS and 10% (volivol)

as previously describedalRS-1 was raised against & ethanol. Proteins were detected by immunoblotting. In
synthetic peptide containing residues 122234 of rat IRS-1 all the experiments, membranes were incubated fowith

(Sun et al,, 1991)pURS-2 was made using a GST-fusion  the appropriate antibody at 1:300 dilution, washed, and
protein containing residues 62946 of mouse IRS-2 (Sun  jneypated with PAprotein A diluted in 20 mL of TTBS

et al, 1995). Antiphosphotyrosine antibodyRY) was  containing 2.5% BSA, as previously described (Ballotti et
prepared Wlth phpsphotyramlne coupled to keyhole limpet al., 1986; Pons et al., 1995). The immunoblots were
hemocyanin (White & Backer, 1991); 4G10 was purchased analyzed on a Molecular Dynamics Phosphorimager.

from UBI. A broad specificity polyclonal antibody against . . .
most p85 isoformso(p85) was prepared in rabbits immunized IRS-1 Ph_osphope_ptlde Competltlo_n Studieysates (17
mL) from insulin-stimulated rat adipocytes prepared as

with a glutathione S-transferase fusion protein containing the : . !
NH-terminal SH2 domain of p&E (Backer et al., 1992): a  described above were incubated with 170 of op83™
specific antibody against p85op85'T) was raised against antibody (Pons et al., 1995) for 30 mlnoat@, divided into
a peptide containing residues 4861 of mouse p&& 1 mL aliquots, and then incubated at°@ for 14 h with
coupled to keyhole limpet hemocyanin (Backer et al., 1993). Synthetic YMXM-containing peptides between 1.0 nM to 100

The ap110 antibody was from Santa Cruz (catalog no. sc- #M: The immune complexes were collected on AD
603). protein A-Sephz_irose_, resolved on a 10% gel, and analyzed
Isolation of Rat and Mouse Adipocytes and Preparation PY immunoblotting withaPY (Ballotti et al., 1986).
of Cell Lysates Adipocytes were isolated from male NPXY Phosphopeptide Binding StudieSynthetic pep-
Sprague-Dawley rats (286-300 g) fasted overnight as tides (5 mg) containing phosphorylated or unphosphorylated
previously described (Cushman & Wardzala, 1980). I®S1  NPXY motifs were immobilized overnight on 0.5 mL of
and wild-type mice were identified by genotype as previously Affi-Gel 15 suspended in 5 mL of 100 mM HEPES (pH
described (Patti et al., 1995a). Follogia 6 hfast, the mice ~ 7.4). Unreacted sites were blocked with glycine, and the
were anesthetized by an intraperitoneal injection of sodium Affi-Gel was washed extensively before use with PBS as
pentobarbital (115 mg/kg) and adipocytes were isolated assuggested in the manufacturers’ instructions. Basal and
described below. Tissue from rat or mouse epididymal fat insulin-stimulated rat adipocyte lysates were made as de-
was collected in Krebs Ringer bicarbonate containing 10 mM scribed above, except that 0.05% NP-40 was included in the
HEPES, 2.5% fatty acid-free BSA, and 200 nM adenosine lysis buffer to enhance binding (Wolf et al., 1995). Cell
(buffer A). Fat pads (1 g wet weight) were minced and lysate (10 mL) was mixed with each immobilized peptide
incubated with 2 mL of buffer A containing 1 mg of and continuously mixed by rotation for 14 h af@. The
collagenase/mL for 40 min at 37 in a shaker bath (10 complexes were washed twice with PBS, then eluted with
rpm/6 s). The digested tissue was passed through @ 50 100uL of Laemmeli sample buffer, resolved on a 10% gel,
nylon screen and rinsed several times with buffer A to transferred to immobilon P and analyzed by immunoblotting
remove the collagenase, then rinsed once with BSA-free with aPY.
buffer A. The isolated adipocytes were suspended in 10 mL
of Krebs Ringers bicarbonate by gentle rotation at°87 RESULTS
and treated without or with 80 nM insulin for 5 min. The _ ) o
packed adipocytes were lysed at room temperature by Insulin Stimulates pp&t** Phosphorylation in Isolated
vortexing in 15 mL of 50 mM HEPES (pH 7.4), 150 mM Ad|pc_>cytes The effegt o_f 80 nM msm_JIm for 5 min on
sodium chloride, 4 mM EDTA, 20 mM sodium flouride, 20  tyrosine phosphorylation in isolated primary rat adipocytes
mM sodium pyrosphosphate, 4 mM sodium orthovanadate, Was |nvest|ga.ted by llmm.unoblottmg cell Iysates with anti-
4 mM PMSF, 1Qug/mL leupeptin, 1Qug/mL aprotinin, 20% phosphotyros_me anubodmgl{’Y). As prewously_shown,
glycerol, and 2% NP-40 (lysis buffer). Fat and insoluble se\{eral Pproteins were tyrosine phosphorylateq in response
materials were removed by centrifugation at 12 000 rpm for 0 insulin treatment, including the IRS proteins and the
30 min at 0°C in a Ti70 rotor (Beckman). !nsul|n receptoﬁ-subum_t; a 60 kDa protein was also detected
Preparation of Testis Lysatesvlale Sprague Dawley rats in msuhn—stlml_JIated adipocytes, whlch is commonly ref_erreq
(280300 g) were fasted overnight and anesthetized by ant© @s pp60 (Figure 1A). On The basis of the results in this
intraperitoneal injection of sodium pentobarbital (50 mg/kg). Paper, we designate this protein pff6@to emphasize its
The rats were treated without or with insulin (3.5 mg/kg) functional similarity to IRS-1 and IRS-2.
via the inferior vena cava, and 3 min later both testis were  During insulin stimulation, IRS-1 and IRS-2 and pj69
removed, minced in 15 mL of lysis buffer (6&/mL), and coimmunoprecipitated with a broad specificity antibody
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Blot ""5? N—— - -g-lh-".-l,-"” FicURe 2: Time course of the association of p85 with p{36®

