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Phosphatidylinositol 3-kinase (PI-3 kinase) is implicated in the regulation of diverse cellular processes,
including insulin-stimulated glucose transport. PI-3 kinase is composed of a 110-kDa catalytic subunit and an
85-kDa regulatory subunit. Here, we describe p55°'¥, a new regulatory subunit that was isolated by screening
expression libraries with tyrosine-phosphorylated insulin receptor substrate 1 (IRS-1). p5S5"™ is composed of
a unique 30-residue NH, terminus followed by a proline-rich motif and two Src homology 2 (SH2) domains with
significant sequence identity to those in p85. p55*™ mRNA is expressed early during development, remains
abundant in adult mouse brain and testis tissues, and is detectable in adult adipocytes and heart and kidney
tissues. p557™ forms a stable complex with p110, and it associates with IRS-1 during insulin stimulation.
Moreover, the activated insulin receptor phosphorylates p55°™ in Sf9 cells, and insulin stimulates p55°™
phosphorylation in CHO™/p55°™ cells. The unique features of p557" suggest that it is important in receptor
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signaling.

Phosphatidylinositol 3-kinase (PI-3 kinase) is a common sig-
naling element which plays a role in the regulation of a broad
array of biological responses by activated receptors for hor-
mones, growth factors, cytokines, and antigens (6, 13, 15, 42,
46, 48, 61). It is composed of a 110-kDa catalytic subunit
(p110) associated with an 85-kDa regulatory subunit (p85) that
contains one Src homology 3 (SH3) domain, homology to the
breakpoint cluster region (bcr) gene, two proline-rich motifs,
and two SH2 domains (11). Interestingly, p110a displays dual
catalytic specificity, as it phosphorylates the D-3 position of
phosphatidylinositol and its phosphorylated derivatives and
serine residues in p85 and insulin receptor substrate 1 (IRS-1)
(12, 32). Mammalian p110 is homologous to VPS34, a Saccha-
romyces cerevisiae P1-3 kinase which is involved in vacuolar
protein sorting (49); however, the molecular role of PI-3 kinase
in mammalian cells is unclear (22).

The p85 regulatory subunit has a broad potential to couple
the PI-3 kinase to multiple signaling elements by employing its
SH3 domain, proline-rich motifs, bcr homology region, or SH2
domains (24). Most activated receptors with tyrosine kinase
activity engage the SH2 domains in p85 through phosphory-
lated YXXM motifs in the receptors themselves or a closely
associated subunit (52). The platelet-derived growth factor re-
ceptor, one of the best-characterized systems, associates di-
rectly with the SH2 domains in p85 at a phosphorylated
YMDM motif in the kinase insert region (61). Inhibition of
PI-3 kinase catalytic activity with wortmannin or disruption of
p85 function by site-directed mutagenesis blocks several
growth factor-stimulated processes, including mitogenesis and
antiapoptosis (61, 67), differentiation (27), receptor trafficking
(23), chemotaxis (31, 45), membrane ruffling (29, 64), and
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insulin-stimulated glucose transport (7, 16, 44) and Xenopus
oocyte maturation (8, 9). In addition, PI-3 kinase appears to be
required for the stimulation of p705% by platelet-derived
growth factor and insulin and probably other growth factors (7,
10, 40). On the basis of these results, PI-3 kinase plays a central
role in cellular signaling.

Insulin regulates PI-3 kinase by tyrosine phosphorylation of
IRS-1 and IRS-2, multipotential docking proteins which con-
tain multiple potential tyrosine phosphorylation sites, includ-
ing several YXXM motifs (41, 58). In addition to insulin and
insulin-like growth factor 1 (IGF-1), some interleukins (inter-
leukin 4 [IL-4] and IL-9), growth hormone, and alpha inter-
feron (IFN-a) and IFN-y stimulate tyrosine phosphorylation
of IRS-1 (3, 53, 63, 68). Tyrosine-phosphorylated IRS-1 binds
to the SH2 domains in various signaling proteins, including
PI-3 kinase, Grb-2/SOS, nck, crk, c-fyn, and SH-PTP2 and
probably others (41, 58). As a consequence of docking SH2
proteins, IRS-1 mediates multiple downstream signals during
insulin stimulation, including the direct activation of PI-3 ki-
nase and SH-PTP2 (4, 34, 54) and the stimulation of mitogen-
activated protein kinase and p705° (7, 10, 40), and has at least
a partial role in the regulation of mitogenesis, chemotaxis, and
glucose transport (16, 31, 61). Disruption of the IRS-1 gene in
mice retards intrauterine growth and causes mild insulin resis-
tance; however, the mice are not diabetic and reproduce nor-
mally, suggesting that other pathways, including IRS-2 and
Shc, may compensate for the absence of IRS-1 (2).

Since IRS-1 possesses multiple tyrosine phosphorylation
sites, we reasoned that recombinant IRS-1 could be used to
screen cDNA expression libraries for novel SH2 proteins. Us-
ing the cloning of receptor targets (CORT) technique, we
isolated a novel 55-kDa protein containing two SH2 domains
with significant identity to p85a and p85B (36). This protein,
designated p557'%, associates with p110 and during insulin
stimulation binds to IRS-1. It lacks several protein-binding
domains found in the NH,-terminal portion of p85, including
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the SH3 domain, the first proline-rich motif, and the bcr ho-
mology region; however, p55°™ contains a unique NH, termi-
nus with a potential phosphorylation site in a YXXM motif.
Thus, p557™ may play a unique role in growth factor signal
transduction and PI-3 kinase function.

MATERIALS AND METHODS

Preparation of the 3*P-IRS-1 probe. Baculovirus-produced IRS-1 was labeled
by incubation with purified insulin receptor in the presence of [y->*P]ATP and
Mn?*. The insulin receptor was purified from Chinese hamster ovary (CHO)
cells overexpressing human insulin receptor (CHO™® cells) on wheat germ ag-
glutinin agarose (Vector Laboratories) as previously described (56). Approxi-
mately 5 mg of wheat germ agglutinin-purified insulin receptor was activated by
autophosphorylation during a 20-min incubation with 100 nM insulin, 50 mM
[v-**PJATP (67,000 cpm/pmol; NEN), and 5 mM MnCl, (65). IRS-1 (1 mg; 8
pmol) was added to the active kinase mixture, which was then incubated at 4°C
overnight. Proteins in the reaction mixture, predominantly 3P-IRS-1, were re-
duced at 55°C for 5 h with 100 mM dithiothreitol in 50 mM Tris-HCI buffer (pH
7.4) containing 250 mM NaCl and 6 M guanidinium chloride and then carboxy-
methylated with iodoacetamide (56). The methylated and reduced 3?P-IRS-1 was
washed several times in a Centricon-30 microconcentrator (Amicon) with 10 mM
Tris-HCI (pH 7.4) containing 50 mM NaCl to remove contaminating [y->>P]JATP.
32p_IRS-1 was resuspended in 10 mM Tris-HCI (pH 8.0) containing 150 mM
NaCl and 0.05% Tween 20 to a concentration of 2 X 10° to 5 X 10° cpm/ml for
use as a probe. The 3*P-IRS-1 in this reaction was immunoprecipitated com-
pletely with antiphosphotyrosine antibody, indicating that each labeled molecule
contains phosphotyrosine.

Expression screening with recombinant 3*P-IRS-1. To identify IRS-1-binding
proteins, an oligo(dT)-primed F442a adipocyte cDNA library prepared in Uni-
Zap XR (gift from B. Spiegelman, Dana-Farber Cancer Institute) was screened
with 32P-IRS-1. Twenty 15-cm-diameter plates representing 500,000 plaques
were overlaid with nitrocellulose filters (HATF; Millipore) that were impreg-
nated with 10 mM isopropyl-B-p-thiogalactopyranoside (IPTG) (Bethesda Re-
search Laboratories) and incubated for 10 h at 37°C. The filters were removed,
briefly washed at room temperature with TNT buffer (10 mM Tris-HCI [pH 8.0],
150 mM NadCl, 0.05% Tween 20), and then incubated in TNT buffer containing
5% Carnation instant dry milk for 6 h. The filters were incubated overnight at
4°C with 3?P-IRS-1 (50 p.g/ml) and then washed three times at room temperature
with 10 mM Tris-HCI (pH 8.0) containing 150 mM NaCl and 0.01% Tween 20.
The dry filters were exposed to Kodak X-AR-5 film with an intensifying screen
at —70°C for 24 h. Thirty primary positive plaques were selected, and 15 re-
mained positive during two rounds of screening with 3?P-IRS-1. The ¢cDNA
inserts in pBluescript were prepared by in vivo excision according to the instruc-
tions of the manufacturer (Stratagene).

RNA isolation and Northern blotting. Mouse tissues were collected from
embryonic days 13 and 17 and postnatal days 4 and 30 under RNase-free con-
ditions, placed immediately on dry ice, and stored at —70°C. Total RNA was
isolated by using an Ultraspect RNA isolation kit according to the instructions of
the manufacturer (Biotex). RNA was separated by agarose gel electrophoresis,
and uniform loading and RNA integrity were verified by ethidium bromide
staining before transfer to a Nytran membrane. Northern (RNA) blots of p55F'¥,
p85a, and p85B were obtained by using the total RNA filters prepared in our
laboratory and a commercial poly(A)* RNA blot filter from 4-week-old mice
(Clontech, Palo Alto, Calif.). The filters were hybridized for 16 h at 65°C by using
the Rapid-Hyb System (Amersham) in a rotating oven and washed twice at 22°C
and twice at 65°C with 1X SSC (0.15 M NaCl plus 0.015 M sodium citrate)
containing 0.1% sodium dodecyl sulfate (SDS). Each probe contains the full-
length coding region, which did not cross-react under our hybridization condi-
tions.

Preparation of antibodies. The anti-p5 antibody (ap55NT) was prepared by
immunizing rabbits with a 15-amino-acid synthetic peptide based on the unique
NH, terminus (MPYSTELIFYIEMPD) of p55F'%. The peptide was coupled to
keyhole limpet hemocyanin as previously described (58). The ap55°FT antibody
was raised in rabbits against a 17-amino-acid peptide coupled to keyhole limpet
hemocyanin containing the last 9 amino acids of p557'% and the FLAG tag
sequence (HAQMPTLCR/DYKDDDDK). ap85°AN, an antibody that recog-
nizes p85a, p85P, and p55F'K, was produced by immunizing rabbits with a
glutathione S-transferase (GST) fusion protein containing the NH,-terminal
SH2 domain of p85a (4). The polyclonal aIRS-1 antibody was raised in rabbits
against rat IRS-1 produced in SF9 cells (40), and ap110 was obtained from Santa
Cruz Biotechnology.

Immunoprecipitation. Cells were broken in 1 ml of ice-cold lysis buffer con-
taining 20 mM Tris (pH 7.5), 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 1%
Nonidet P-40, 10% glycerol, 10 mg of aprotinin per ml, 10 mg of leupeptin per
ml, 2 mM sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride. For
tissues, the procedure was exactly the same, except that the lysis was performed
in a Teflon-glass homogenizer. Insoluble material was removed by centrifuga-
tion, and supernatants were incubated with antibody at 4°C for 1 to 2 h. The
immunocomplexes were collected with protein A-Sepharose 6 MB (Pharmacia)
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for 1 h at 4°C. Immunoprecipitations with protein A-coupled antibodies were
performed for 2 h at 4°C. Immunoprecipitates were washed three times in lysis
buffer before separation by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE).

For Western blotting (immunoblotting), proteins were transferred to nitrocel-
lulose membranes, blocked, and probed as described previously (37). Blots were
incubated with Renaissance chemiluminescent reagents (NEN) and exposed to
Kodak X-AR film. In some cases, blots were incubated with '*I-protein A and
visualized by use of autoradiography (Kodak X-AR-5 film) or a Phosphorimager
(Molecular Dynamics).

Expression in Sf9 cells of p55°'%, p85, p110, IRS-1, and IRB. Recombinant
baculovirus containing the cDNA for the catalytic domain (B-subunit) of the
insulin receptor (IRB) or bovine p110a was obtained from previous members of
O. Rosen’s laboratory (18) and M. Waterfield (62), respectively. Recombinant
viruses containing the cDNAs of rat IRS-1 and murine p55°'% or p85« were
prepared in pBluebac or pBluebacHis, respectively (Clontech). The cDNA en-
coding p55°™ (nucleotides 1370 to 2754) was subcloned into the pBluebacHis
vector by using BamHI linkers containing the FLAG tag (DYKDDDDK) at the
3’ end. Similarly, nucleotides 545 to 2748 of mouse p85a cDNA were inserted
into vector pBluebacHis. The preparation of IRS-1-containing baculovirus was
previously reported (39). To establish the recombinant viruses, Sf9 cells were
plated on 60-mm-diameter plates and transfected with each transfer plasmid in
cationic liposomes (Invitrogen, San Diego, Calif.). The virus titers were deter-
mined, and the multiplicity of infection of each virus was adjusted in order to
obtain equal expression levels in Sf9 cells. Infections were routinely conducted
for 48 h. Cell lysates from each infection were immunoblotted with specific
antibodies to verify uniform protein expression.

Expression of p557™ in CHO cells. The coding region of p557™® (nucleotides
1370 to 2754) including the FLAG tag was subcloned from pBluebac and in-
serted into the CAGG expression vector under the control of a -actin promoter
(43). Parental CHO cells and CHO'R cells were routinely grown in Ham’s F12
medium containing 10% fetal bovine serum (56). Subconfluent monolayers were
cotransfected with a calcium phosphate precipitate containing 20 g of CAGG-
p55FHAG and 1 pg of pEBVHIS, which contains a hygromycin resistance gene
(Invitrogen), as previously described (56). Transfected cells were selected in
Ham’s F12 medium containing 300 pg of hygromycin B per ml. Clones of
CHO™/p557™ cells expressing p55°™ (including the COOH-FLAG tag) were
selected by immunoprecipitation and immunoblotting with ap55°FT. The cells
were labeled in 10 ml of 32P; (0.4 mCi/ml) (NEN) for 2 h at 37°C (57). The cells
were triggered for 1 min with 100 nM insulin and then solubilized and incubated
with ap55CFT for 2 h at 4°C as previously described (66). >*P-p55F™% was immu-
noprecipitated from the CHO/p55"™¥ cells without or with the human insulin
receptor grown in 10-cm-diameter dishes (Nunc) as previously described (56).

Identification of the tyrosine phosphorylation sites in p55°™%, A mixture of
glycoproteins (2 to 5 mg) containing the insulin receptor was purified from
CHO'R cells on immobilized wheat germ agglutinin (Vector). The insulin recep-
tor was activated by incubation for 15 min at 22°C in 50 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.4) containing 5 mM
MnCl, and 100 uM ATP in the presence of 100 nM insulin. p557™% was immu-
noprecipitated from CHO™/p55P1K cells with ap55“FT and incubated with the
activated insulin receptor in 50 mM Tris-HCI (pH 7.8) containing 0.5 M NaCl, 5
mM MnCl,, 100 uM ATP, and 1 mCi of [y-32P]ATP (3,000 Ci/mmol) for 2 h.
Reduced and carboxymethylated 3*P-labeled p55"'% was separated by SDS-10%
PAGE and transferred to polyvinylidene difluoride (PVDF) at 4°C at 100 V for
1 h (56). The 3*P-p55°™ was localized by brief autoradiography, excised, incu-
bated with 0.5% polyvinylpyrrolidone 40 in 0.1 M acetic acid at 37°C for 1 h, and
then washed 10 times with water. The p55°"% was digested on the PVDF with 20
wng of modified sequencing-grade trypsin (Promega) in 50 mM (NH,)HCO;
containing 5% acetonitrile for 15 h at 37°C and then incubated for 10 h with 10
wg of additional trypsin. The digest was acidified with 10 pl of 10% trifluoro-
acetic acid, dried overnight in vacuo, and resolved in an SDS-Tricine gel as
previously described (14, 56). After electrophoresis, phosphopeptides were lo-
cated by autoradiography, excised, dialyzed overnight against water, and eluted
with 50% acetonitrile containing 0.05% trifluoroacetic acid. The supernatant was
divided into three aliquots and dried in vacuo. One of the aliquots was stored at
—20°C, and the other two were subjected to a secondary digestion with 10 pg of
endoproteinase Glu-C (Staphylococcus aureus V8 protease) in 25 ul of
(NH,),CO; (pH 7.8) for 15 h at 22°C or with 10 ug of endoproteinase Asp-N
(Boehringer Mannheim) in 25 pl of phosphate buffer (pH 8) for 15 h at 37°C,
respectively. Peptides from the three protease digests were covalently coupled to
a Sequelon AA disk (Millipore). The phosphorylation site in the phosphopeptide
was deduced by manual Edman degradation as previously described (55), except
that the coupling and cleavage temperature was 55°C. The radioactivity in the
disk was measured just before Edman degradation was started, and then the
radioactivity in the disk and in the eluate after each cycle was measured.