o o and IRS-1. Isolated rat adipocytes fno4 g of wettissue were
Ficure 1: Insulin stimulates pp6€ phosphorylation in primary  divided equally into 14 aliquots and incubated at &7 without
rat adipocytes. Isolated rat adipocytes fré g wet weight tissue)  insulin or with 80 nM insulin for the indicated time intervals: no
were incubated without=() or with (+) 80 nM insulin for 5 min. insulin (lane a), 15 s (lane b), 30 s (lane c), 1.0 min (lane d), 2.5
Lysates were separated directly by SEFAGE (panel A) or  min (lane e), 5 min (lane f), 10 min (lane g). The cells were rapidly
immunoprecipitated (panel B) wittip110 (lanes a and b), p85  |ysed and immunoprecipitated withogp85*AN, Immunoprecipitates
(lanes ¢ and d), or nonimmune serum (lanes e and f). The were separated on a 10% gel and transferred to Immobilon P. The
immunoprecipates were resolved by SBBAGE and protein in - membrane was immunoblotted for phosphotyrosine and the bands
two parallel blots was detected by immunoblotting WitRY or  corresponding to pp@F3and IRS-1 were analyzed on a Molecular
ap85. An equal portion of tissues (based on wet tissue weight) pynamics phosphorimager. The relative intensity of pp&aand
from control () or insulin-stimulated{) rats was homogenized,  the IRS-1/IRS-2 is displayed in the bar graph.
clarified by centrifugation and incubated withp85°AN. The