PI-3 kinase activity. Cells were starved in high-glucose Dulbecco modified
Eagle medium for 2 h and then incubated with insulin (0 to 100 nM) or IL-4 (0
to 100 ng/ml) for 10 min. The cells were lysed in 1 ml of 20 mM Tris-HCI (pH
7.5) containing 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 2 mM Na;VO,, 1%
Nonidet P-40 (Sigma), and 10% glycerol; insoluble material was removed by
centrifugation at 13,000 X g for 10 min, and the supernatant was incubated with
various antibodies for 4 h at 4°C. Immune complexes were precipitated from the
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supernatant with protein A-Sepharose (Pharmacia), washed, and assayed as
previously described (40).

RESULTS

Expression cloning of p55°'%. An F442a adipose-cell cDNA
expression library was screened with *?P-IRS-1. Fifteen posi-
tive clones were isolated, including one novel clone (52.1.1)
which contained a unique 2.7-kbp insert. By using this cDNA
as a probe, two additional overlapping clones were isolated:
one from the same library and one from a 13-day mouse
embryo cDNA library (Fig. 1A). The full-length cDNA (5,742
bp) contained an open reading frame of 1,365 nucleotides
beginning at a Kozak (30) consensus sequence (GGAGTA
TGG); another in-frame ATG resides 21 nucleotides before
the Kozak site (Fig. 1B). The coding region was flanked by a 5’
untranslated region of 1,392 bp and a 3’ untranslated region of
2,988 bp containing a poly(A)™ tail (Fig. 1B). Approximately
1,260 nucleotides in the open reading frame (1473 to 2733) are
65 and 70% identical to those of p85B and p85a, respectively;
the extreme 5’ coding region and the untranslated regions
were unrelated to p85.

The conceptual translation reveals a 55-kDa protein (455 to
462 residues, depending on the start site) that contains two
SH2 domains (Fig. 2). The NH,-terminal SH2 (nSH2) and
COOH-terminal SH2 domains are 89 and 81% identical to
p85a, respectively, and 83 and 74% identical to p85@, respec-
tively (21, 28). The region between the SH2 domains is also
similar to p85, including 35 amino acids that correspond to the
minimal p110 binding site in p85a (11). On the basis of these
characteristics, we designated this protein p55°'%.

The SH3 domain and ber homology region found in p85 are
replaced in p557™ by a unique 30-residue NH, terminus fol-
lowed by a conserved proline-rich motif (24). This region con-
tains a putative tyrosine phosphorylation site in a YXXM mo-
tif, which if phosphorylated may bind to the SH2 domains.
Thus, p55F™ is expected to bind p110 and play a novel regu-
latory role during stimulation of cells with insulin or IGF-1 and
other growth factors or cytokines.

Expression of p55°™ mRNA in mouse tissues. Northern
analysis of poly(A)" RNA with a p557™® ¢cDNA probe revealed
a single mRNA species of 5.7 kb in various mouse tissues (Fig.
3A). The mRNA was distinct from those of p85a and p85p,
which migrated slightly above and below this band, respectively
(data not shown). Moreover, oligonucleotide probes based on
5" and 3’ untranslated regions of p557™® revealed the same
5.7-kb molecule, suggesting that the full-length cDNA corre-
sponds to this message (data not shown). Northern analysis of
total RNA in various tissues of the adult mouse demonstrated
that the level of p557"™ mRNA expression was highest in the
brain and testes; however, it was also detected in adipose,
kidney, heart, and lung tissues and skeletal muscle but barely
detected in the liver and spleen (Fig. 3B).

The levels of p85a, p85B, and p557™ mRNA in various
mouse tissues were measured during fetal and postnatal devel-
opment. The p557™ was expressed mainly in the brains of 13-
and 17-day embryos; however, it was also detected in the legs
and viscera. The mRNAs for both p85a and p858 were also
detected in these tissues (Fig. 3C). Four days after birth, the
levels of p55F™ in brain and kidney tissues, were most abun-
dant, and the levels in heart and lung tissues were significant.
By comparison, p85a and p85B were most abundant in the
brain and present in all other tissues examined (Fig. 3C).
Twenty-six days later, p55°™ mRNA was most abundant in the
brain and testes; p85a and p85B were also relatively abundant
in the brain. All three messages remained detectable in heart,
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adipose, kidney, lung, and muscle tissues; however, the level of
p85a in the testes was very low (Fig. 3C).

Association of p55*™ with p110 in mouse tissues. To exam-
ine the biochemical and functional properties of p55F™, poly-
clonal antibodies specific for p55*™ (ap55™T) were prepared.
To compare the levels of expression of p5S57™ in various mouse
tissues, ap55™T was used in conjunction with antibodies
against a common region in p85a, p85p, and p55°*¥ (ap85FAN)
or the catalytic subunit of PI-3 kinase (ap110). Immunopre-
cipitation and immunoblotting with ap85°4N revealed several
proteins in tissue extracts from mouse livers, testes, brains, and
adipose tissue, including four prominent bands of 85, 80, 55,
and 45 kDa (Fig. 4). The 85-kDa protein was also immuno-
precipitated with apl10, indicating that it was p85; however,
the 80-kDa protein was not immunoprecipitated with ap110,
and its identity remains unknown (Fig. 4). The 55-kDa protein
was immunoprecipitated with both ap110 and ap55™7, sug-
gesting that it was p55°™ (Fig. 4). Consistent with the North-
ern blots, p557™ was most abundant in the brain and testes,
detectable in adipose tissue, and nearly absent from the liver.
The 45-kDa protein was precipitated from all four tissues with
ap85¥2N and ap110 but not ap55™" (Fig. 4). This protein may
be an NH,-terminally truncated p55°™ which no longer con-
tains the epitope recognized by ap55™'T, an alternately spliced
form of p85, or a unique protein related to p85.

Function of p55°™ in transfected CHO cells. CHO cells do
not contain significant amounts of p55F'%, as assessed by im-
munoblotting with ap55™T and ap8574™ (data not shown).
Thus, transfected CHO cells were used to investigate the re-
lationship between p55F™, the insulin receptor, and endoge-
nous IRS-1. CHO cells or CHO™ cells were transfected with
p55F™ which contained a FLAG tag at the COOH terminus.
CHO™/p557™ cells were stimulated with insulin, and extracts
were immunoprecipitated with ap55“FT and immunoblotted
with aPY. Before insulin stimulation, p55°™ was tyrosine
phosphorylated, and this phosphorylation was stimulated sig-
nificantly by insulin (Fig. SA). IRB and IRS-1 were also de-
tected in the ap55°*" immunoprecipitate from the insulin-
stimulated cells (Fig. 5A). Moreover, p557% was also
immunoprecipitated from insulin-stimulated CHO™/p557™%
cells with antibodies against IRS-1 (Fig. 5B). Thus, p55°'¥, as
shown previously for p85, associated with IRS-1 during insulin
stimulation; however, unlike p835, p55°™™ was also tyrosine
phosphorylated. The presence of the insulin receptor in the
p55°™ immunoprecipitates likely represents the association
between IRS-1 and the receptor, as previously shown (5).

The regulation of PI-3 kinase activity associated with p557™
in CHO cells transfected with the insulin receptor, pS5™'¥, or
both was studied (Fig. 5C). Before expression of p55F™, insu-
lin had no effect on PI-3 kinase activity in ap55“"" immuno-
precipitates from CHO or CHO™ cells, which is consistent
with the absence of p55°™ in these cells (Fig. 5C). However,
following transfection of CHO and CHO™ cells with p557'%,
the basal activity of PI-3 kinase in ap55“FT immunoprecipi-
tates was significantly increased (Fig. 5C). Insulin stimulated
the PI-3 kinase activity in both cell lines, but the response to
insulin was most sensitive in the CHO™/p55°™ cells (Fig. 5C).
Thus, PI-3 kinase associates with p557'% in CHO cells, and
insulin stimulated its activity.