immunoprecipitates were resolved by SEIBAGE, transferred to P p85 IRS-1 IRS-2
Immobilon P and immunoblotted witaPY (panel C). s+ M+ 0+ -1 Mmwo
—200
against p85 as previously described (Figure 1B) (Zhang-Sun i - - & :1::2551/2
et al., 1996; Kanai et al., 1993; Lavan & Lienhard, 1993). 2 -
Similar results were obtained with the p8Specific antibody ] - -
(op83'T), alleviating concerns that pp66® is one of hte I_
small p85 homologs (data not shown, also see Figure 5). a b ¢ d e f
Moreover, antibodies against pIdGnmunoprecipitated both P pss IRS-1 IRS-2
pp60RSe and IRS-1/IRS-2 from insulin-stimulated rat adi- s %1 T3 T Moo
pocytes, suggesting that both proteins regulate the PI-3 kinase l— B 0
during insulin stimulation (Figure 1B). 8 —95
Insulin-stimulated tyrosine phosphorylation of pft8 B - P
IRS-1, and IRS-2 was tested in various rat tissues (Figure @ —6
1C). IRS-proteins migrating near 185 kDa were immuno- I_ s
precipitated withap85 from lysates of insulin-stimulated a b ¢ d e f

heart, skeletal muscle, brain, and liver; however, 80  FIGURE3: IRS-1, IRS-2, and pp&t associate independently with
was absent from these tissues. The insulin receptor wasP8>: Isolated adipocytes (1 mL of packed cells from a 200 g rat)
detected irup85 immunoprecipitates from rat liver, but this ey incubated without{) or with (t) 80 nM insulin for  min.

) 0 Irpoo | precip ' Cell lysates were immunoprecipitated withxb of ap85™AN (lanes
interaction is attributed to a weak but stable complex betweenga and b),aIRS-1 (lanes ¢ and d), atlRS-2 (lanes e and f). The
the insulin receptor and the IRS proteins, as previously immune complexes were separated by SPAGE and transferred
discussed (Backer et al., 1993). The pf&bwas detected to Immobilon P. The membrane was immunoblotted witRY

by ap85 immunoprecipitation from adipose and testis of (PanelA), stripped, and reblotted wittp85™*" (panel B).

inSU|in-Stimu|ated rats. The IRS proteins were Weakly During insu”n Stimu'ation, |RS_1, |RS_2, and pm may
detected in these tissues, consistent with the short tinre of associate independenﬂy with p85 providing three pathways
vivo insulin stimulation used in this experiment (see Figure tg regulate the PI-3 kinase. Lysates from basal and insulin-
2). stimulated adipocytes were immunoprecipitated with anti-
pp60~S2Is Rapidly Phosphorylated during Insulin Stimu-  bodies directed against p85, IRS-1, or IRS-2. Immunoblot-
lation. Isolated rat adipocytes were stimulated with 80 nM ting with aPY revealed tha#tp85 coprecipitated IRS-1 and
insulin for various time intervals, and the cells were lysed pp60RS3. However,alRS-1 immunoprecipitated IRS-1 and
promptly and immunoprecipitated withp85. Immuno- p85, but pp6&S3 was not detected (Figure 3, panels A and
blotting with aPY revealed that pp6tF2in the p85 complex  B). Tyrosine-phosphorylated IRS-2 was not detected in
was tyrosine-phosphorylated maximally during the first olRS-2 immunoprecipitates, whereas a small amount of p85
minute of insulin treatment. In contrast, the association was immunoprecipitated from insulin-stimulated cells with
between p85 and tyrosine phosphorylated IRS-1 reached anlRS-2 (Figure 3, panels A and B). Thus, IRS-1 and
maximum after 5 min (Figure 2). This time course suggests pp60RS3 form separate complexes with p85 and appear to
that pp6@RS3is the first substrate encountered by PI-3 kinase be the major tyrosine phosphorylated proteins engaging PI-3
during insulin stimulation of rat adipocytes. kinase during insulin stimulation of rat adipocytes; however,
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FiGURE 4: pp6CRS associates with p85 in murine adipocytes lacking IRS-1. Adipocytes were isolated from 101R8de (3 months old)

or age-matched control mice IRS1 and stimulated without or with 80 nM insulin for 5 min as indicated. Lysates were immunoprecipitated
with alRS1 (lanes ad), alRS2 (lanes eh), ap85 (lanes+I) or aPY (lanes m-p), separated by SDSPAGE, transferred to Immobilon

P (Millipore), and immunoblotted witxPY.
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IRS-2 plays a surprisingly small role in these cells during nSH2 domain. Dissociation of pp68® and IRS-1 from
insulin stimulation. op85'T was more sensitive to the bisphosphopeptidesgED

pp60RS3Associates with p85 in the Absence of IRSTb ~ 0.05 nM) than the monophosphopeptide (B 1 uM);
directly examine the relationship between IRS-1 and f§%0  the nonphosphorylated peptides were unreactive (Figure 5,
experiments were conducted with isolated adipocytes from panels A and B). Moreover, the monophosphopeptide
IRS-1-deficient (IRS-1'-) mice and age-matched wild-type displayed similar sensitivity witlyp83'T immunopreciptates
mice. As expected, IRS-1 was tyrosine phosphorylated from testis (Figure 5C). These results suggest that 'p50
during insulin stimulation of normal murine adipocytes, like IRS-1, contains at least two tyrosine phosphorylated
whereas it was absent from the IRS1mice (Figure 4). sites, probably the YMXM motifs, which interact with each
Unlike the rat adipocytes described above, the level of IRS-2 SH2 domain in p85 and are best dissociated with a synthetic
tyrosine phosphorylation in wild-type mouse adipocytes was peptide containing two phosphorylated YMXM motifs.
comparablg to IRS-1, _and this was found to be the same in ppBORS3Binds to Insulin Receptor Deed NPXY Peptides
IRS1" adipocytes (Fligure 4). ] o . To engage the activated insulin receptor, gp&0may

In normal mouse adipocytes stimulated with insulin for 5 contain IRS-like interaction domains, including a pleckstrin
min, p85 was predomlnat_ely assoplated with IRS-1 and homology (PH) domain or a phosphotyrosine binding (PTB)
pp6ORS2, as shown above with rat adipocytes. Even though gomain. Specific antibodies against the PH domain or the
IRS-2 was phosphorylated in the murine cells, it was poorly pTg domain in IRS-1 or IRS-2 were not helpful in this
associated with p85, as revealed by the absence of the UPPefegard, as they failed to react with pp&8. This is not
band in thexPY immunoblot of thexp85 immunoprecipitate o, 1hrising since these antibodies do not cross-react between
(Figure 4, lanes i and 13) HOV\_/ever, n the absen_ce (_)f IR_S'l' IRS-1 or IRS-2. Unfortunately, a functional analysis for the
both IRS-2 and pp8* associated with p85 during insulin  py' 4omain was impossible, as its ligand binding specificity
stimulation. Whereas the IRS-2 signal remained Weak,. the is unknown. In contrast, the PTB domain in IRS-1 and IRS-2
phosphorylatlon' of pp6®33vyas stronger than that found "N binds to peptides containing phosphorylated NPXY motifs
the wild-type adipocytes (Figure 4). Thus, phosphorylation (Yenush et al., 1996). Thus, it is possible to test for the

- s3 i -
of IRS-2 and pp6B° was independent of IRS-1, and presence of a PTB domain by specific binding of pp&0

RS3 i iati i
pp60 phosphqrylaﬂon or association with p85 occurred to immobilized peptides containing phosphorylated NPXY
more strongly without competition from IRS-1. However, .
motifs (Wolf et al., 1995).