Tyrosine phosphorylation of p5S5'¥ by the insulin receptor.
The site of insulin-stimulated tyrosine phosphorylation in
p55F™ was identified by manual Edman degradation of various
proteolytic fragments from [**P]phosphorylate-labeled p55°™
(14). For sequence analysis, p55™™ was immunoprecipitated
from CHO/p55"™ cells and phosphorylated in vitro with the
purified insulin receptor and [**P]ATP (Fig. 6A). After trypsin
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GAGTGGTACTGGGGAGATATTTCCAGGGRAGAGGTAAATGACAAATTGCGGGACATGCCA 1620
E W Y WG DI S REZEV NDI KTULTZRUDMP 83
GATGGTACCTTCTTAGTTCGTGATGCCTCAACGRARRATGCAGGGGGATTATACATTGACT 1680
D 6 T F L VRDA ASTI KMG@Q@GTDUYTTUIL T 103
TTGAGGAAGGGAGGARATAATAARATTARTARAGATCTATCATCGGGATGGTARATATGGC 1740
L R K G G NUNIKUL I K I Y HRDGIK K Y G 123
TTCTCTGAGCCCCTGACGTTTACTTCTGTGGTGGAGCTTATTAACCACTACCACCACGAG 1800
F § E P L T F T $§ V V E L I NH Y HH E 143
TCTCTCGCTCAGTACAATCCCAAACTCGACGTGAAGCTGACGTACCCAGTATCCAGATTC 1860
S L A Q YNUP K LDV KL T Y P V S R F 163
CAACAGGATCAGTTGGTARARGAAGATAACATTGATGCAGTAGGTAARRAATCTGCAGGAG 1920
Q Q D Q L V KEDNTIDA AV G KNULQ E 183
TTCCACTCTCAGTATCAGGAGARAGAGCARAGAGTATGACAGGCTGTATGAAGAGTACACA 1980
F H S Q Y Q E K S KEYDURTIULVYEE Y T 203
AGGACATCACAGGARATACAAATGARGAGGACTGCCATTGAAGCCTTTAATGARACAATT 2040
R T S Q E I Q M KR TATIZEU B ATFUNTET I 223
AARATATTTGAGGAGCAGTGTCATACCCARGARCARCACAGTAAAGACTATATCGAGCGC 2100
K I FEE Q CHT Q E Q H S KD Y I E R 243
TTTCGCAGAGAGGGGAATGAGARGGAGATCGAGCGARTTATGATGARTTATGATAAATTG 2160
F R R EGNZEIKETIZERTIMMNYUDIK K L 263
AAATCACGTCTTGGTGAGATTCATGATAGCAAACTGCGTCTTGAGCAGGACTTGAAGARR 2220
K S R L GEIHDSKLURTULEQ DL K K 283
CAAGCTTTGGACARCCGGGARATAGATARARRARTGARTAGCATCARACCCGACTTGATC 2280
Q AL DNRETIUDI KU KMNSTIU KU®PDTIL I 303
CAGCTGCGTAAGATCCGGGATCAGCACCTTGTATGGCTCAATCACAGAGGAGTGAGGCAG 2340
Q L R K I RDQH L V WUILNU HZ RTGV VR Q 323
AGGCGCCTGAATGCCTGGCTGGGGATCAAGRATGAGGACTCAGATGARAGCTATTTTATC 2400
R R L NA W UL G I KNZEUD S DZE S Y F I 343
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2401 AATGAGGAAGATGAGAACCTGCCGCATTATGATGAGAARACCTGGTTTGTGGAGGATATC 2460
N EE DENULPH Y DEIZXKTWTPFV ED I 363
2461 ABRCCGAGTACAAGCAGAGGACTTGCTTTATGGGARACCAGATGGTGCATTCTTAATTCGT 2520
N RV Q A E D L L Y G K P D G A VF L I R 38
2521 GAGAGTAGCRAGAAAGGATGTTACGCTTGTTCTGTGGTTGCAGACGGGGAAGTGAAGCAC 2580
E S S K K G C Y A C S V V A DG E V K H 403
2581 TGTGTCATCTACAGCACGGCTCGAGGATATGGCTTTGCAGRACCCTACARCCTGTACAGC 2640
¢ v IY S TARGYGF AEUPVYNIULY S 423
2641 TCACTGAAGGAGCTGGTGCTCCATTACCAGCAGACATCCCTGGTTCAGCACARCGACTCC 2700
S L K E L V L HY Q Q T S L V Q HN D S 443
2701 CTCARCGTCAGGCTCGCCTACCCTGTCCATGCACAGATGCCTACGCTCTGCAGATARGCA 2760
L NV R LAY PV HAQMZPTULC R * 461
2761 GRGTGGRAAGAGACACACTCTCTAGCCGTTTTTTTCCTATGGTTTTTATTAGACTACGATG 2820
2821 AGGGCATTCTTTCAACGTAGACTGCTTGTTTGCACARGTGATTCTGTGAATGTGAAATGG 2880
2881 AGAGGCCAAGCAGTAGCTTGGATTTAGARATGAGGGGCCCAGGGTCTCTGGCCTCGGCTG 2940
2941 TGCTGCTGCACTGATGGACTAAGCTGGARAGCAGATATTGGTTTCATGGGGTTTGGGTTTG 3000
3001 TTGTCAGGCACCTTTARAAGARCAGCTARGGCTTGTTGTGGGTTGGGGTGGGGGTTTTAT — 3060
3061 TTGGRAGTTTCTGAAGAGTCCACATCCCTTTGTCCTCAARCCCTARGARTGCAGCAGGTCA 3120
3121 CAGTTCTGCTGGGAGTTGTTTTGATTTGATAGTCTCTTCCCCTTTCCCCCARATARAGAG 3180
3181 CCGATTTTGGCTCTGTGGTAAAGTGGGATTTGGTTTGGAGGGARAAACAACCARAGGARA 3240
3241 ATAGGGAGGTATGGGATTACATTTTCAGAATCTARACCAAGGAGGCAARAGACCCCTTCA 3300
3301 GTTGATGTTACTTCAATTTTATCAACATAATCTAGGCTTCAGCATCTTCACCARCTCCTC 3360
3361 CCTCTARAGCACTGTGTTCARARACCAACARAGCAGCATCGCCNAGACCAAGGTCTARGG 3420
3421 GGAGGACAGTAGTAGCTGAATGTACACTTCTGTACCAARACTTGAAAGACTAGAARTGTG 3480
3481 AGTTTCAACAAACACTARARATTGGTCAGTGTATTTCCTTTTGCCCTGGCCTTGTTTCTCA 3540
3541 GATGAGGAATAGAATTATTTTGTGGARAATAGTAAGCTTTGAGTCATAATGAAGTTGGTGC 3600
3601 TTGTGTGGTGTTTCTTTARAGAAATGTTTGARACCCTTGTAAGTTGTTTTATGAGTARAG 3660
3661 ABACAGTGCAATCCAGTGCTTTTAGATGGCTTGATATACCAARATAATGATAGAGAACARC 3720
3721 ATTGTTGTGTGCTTCCTCAAGTTTARAAGCCTTGCCARARCTATACAAGGATTAATTTGC 3780
3781 CTTCATCTCCCCTTCCTTTTTTGGATAGGGTTTAGGGAGCCATAGGTAGCTARAGGAGGA 3840
3841 CTCGAGTTTGTGGTCAGAGACCTCAGTARATCACAGGCACATGAGGCCTGGTATCCATGG 3900
3901 TGAAGGGTCCATCACATGACATGTTATTCAATACTGTGGTTGAAGCGTTTGCCAGAAGAG 3960
3961 GGGATGACGTGGAGTTCAGACTATCTGGGGAAATAATCCACAGGCTTTCCTGCTTGCCCT 4020
4021 TTTTGTGAGCCTGCTGTTARGGCAGTGCACACAGCCTGCTCTCATGCTTCCGTGGCTGTG 4080
4081 GTTTAAGCCTTCAGCTAAGTGAAGTTAGATAGAGGAGAGGGCAGCCATCTATTTATGGAT 4140
4141 TCACACTCATTTAAGAGTTCAGCTGCTTCAGAGTCAGTTCTGGAGCCATRACAGGCTCAG 4200
4201 TATGACTCAGCTGCTTGAGCCCAGTAATGTGCAGTCAGGCAGTTTAGACAARGCAGCCTGT 4260
4261 GCCTGGGTCATCAGGCTTACRATCAGGGAAGATGARGTTTGGGGGCCARRAATARAGATGA 4320
4321 ATATGACTTTCCCTGAGCACTTCCTTTGGTGACAGTGTCTAGAAGAAACCACAGTATAGA 4380
4381 GATAGGTCAAAAGTTTTGAATAATTGTCACAGTTGATAGGGCATGCCATTGATGGCTTTT 4440
4441 TCTTGTTCATGCTCCAGTGTGARAGAGAGGAGATTGACCACCCTCAGCCACTCTGTAAGG 4500
4501 CCTTTTTCARAATTGCCAGCTTAAAATCTTGCTCAGTTTACCAAGTAATGCCAGGCTATT 4560
4561 TGTTGATTGGAATACCTGTGACTTTGTACTGATGTTGAACTTGCTGAAGCAGTTATATGC 4620
4621 TCRAGATTAGGTGTGAGGRAATCCCTCTGATCCAGCACTARAATTTTAGTATGTCCTGRAC 4680
4681 GCCTTTTTAAAGAAATCTCTTCCAAGTAAGTCARAATGATARRATATACAGCTTTAGTGT 4740
4741 TGAATAATGTCTTTACCTTGTAGGCAGACATGGRAGATATGCAGGAGARARGCAGCATCTA 4800
4801 CACCTGGGCTGGACAATGGAGARAGACAGGTTTTCAGTICCTATATTCTTTCCCTTTGAGT 4860
4861 AACCACTTTGTGGGAGCTGAGACCAGGGATCATTTAATAAATCGGAAGCTATCTTTTTAT 4920
4921 TTTTCTGCCAAGTTACTACATGATTTATCTGATCCTGAGCTGTGGARATGGCATGAGGAG 4980
4981 CAGTCTCCTAAGAGTGGCCCTGCTGTCTGAGGGAGTCTGGAAGCAGGTGTTGGTCTTCTT — 5040
5041 CTCRRGGCTAGCTCARAGTTCTGTCTCATGATCTAGGCCCTGGGACTATCTCTTTTGGCA 5100
5101 TCTTAACTGTAGACTCATTGACTAARAGCAGAGGCTAGAGACAGATTAGGACCATAGGGGC 5160
5161 AGGCAGATCAGCCAGTCCCCAGATCAGCCAGTCCCCRACAGGARAGCAGCTTTGGGTTGG 5220
5221 CTAGATACAGTTTTTAARATARARACARAACARAACARAGCTGTTTCCACCTGGCATAGT 5280
5281 TCAGCTTAGGTAGGTTIGTTTATGTTCTTGTCACTGCTCCAGCAARTAGATGARGACATCCT 5340
5341 ACAGCTCCACACTACTAAGACACAAGCTCTCTACATTTACTTCAGACTCAAGCCCGAGTG 5400
5401 GCATCTTCCTTGTGTCCCTTCTCTGCARGGTACCAGCTTCACCCATTCTCCAGRACTTTA 5460
5461 AAGAAAARATGTACTTGRACAATTTCTGATTTCTAGGATGATCTCTACTGCCAGTTAGAT 5520
5521 CTTCTTGAGGITTCCATGACATCATACACCAGAGGTCCATTCTTGGTCCTTTGCTGCCAA 5580
5581 CTGCTCATTCTTGACTTAGCTCTAGCCATTTGTGACAACCACCCTTGTTTCCTTACARAT — 5640
5641 CCTCGCATGTAACTTTGGTACTTTGTTGTTTCTTGTGARGAATCTATTCTGTTGTCTTTG 5700
5701