without specific antibodies against pf&d, it is not possible
to distinguish between these alternatives (Patti et al., 1995b). Lysates from insulin-stimulated rat adipocytes were in-

pp60RS3and IRS-1 Use a Common Mechanism To Engage cubated with immobilized peptldes based on the amino a_C|d
p85 The PI-3 kinase regulatory subunit, p85, contains S€duence around T)_/r9_60 in the NPEY motif of the insulin
several interaction modules, including one SH3 domain feceptor; the association of IRS-1 and pfiédto these
followed by a ber-homology region, two SH2 domains, and immobilized peptides was assessed by immunoblotting with
several proline-rich motifs (Kapeller & Cantley, 1994). oPY. As expected, no tyrosine phosphorylated protein
Since pp6(*S? associates rapidly and strongly with pg5 bound to the nonphosphorylated NPEY peptide. By contrast,
during insulin stimulation, we hypothesized that both SH2 @ 60 kDa protein which comigrated with pp&® in ap85
domains may bind tyrosine phosphorylation sites in ff§80  immunoprecipitates bound to the phosphorylated NPXY
as previously found for IRS-1 (Rordorf-Nikolic et al., 1995; peptide; however, IRS-1 was poorly detected (Figure 6).
Backer et al., 1992). To examine this possibility, two Substitution of glutamic acid at the ¥ position with alanine
synthetic phosphopeptides based on established p85 bindingeduced the binding of pp88% however, this mutation
sites in IRS-1 were tested for their ability to displace g0  enhanced the binding of IRS-1, as previously shown (Wolf
or IRS-1 from p85 immune complexes. One peptide et al., 1995). As expected, substitution of asparagine with
contained a single phosphorylated YMPM motif (doyg), and alanine at the Y2 position inhibited the binding of IRS-1
the other contained two phosphorylated YMPM motifs and pp6(S3 (Figure 6). Thus, at the functional level,
(Tyrsos and Tykzg). Immuncomplexes were prepared with pp60RS3 appears to contain a PTB domain or associate with
p83'T to avoid interference by thep85, which binds the  a protein that contains a PTB domain.
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FiGURe 5: pp60RS3and IRS-1 compete for p85 binding. Isolated adipocytes were stimulated with 80 nM insulin for 2 min (panel A). Then
cell lysates were incubated for 16 h at@ with ap83'T and without or with 0.00kM, 0.01, 0.1, 1.0, 10.0, and 100.0 mM of the following
peptides: (1F'YMPMgos, DDGPYpiMPMSPGYV and (25'YMPMggg, FIYMPMg2s DDGPYpiPIMPMSP(GAYGNGDPYsMPMSPKS [(GA)
represents a spacer containing five repeating GlyAla dipeptides]. The immune complexes were collected, resolvedRAGED) Snd

detected by immunoblotting witaPY (lower portion of panels A and B). The amounts of IRS-1 (solid white circles) or'Bp6@olid

black diamonds) associated with the immuncomplexes were qualified with a phosphorimager. The open circle or open diamond show
displacement of IRS-1 or pp8&83, respectively, by 10 mM nonphosphorylaf®dMPMegs peptide (panel A). Testis homogenates prepared

from insulin-stimulated rats were incubated with85'T and varying concentrations of peptide A were analyzed as described above (panel
C). The curves shown are representative of three independent experiments.

NPEY NPEYR APEYP NPAYP —ap85— with the IRS proteins, several features emerged which are
Ins: + + + + 'T + essential for an efficient insulin receptor substrate, including
protein—protein interaction domains that mediate receptor
. - coupling and tyrosine phosphorylation motifs that engage
I"*f RS SH2 proteins (Yenush & White, 1997; Sun et al., 1995). On
ik the basis of experiments in this report, p[f¥6®possesses

several features which are similar to the IRS proteins.
Displacement of p85 from pp&F° is most sensitive to

’ - “(_ppGORs peptides containing two YMPM motifs, suggesting that

pp60RS3 contains at least two phosphotyrosine residues that
bind both SH2 domains of p85. ppB# also binds to
e f recombinant SH2 domains of fyn, SHP2, and Grb-2 (data

FlGURE 6: Blndlng of pp6@53to phosphorylated NPXY-peptides not shown), suggesting that YXXI/L motifs also occur in
Isolated édipocytes from six rats were stimulated with 80 nM insu.lin this substrate (Sun et al., 1996; Zhang-Sun et al., 1996).

for 2 min, and lysates were made as described in the Materials andFinally, pp60Rs3binds to peptides containing phosphorylated
Methods. Lysates from 1.0 mL of packed adipocytes were incubated NPXY motifs, suggesting that it contains a phosphotyrosine
with 5 mg of immobilized peptide: (1) NPEY, GGYLASHPEY- binding (PTB) domain. Thus, pp&83 appears to be a

LSASD; (2) NPEY', GGYLASSNPEY(Pi)LSASD:; (3) APEY, ; Sl T ;
GGYLASSAPEY (PILSASD: (4) NPAY'. GGYLASSNPAY (Pi)- gﬂ?:shosphorylated signaling protein in the IRS protein

LSASD. The resin was washed twice with lysis buffer containing
0.05% NP40. Bound proteins were eluted with @0 of 2x Our experience with IRS-1 deletion mutants indicates that
Laemmli buffer, resolved by SDSPAGE, and transferred to  the PH domain contributes significantly to insulin-stimulated

Immobilon P and detected by immunoblotting wittiPY. Equal
portions of lysate from stimulated and unstimulated adipocytes wereIRS 1 phosphorylation, whereas the PTB domain alone is

|__Eot aPY——I_

immunoprecipitated withop85, resolved by SDSPAGE, and insufficient but significantly enhances the coupling (Yenush
immunoblotted withaPY (lanes e and f). This experiment was €t al., 1996). The PTB domains in IRS-1 and Shc are
conducted twice with identical results. structurally similar to pleckstrin homology domains, as both
DISCUSSION are composed of two antiparallBtsheets capped by an

o-helix (Lemmon et al., 1996). However, physiologically
Recent evidence suggests that activation of the PI-3 kinaserelevant binding partners for the IRS-1 and IRS-2 PH
by the insulin signaling system is necessary and possibly domains are unknown, whereas the PTB binds phosphory-
sufficient for insulin-induced GLUT 4 translocation (Morris  lated NPXY motifs (Eck et al., 1996). pp66° binds more
et al., 1996; Hara et al., 1994; Dudek et al., 1997). Thus, strongly than IRS-1 to the phosphorylated NPEY motif in
molecules such as IRS-1, IRS-2, and pp&0may be the insulin receptor, strongly suggesting the presence of a
important regulators of glucose uptake. On the basis of work PTB domain. By contrast, substitution of alanine for the
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glutamic acid at the Y position in the NPEY motif reverses  endosome. It is worth noting that IRS1 adipocytes display
this relative affinity making IRS-1 the stronger binder. Thus, reduced insulin-stimulated glucose uptake, even though the
the PTB domain alone may be sufficient for sensitive phosphorylation of pp882is elevated. Thus, IRS-1 is an
coupling between ppd®2 and the native insulin receptor, essential element in the signaling pathway that cannot be
although a PHP domain is expected by analogy to IRS-1 entirely replaced with either IRS-2 or pg&&. The relative
and IRS-2. contributions of IRS-1 and pp6%3, along with IRS-2 and
Our results suggest that pg®¥ may be the initial Gab-1 will be resolved when appropriate cell lines expressing
substrate of the activated insulin receptor in adipocytes. Thevarious levels of each docking protein are available.