ATGTAATARAAAAATTTCATGTAAAARRAAAARCTCGTGCCG 5742

FIG. 1. ¢cDNA sequence of p557'%. (A) Clone 52.1.1, containing p55°"™® cDNA, was obtained by expression screening with 3?P-IRS-1. Clones 2.1 and 2.2
were obtained by hybridization screening with 32P-labeled clone 52.1.1 cDNA probe. The relative position of the open reading frame is shown between the start
and stop codons, and a putative intron is highlighted (shaded box). (B) cDNA and deduced amino acid sequences of p557'¥. Nucleotides and amino acids are num-
bered on the sides of the figure. The putative Kozak start site (underlined boldface), the putative 7-amino-acid NH,-terminal extension (lowercase), and the stop
codon () are indicated. The calculated molecular weight of p55F'® beginning at the Kozak site is 53,600; with the 7-amino-acid extension, the calculated weight is

54,481.

digestion, a single phosphopeptide was resolved by Tricine-
SDS-PAGE (Fig. 6C). This tryptic peptide was analyzed by
Edman degradation or further digested with endoproteinase
Glu-C (V8 protease) or endoproteinase Asp-N before Edman

degradation. Radioactive phosphate was released from the
original tryptic peptide at cycle 8, whereas radioactivity was
released from the endoproteinase Glu-C and Asp-N fragments
at cycles 2 and 4, respectively (Fig. 6D). This pattern of **P-Tyr
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FIG. 2. Alignment of amino acid sequences of pS5F'%, p85a, and p85B. The amino acid residues for each peptide, with the addition of gaps (=) to optimize the
alignment, are numbered to the right of each sequence. Similar residues are boxed, and the identities are shown below. Recognized domains are shaded, including the
SH3 domains, the bcr homology region, the nSH2 domain, the p110 binding site, and the COOH-terminal SH2 domains (cSH2); the proline-rich motif is indicated.
Putative tyrosine phosphorylation sites in pS5°'™® (Y-341 and Y-29) are in black boxes.
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FIG. 3. Expression of p55°™¥ in tissues. (A) Poly(A)* mRNAs from various mouse tissues were hybridized with a 3?P-cDNA probe encoding nucleotides 790 to 5742
of pS5P1¥ as described in Materials and Methods. Skel. Mus., skeletal muscle. (B) Total RNA (20 pg) isolated from a variety of tissues from 4-week-old male mice was

mRNA levels in each tissue. Detection and quantification were done with a Phosphorimager and

Imagequant (Molecular Dynamics). (C) By using total RNA isolated from the indicated embryonic (E13 and E17, embryonic days 13 and 17, respectively) and postnatal
(P4 and P30, postnatal days 4 and 30, respectively) stages of mouse development, three identical filters containing 20 pug of RNA per lane were prepared. Equal loading
and transfer were checked by ethidium bromide staining. The filters were hybridized with p557™, p85a, or p858 cDNA probes as described in Materials and Methods.
The radioactivity was detected with a Phosphorimager. The position of the 28S rRNA (4.7 kb) is indicated on each blot.

release unambiguously identified Tyr-341 in p557™ as a major
in vitro phosphorylation site. Phosphorylation of Tyr-29 in the
YXXM motif was not detected.

To verify phosphorylation of Tyr-341 in vivo, p55°™ was
immunoprecipitated from *2P-labeled CHO"™/p55°™% cells.
Before insulin stimulation, p557™ was heavily serine phos-
phorylated, and the increased phosphorylation due to insulin
was revealed as a slightly reduced rate of migration during
SDS-PAGE (Fig. 6B). Multiple tryptic phosphopeptides were
obtained from p55°'¥ labeled in vivo before and after insulin
stimulation. The major insulin-stimulated peptide comigrated
with the single Tyr-341-containing peptide obtained during in
vitro labeling (Fig. 6C); phosphoamino acid analysis revealed
only phosphotyrosine (data not shown). Thus, Tyr-341, located
in a YFIN motif, is a major phosphorylation site in p557™®
during insulin stimulation of CHO™/p55F™ cells.

Selectivity of the NH,-terminal SH2 domain in p55°'¥, Pre-
vious work showed that both SH2 domains in p85 preferen-
tially bind to several phosphotyrosine residues in IRS-1 (Tyr-
460, Tyr-608, Tyr-987, and Tyr-939) which are located within
YMXM motifs (56). To compare the selectivity of p55¥'%, the
binding activities of GST fusion proteins containing the nSH2
domains of p557™ and p85@ were compared. Tryptic phos-

phopeptides from **P-IRS-1 were incubated with 1 or 10 ug of
the GST-nSH2 fusion proteins (57). At the lowest concentra-
tion of fusion protein, a tryptic peptide containing the phos-
phorylated Y-939MNM motif preferentially bound to both
fusion proteins (Fig. 7). At the higher concentration, phos-
phopeptides containing Y-60SMPM and Y-987MTM also
bound to both nSH2 domains; a fourth peptide containing the
Y-460ICM motif bound only to the nSH2 domain of p557™
(Fig. 7). These results suggest that the nSH2 domains of p55°™
have similar but perhaps not identical selectivities for binding
to the nSH2 domains of p85B and, as determined by previous
studies, to p85a; the COOH-terminal SH2 domain of p55°™%
was not studied, as it is expected to be identical to that of the
p85 isoforms (56).