increased affinity between pp6®° and the native NPEY Several insulin-stimulated 60 kDa phosphotyrosine-
motif of the activated insulin receptor may mediate the containing proteins have been described in various cell types,
relatively rapid phosphorylation of ppB8 compared to IRS-  but the adipocyte protein that binds PI-3 kinase was reported
1. As aresult, pp@B>2associates maximally with p85 after first (Keller et al., 1991); it is almost certainly pp8e:. By
2—3 min of insulin stimulation, whereas IRS-1 and IRS-2 contrast, a 62 kDa substrate occurs in various cells that binds
reach steady state after 5 min. Bisphosphorylated peptideso the SH2 domain in p2Z&£GAP (Hosomi et al., 1994;
displace pp66°S® from p85 immune complexes more sen- QOgawa et al., 1994; Kaplan et al., 1990; Ellis et al., 1990;
sitively than monophosphorylated peptides, suggesting thatRoth et al., 1992; Milarski et al., 1995). p6FAPis a
pp60RS3 contains at least two phosphorylation sites which common target of several protein-tyrosine kinases, including
bind to both SH2 domains in p85. Previous reports show v-Abl, v-Src, v-Fps, v-Fms, and activated receptors for IGF-
that activation of PI-3 kinase occurs maximally when both 1 EGF, csf-1, as well as the insulin receptor. Recently, a
SH2 domains in p85 are occupied by a phosphorylated subtrate for bcr-abl that binds to ras-Gap was purified and
YMXM motif (Rordorf-Nikolic et al., 1995). Thus, in  cloned (Carpino et al., 1997; Yamanashi & Baltimore, 1997).
addition to IRS-1, pp66S3is likely to be a strong activator  This protein, called p62¥ reacts with monoclonal antibodies
of the PI-3 kinase in adipocytes. raised against p&2CAF, suggesting they are identical (Ya-
IRS1-deficient mice are hyperinsulinemic and small, but manashi & Baltimore, 1997). The p®2contains a recog-
not diabetic as the fasting glucose levels are normal (Araki nizable PH domain at its Nfterminus that is distantly
et al.,, 1995). Insulin-stimulated PI-3 kinase activity and similar to the PH domain in IRS-1, IRS-2, and Gab-1. $862
glucose uptake is only partially reduced in murine adipocytes may contain a PTB domain, but it contains little amino acid
from the IRST/~ mouse, suggesting that alternative path- sequence similarity to IRS-1; however, two conserved
way(s) for insulin signaling exist in this tissue (Araki et al., arginine residues known to bind phosphotyrosine in the
1995; Patti et al., 1995). IRS-2 appears to compensate for|RS1°P™ domain appear to be correctly positioned (Eck et
the absence of IRS-1 in murine hepatocytes as the stoichi-al., 1996). The COOH-terminus of pB2contains multiple
ometry of its tyrosine phosphorylation increases several-fold tyrosine phosphorylation sites in motifs that recognize various
resulting in nearly normal activation of the PI-3 kinase. By SH2 proteins, but none are expected to bind PI-3 kinase.
contrast, skeletal muscle lacking IRS-1 is significantly insulin |, summary, pp68s3 may generally resemble IRS-1 and
resistant owing to a persistently low level of IRS-2 expression |Rs.2, heing composed of a PH domain, a PTB domain, and
and absence of enhanced tyrosine phosphorylation (Yamauz short tail of tyrosine phosphorylation sites which engage
chi et al.,, 1996). Like skeletal muscle, IRS-2 appears 10 ang activate proteins with SH2 domains, such as the PI-3
play a small role in mouse and rat adipocytes, whereasinase. The subcellular distribution of pp6¥ and IRS-1
pp607S? provides the major alternative pathway to PI-3 g gstinctly different, which presumably enhances specific
kinase in the absence of IRS-1. Although the levels of gignaling pathways needed in adipocytes during insulin
pp607S3 cannot be measured without specific antibodies receptor signaling. The recent isolation of a cDNA encoding
during insulin stimulation of IRSZ~ mice, more tyrosine  the 60 kDa adipocyte substrate, presumably fis0owill
phosphorylated pp6tis immunoprecipitated witbkPY and provide important insight into the complex pathways regulat-

more associates with p85. Moreover, p{¥8d clearly  ing the insulin signal in adipocytes (Lavan et al., 1997).
dominates over IRS-2 in the adipocytes from the mice. Since
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