Regulation of PI-3 kinase by association with IRS-1. The
regulation of PI-3 kinase by tyrosine phosphorylation of p557™
or its association with IRS-1 was investigated with Sf9 cells. To
establish that p55°™ was tyrosine phosphorylated by IRB in
Sf9 cells, either p557™ (including the COOH-terminal FLAG
tag) or p85a was coinfected with IR by using the appropriate
recombinant baculovirus (1). Sf9™® cell Iysates immunopre-
cipitated with ap8574™ and immunoblotted with this antibody
showed that the two proteins were expressed at approximately
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FIG. 4. Identification of p55'¥ in mouse tissues. Clarified lysates from various mouse tissues were immunoprecipitated with ap85°AN, ap110, apS5NT, or
nonimmune serum (Cntr) as indicated below the immunoblot. The immune complexes were collected with protein A-Sepharose, reduced, separated in an SDS-10%

polyacrylamide gel, transferred to nitrocellulose, and immunoblotted with the ap8.
left.

equal levels after viral infection (Fig. 8A). Moreover, immu-
noblotting with aPY revealed that p557™%, but not p85a, was
tyrosine phosphorylated (Fig. 8B). In these experiments, the
insulin receptor was not coimmunoprecipitated with p85 or
p557TK, suggesting that these SH2 proteins do not bind directly
to the B-subunit under these conditions.

To demonstrate that p557™ associated with p110 in this
system, Sf9 cells were coinfected with p110 and p55°'% and
PI-3 kinase activity in ap55“FT and ap110 immunoprecipitates
was measured. Equal levels of PI-3 kinase activity were
strongly immunoprecipitated with ap110 from Sf9 cells ex-
pressing p110 alone or together with p557™ (Fig. 8C). PI-3
kinase activity was also immunoprecipitated with ap55<FT
from the cells coinfected with p557** and p110 (Fig. 8C). Thus,
p55F™ was tyrosine phosphorylated during expression with
IR and associated with p110.

To determine whether tyrosine phosphorylation of p5
stimulated PI-3 kinase, Sf9 cells expressing both p55°™% and
p110 were also infected with IRB, IRS-1, or both. Expression
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antibody. The bands corresponding to p85a and p5. are indicated on the

of IRB had no effect on the PI-3 kinase activity in ap55<F"
immunoprecipitates, suggesting that tyrosine phosphorylation
of p55F™ alone was insufficient to activate the kinase (Fig.
8D). Coinfection of rat IRS-1 without IRB had no effect on
PI-3 kinase activity in ap55°" immunoprecipitates; however,
expression of IRB and IRS-1 together with p55°™ and p110
resulted in a twofold stimulation of PI-3 kinase activity (Fig.
8D). Thus, similar to the case for p85, occupancy of the SH2
domain in p55F™ activated p110 (40, 57), whereas tyrosine
phosphorylation of p557™ did not activate PI-3 kinase.

DISCUSSION

IRS-1 is tyrosine phosphorylated during stimulation of re-
sponsive cells with insulin or IGF-1, IL-4 or IL-9, growth hor-
mone, or IFN-a (41). IRS-1 contains multiple tyrosine phos-
phorylation sites in various amino acid sequence motifs which
bind various SH2 proteins, including p85« and p85@, Grb-2,
nck, SH-PTP2, and c-fyn (4, 35, 39, 41). In the cases of PI-3
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FIG. 5. Phosphorylation of pS57™® CHO cells. (A) CHO'™®/p55F™X cells were incubated without or with 100 nM insulin (Ins) for 5 min as indicated above the lanes,
and cell extracts were immunoprecipitated (IP) with ap55FT and immunoblotted with «PY. (B) Extracts equivalent to those prepared for the previous experiments

were immunoprecipitated with «IRS-1 and immunoblotted with ap55°FT. (C) PI-3 ki
or after expression of p55°™ was measured. Each point is the average of three dete

inase activity in ap55°FT immunoprecipitates from CHO or CHO'® cells before
rminations, and the standard deviations are <10%.
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FIG. 6. Identification of the tyrosine phosphorylation site in pS57'%. (A) In vitro phosphorylation. Parental CHO cells and CHO/p55°™ cells were lysed and
immunoprecipitated with ap55°F". The immunoprecipitates were labeled with [*>P]ATP by insulin-stimulated, wheat germ agglutinin-purified insulin receptor; resolved
by SDS-PAGE,; transferred to a PVDF membrane®'® and detected by autoradiography. (B) In vivo phosphorylation. Control CHO™ cells and CHO'®/p55; cells were
labeled in vivo with 3P; and incubated in the absence or presence of 100 nM insulin (Ins) for 10 min. Proteins in the cell lysates were immunoprecipitated with apS5°FT,
separated by SDS-PAGE, transferred to a PVDF membrane, and detected by autoradiography. (C) Tryptic digest. 3?P-pS5F™® from panels A and B was excised from
the PVDF membrane as indicated (dashed boxes), trypsinized in situ, and separated by Tricine-SDS-PAGE. (D) Edman degradation. The tryptic peptides obtained
from in vitro-labeled p55°™ were analyzed by manual radiosequencing before or after a secondary digestion with V8 protease (endoproteinase Glu-C) or endopro-
teinase Asp-N. The radioactivity released from the disk (bars) and the radioactivity left on the disk following each cycle (solid circles) are shown. Potential tyrosine
phosphorylation sites consistent with each result are indicated (the common site is in boldface).

kinase and SH-PTP2, the association with IRS-1 activates the
enzymes (4, 34). Thus, phosphorylated IRS-1 provides a com-
mon interface between diverse membrane receptors and cyto-
plasmic SH2 proteins which mediate at least partially the pleio-
tropic biological response.

In order to identify novel proteins that bind to phosphory-
lated IRS-1, we modified the CORT technique, which was used
previously to clone SH2 proteins that bind to the activated
epidermal growth factor receptor (36). Several new proteins
that associate with IRS-1 were detected, including p55°™,
which associates with p110 and regulates its PI-3 kinase activ-
ity. p55P™ is a unique protein that is homologous to the
COOH-terminal portion of p85a and p85B. It contains two
similar SH2 domains flanking a region which interacts specif-
ically with the NH, terminus of p110 (11). As expected, the
SH2 domains of p55°™ bind to the same phosphorylated
YMXM motifs in IRS-1 that are selected by p85« and p853
(56). Moreover, during association with phosphorylated IRS-1,
the p55°™-p110 complex is activated. Thus, p55°™ links IRS-1
to p110 in a manner that is similar to that of p85. It is likely that
other growth factors or cytokines that stimulate IRS-1 phos-
phorylation also engage p557™. We also expect certain growth
factor receptors to engage p557™ directly through their auto-
phosphorylation sites or other auxiliary subunits.

The p557™ molecule contains a short NH, terminus which
lacks the interactive and regulatory regions found at the NH,
termini of p85a and p85p, including the SH3 domain, homol-
ogy to the breakpoint cluster region (bcr) gene, and an NH,-
terminal proline-rich motif (11). The proline-rich motif asso-
ciates with SH3 domains in various proteins, and the bcr
homology region may interact with small GTP-binding pro-
teins (24, 46). On the basis of our work with p55°'%, these
elements are not necessary for the regulation of PI-3 kinase
by IRS-1. However, these elements are thought to link PI-3
kinase to other signaling pathways or structural elements (11);
their absence may alter significantly the signaling potential of
p55PIK,

Unlike p85a and p85p, p55F™¥ is tyrosine phosphorylated by
the insulin receptor in CHO and Sf9 cells. A major tyrosine
phosphorylation site in p557™ is located in a DESY-34/FINEE
motif. The p85a and p85B isoforms each contain a tyrosine
residue (Tyr-607 and Tyr-601, respectively) in homologous lo-
cations, but the surrounding amino acid sequence motifs are
different (EDQYSLVED in p85a and EDQYSLMED in
p85B). The p85 isoforms are not readily tyrosine phosphory-
lated by the insulin receptor (57), although overexpression of
the insulin receptor and p85a sometimes results in phosphor-
ylation at multiple sites, including Tyr-607 (17). From our
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FIG. 7. Binding of tryptic phosphopeptides from 3?P-IRS-1 to the nSH2 domains of p85B and p557'%. The nSH2 domains of p55°™ or p85B were expressed as
bacterial GST fusion proteins. Recombinant IRS-1 purified from Sf9 cells was labeled in vitro with purified insulin receptor, digested with trypsin, and incubated with
two concentrations of GST-SH2 fusion proteins. Bound peptides were separated by reversed-phase high-pressure liquid chromatography and identified by radiose-

quencing and comparison with previous results (57).

results with Sf9 cells, the insulin receptor apparently recog-
nizes and phosphorylates p55F™ directly but does not form a
stable complex with it. Tyrosine phosphorylation of p85 has
been variably reported for other systems as well (20, 25, 47).
The serine residue next to the tyrosine in p85 is phosphory-
lated by p110 (12); however, in p55F'¥, the serine precedes
Tyr-341, and Ser-340 does not appear to be phosphorylated.

The function of tyrosine phosphorylation in p55F™ is un-
known. Tyrosine phosphorylation of p557™ does not stimulate
PI-3 kinase activity in Sf9 cells. It is possible that the phos-
phorylated YFIN motif in p557™ provides a regulated binding
site that links the PI-3 kinase to unique SH2 proteins that are
inaccessible to p85 complexes. In this model, the NH,-terminal
interactive sites found in p85 are not required and could dis-
rupt the specific signaling function of p55°™ . Phosphopeptide
libraries have been useful for the identification of phosphoty-
rosine-containing motifs recognized by various SH2 proteins;
however, an SH2 domain specific for the phosphorylated YFIN
motif has not been revealed (52).

The unique NH, terminus of p5 also contains a poten-
tial tyrosine phosphorylation site in a YXXM motif. This res-
idue, Tyr-29, is located near negatively charged amino acids,
making it a likely phosphorylation site; however, we did not
detect its phosphorylation in our experiments. This YXXM
motif is particularly interesting as it has the potential to bind to
the SH2 domains in p55°™. This site could constitute an in-

SPIK

tramolecular regulatory mechanism analogous to that de-
scribed for Src kinases. Intramolecular association between
Tyr-29 and one of the SH2 domains may block activation by
heterologous molecules such as IRS-1. By contrast, Tyr-29 may
provide an intramolecular mechanism for PI-3 kinase activa-
tion. Further studies with mutant molecules will be needed to
evaluate these possibilities.

Several reports describe at least two phosphoproteins of
approximately 60 kDa that undergo insulin-stimulated tyrosine
phosphorylation in various cell types, including rat adipocytes,
3T3-L1 cells, and CHO cells (19, 26, 33, 38, 59, 69). One of
these proteins appears to associate with rasGAP (19). The
other protein, called pp60, associates with PI-3 kinase (33); in
rat adipocytes, this protein was detected at 55 kDa (59). Our
p55F™ displays many characteristics in common with pp60 and
may be the same protein. Like p55°™, pp60 is tyrosine phos-
phorylated in vivo during insulin stimulation and in vitro with
the purified insulin receptor. Moreover, immunoprecipitates of
p85 from insulin-stimulated adipocytes contain tyrosine-phos-
phorylated pp60 and IRS-1 (26, 33). Immunofluorescence re-
veals that p55°™ associates with the plasma membrane of
transfected CHO cells during insulin stimulation (data not
shown), which is consistent with the recovery of pp60 in plasma
membrane fractions of insulin-stimulated adipocytes (26, 33).
A careful comparative study will be required to determine
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FIG. 8. (A) Sf9 cells were infected with a baculovirus containing IRB and p55F'%, p85«, or no insert and incubated for 48 h. Cells lysates were immunoprecipitated
and immunoblotted with ap8574N. (B) Sf9 immunoprecipitates from the experiment whose results are shown in panel A were immunoblotted with «PY. (C) Sf9 cells
were infected with a baculovirus containing p55°™%, p110, or no insert or doubly infected with p55°™ and p110 and incubated for 48 h. Cell lysates were incubated with
ap55CFT or apl10, and the PI-3 kinase activity in the immunoprecipitates (IP) was measured. Ori., origin. (D) Sf9 cells were infected with recombinant baculovirus
containing p55°™ and p110 in combination with a baculovirus expressing IRB, IRS-1, or both. After 48 h, the cells were lysed and the extracts were immunoprecipitated
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Immunoblots (not shown) verified that p55F™%, p110, IRB, and IRS-1 were expressed to the same level in the appropriate Sf9 cells. This experiment was conducted three

times with similar results. Rel. Act., relative activity; Cntr, control.

whether p557 is the cDNA clone for pp60, a related isoform,

or a distinct protein.

PI-3 kinase is implicated in insulin-stimulated glucose trans-
port. Wortmannin and LY294002 inhibit insulin-stimulated
PI-3 kinase and glucose uptake in similar concentration ranges
(7, 16, 50). Interestingly, expression of mutant p85 molecules
that do not bind p110 inhibits insulin-stimulated glucose up-
take in CHO cells (16). Together, these results suggest that
PI-3 kinase is an essential, but not necessarily sufficient, up-
stream regulator of glucose transport. It is possible that p557™%
plays a unique role in this process, especially if phosphoryla-
tion of the YFIN motif during insulin stimulation couples to
regulatory elements controlling the translocation of glucose
transporters. Proteins that associate with the phosphorylation
site in p55°™ might undergo serine phosphorylation by p110.
However, the level of expression of p55F™ is low in adipocyte
tissue and skeletal muscle in comparison with that in brain and
testis tissues, so the coupling mechanism must be very sensi-
tive.

In rat PCI12 cells, PI-3 kinase is necessary for multiple steps
of neurite outgrowth during nerve growth factor-stimulated
differentiation (27). p55°™ may contribute to this process in
vivo, since it is at its highest level early in embryonic develop-
ment. The different NH,-terminal regions of p85« and p853
and p55°™ could contribute to the dramatic changes occurring
in the cell morphology during neuronal differentiation. In this
model, p55™ may function in the neuron cell body at the
beginning of neurite outgrowth, whereas p85a and p85B,
through their SH3 domains, may bind to dynamin to mediate

the transport of PI-3 kinase to distal parts of the growing
neurites (51). IGF-1 plays an important role in the develop-
ment of many regions of the brain, and the IGF-1 receptor is
very abundant in the early developing brain (60). Thus, p55°™
may operate downstream of IGF-1 receptors during central
nervous system development.

In summary, we have identified a new regulatory element for
PI-3 kinase that is tyrosine phosphorylated on a novel motif
during insulin stimulation; this motif could interact with SH2
proteins. Since p557™ lacks the NH,-terminal motifs of p85, it
is expected to regulate PI-3 kinase is a unique fashion. How-
ever, p55°™ binds to phosphorylated IRS-1, so it should be
engaged during stimulation of responsive cells with insulin or
IGF-1, IFN-q, IL-4, IL-9, growth hormone, or any other factor
that stimulates tyrosine phosphorylation of IRS-1. Additional
work should establish a unique role for p5S5°™ in growth and
development.

ACKNOWLEDGMENTS

We thank Bruce Spiegelman for the F442a cDNA library, Jon
Backer for an antibody against p110, Michael Waterfield for the p110
c¢DNA in a baculovirus, previous members of Ora Rosen’s laboratory
for the baculovirus containing IRB, and Junichi Miyazaki for the
CAGG expression vector.

This work was supported by grants DK 38712 and DK 43808 to
M.F.W. and by a grant supporting the Diabetes and Endocrinology
Training Center at the Joslin Diabetes Center (DK 36836). S.P. is a
Fulbright Scholar, and T.A. and X.J.S. are fellows of the Juvenile
Diabetes Foundation. M.G.M., Jr., was partially supported by the



4464

PONS ET AL.

Albert J. Ryan Foundation at Harvard Medical School and an NIH
NRSA training grant (DK 07260) during the course of this work.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

. Ahn, J., D. B. Donner, and O. M. Rosen. 1993. Interaction of the human

insulin receptor tyrosine kinase from the baculovirus expression system with
protein kinase C in a cell-free system. J. Biol. Chem. 268:7571-7576.

. Araki, E., M. A. Lipes, M. E. Patti, J. C. Bruning, B. Haag III, R. S. Johnson,

and C. R. Kahn. 1994. Alternative pathway of insulin signalling in mice with
targeted disruption of the IRS-1 gene. Nature (London) 372:186-190.

. Argetsinger, L. S., G. W. Hsu, M. G. Myers, Jr., N. Billestrup, G. Norstedt,

M. F. White, and C. Carter-Su. Growth hormone, interferon-gamma, and
leukemia inhibitory factor promoted tyrosyl phosphorylation of insulin re-
ceptor substrate-1. J. Biol. Chem., in press.

. Backer, J. M., M. G. Myers, Jr., S. E. Shoelson, D. J. Chin, X. J. Sun, M.

Miralpeix, P. Hu, B. Margolis, E. Y. Skolnik, J. Schlessinger, and M. F.
White. 1992. The phosphatidylinositol 3'-kinase is activated by association
with IRS-1 during insulin stimulation. EMBO J. 11:3469-3479.

. Backer, J. M., M. G. Myers, Jr., X. Sun, D. J. Chin, S. E. Shoelson, M.

Miralpeix, and M. F. White. 1993. Association of IRS-1 with the insulin
receptor and the phosphatidylinositol 3'-kinase. J. Biol. Chem. 268:8204—
8212.

. Carrera, A. C., L. Rodriguez Borlado, C. Martinez Alonso, and 1. Merida.

1994. T cell receptor-associated alpha-phosphatidylinositol 3-kinase be-
comes activated by T cell receptor cross-linking and requires pp56(Ick). J.
Biol. Chem. 269:19435-19440.

. Cheatham, B., C. J. Vlahos, L. Cheatham, L. Wang, J. Blenis, and C. R.

Kahn. 1994. Phosphatidylinositol 3-kinase activation is required for insulin
stimulation of pp70 S6 kinase, DNA synthesis, and glucose transporter trans-
location. Mol. Cell. Biol. 14:4902-4911.

. Chuang, L. M., M. G. Myers, Jr., J. M. Backer, S. E. Shoelson, M. F. White,

M. J. Birnbaum, and C. R. Kahn. 1993. Insulin-stimulated oocyte maturation
requires insulin receptor substrate 1 and interaction with the SH2 domains
of phosphatidylinositol 3-kinase. Mol. Cell. Biol. 13:6653-6660.

. Chuang, L. M., M. G. Myers, Jr., G. A. Seidner, M. J. Birnbaum, M. F.

White, and C. R. Kahn. 1993. Insulin receptor substrate 1 mediates insulin
and insulin-like growth factor I-stimulated maturation of Xenopus oocytes.
Proc. Natl. Acad. Sci. USA 90:5172-5175.

. Chung, J., T. C. Grammer, K. P. Lemon, A. Kazlauskas, and J. Blenis. 1994.

PDGF- and insulin-dependent pp70S6k activation mediated by phosphati-
dylinositol-3-OH kinase. Nature (London) 370:71-75.

Dhand, R., K. Hara, 1. Hiles, B. Bax, 1. Gout, G. Panayotou, M. J. Fry, K.
Yonezawa, M. Kasuga, and M. D. Waterfield. 1994. PI 3-kinase: structural
and functional analysis of intersubunit interactions. EMBO J. 13:511-521.
Dhand, R., I. Hiles, G. Panayotou, S. Roche, M. J. Fry, I. Gout, N. F. Totty,
O. Truong, P. Vicendo, K. Yonezawa, M. Kasuga, S. A. Courtneidge, and
M. D. Waterfield. 1994. PI-3-kinase is a dual specificity enzyme—autoregu-
lation by an intrinsic protein-serine kinase activity. EMBO J. 13:522-533.
Exley, M., L. Varticovski, M. Peter, J. Sancho, and C. Terhorst. 1994.
Association of phosphatidylinositol 3-kinase with a specific sequence of the
T cell receptor £ chain is dependent on T-cell activation. J. Biol. Chem.
269:15140-15146.

Feener, E. P., J. M. Backer, G. L. King, P. A. Wilden, X. J. Sun, C. R. Kahn,
and M. F. White. 1993. Insulin stimulates serine and tyrosine phosphoryla-
tion in the juxtamembrane region of the insulin receptor. J. Biol. Chem.
268:11256-11264.

Gold, M. R., V. Duronio, S. P. Saxena, J. W. Schrader, and R. Aebersold.
1994. Multiple cytokines activate phosphatidylinositol 3-kinase in hemopoi-
etic cells. J. Biol. Chem. 269:5403-5412.

Hara, K., K. Yonezawa, H. Sakaue, A. Ando, K. Kotani, T. Kitamura, Y.
Kitamura, H. Ueda, L. Stephens, T. R. Jackson, P. T. Hawkins, R. Dhand,
A. E. Clark, G. D. Holman, M. D. Waterfield, and M. Kasuga. 1994. 1-Phos-
phatidylinositol 3-kinase activity is required for insulin-stimulated glucose
transport but not for ras activation in CHO cells. Proc. Natl. Acad. Sci. USA
91:7415-7419.

Hayashi, H., Y. Nishioka, S. Kamohara, F. Kanai, K. Ishii, Y. Fukui, F.
Shibasaki, T. Takenawa, H. Kido, N. Katsunuma, and Y. Ebina. 1993. The
a-type 85-kDa subunit of phosphatidylinositol 3-kinase is phosphorylated at
tyrosines 368, 580, and 607 by the insulin receptor. J. Biol. Chem. 268:7107—
7117.

Herrera, R., D. Lebwohl, A. Garcia de Herreros, R. G. Kallen, and O. M.
Rosen. 1988. Synthesis, purification and characterization of the cytoplasmic
domain of the human insulin receptor using a baculovirus expression system.
J. Biol. Chem. 263:5560-5568.

Hosomi, Y., K. Shii, W. Ogawa, H. Matsuba, M. Yoshida, Y. Okada, K.
Yokono, M. Kasuga, S. Baba, and R. Roth. 1994. Characterization of a
60-kilodalton substrate of the insulin receptor kinase. J. Biol. Chem. 269:
11498-11502.

Hu, P., B. Margolis, E. Y. Skolnik, R. Lammers, A. Ullrich, and J. Schles-
singer. 1992. Interactions of phosphatidylinositol 3-kinase-associated p85
with epidermal growth factor and platelet-derived growth factor receptors.
Mol. Cell. Biol. 12:981-990.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

MoL. CELL. BIOL.

Hu, P., A. Mondino, E. Y. Skolnik, and J. Schlessinger. 1993. Cloning of a
novel, ubiquitously expressed human phosphatidylinositol 3-kinase and iden-
tification of its binding site on p85. Mol. Cell. Biol. 13:7677-7688.
Kapeller, R., and L. C. Cantley. 1994. Phosphatidylinositol 3-kinase. Bioes-
says 16:565-576.

Kapeller, R., R. Chakrabarti, L. Cantley, F. Fay, and S. Corvera. 1993.
Internalization of activated platelet-derived growth factor receptor—phos-
phatidylinositol 3'-kinase complexes: potential interactions with the micro-
tubule cytoskeleton. Mol. Cell. Biol. 13:6052-6063.

Kapeller, R., K. V. S. Prasad, O. Janssen, W. Hou, B. S. Schaffhausen, C. E.
Rudd, and L. C. Cantley. 1994. Identification of two SH3-binding motifs in
the regulatory subunit of phosphatidylinositol 3-kinase. J. Biol. Chem. 269:
1927-1933.

Kaplan, D. R., M. Whitman, B. Schaffhausen, D. C. Pallas, M. F. White, L.
Cantley, and T. M. Roberts. 1987. Common elements in growth factor
stimulation and oncogenic transformation: 85 kDa phosphoprotein and
phosphatidylinositol kinase activity. Cell 50:1021-1029.

Kelly, K. L., and N. B. Ruderman. 1993. Insulin-stimulated phosphatidylino-
sitol 3-kinase: association with a 185-kDa tyrosine-phosphorylated protein
(IRS-1) and localization in a low density membrane vesicle. J. Biol. Chem.
268:4391-4398.

Kimura, K., S. Hattori, Y. Kabuyama, Y. Shizawa, J. Takayanagi, S. Naka-
mura, S. Toki, Y. Matsuda, K. Onodera, and Y. Fukui. 1994. Neurite out-
growth of PC12 cells is suppressed by wortmannin, a specific inhibitor of
phosphatidylinositol 3-kinase. J. Biol. Chem. 269:18961-18967.

Klippel, A., J. A. Escobedo, M. Hirano, and L. T. Williams. 1994. The
interaction of small domains between the subunits of phosphatidylinositol
3-kinase determines enzyme activity. Mol. Cell. Biol. 14:2675-2685.
Kotani, K., K. Yonezawa, K. Hara, H. Ueda, Y. Kitamura, H. Sakaue, A.
Ando, A. Chavanieu, B. Calas, F. Grigorescu, M. Nishiyama, M. D. Water-
field, and M. Kasuga. 1994. Involvement of phosphoinositide 3-kinase in
insulin- or IGF-1-induced membrane ruffling. EMBO J. 13:2313-2321.
Kozak, M. 1986. Point mutations define a sequence flanking the AUG
initiator codon that modulates translation by eukaryotic ribosomes. Cell
44:283-292.

Kundra, V., J. A. Escobedo, A. Kazlauskas, H. K. Kim, S. G. Rhee, L. T.
Williams, and B. R. Zetter. 1994. Regulation of chemotaxis by the platelet-
derived growth factor receptor-B. Nature (London) 367:474-476.

Lam, K., C. L. Carpenter, N. B. Ruderman, J. C. Friel, and K. L. Kelly. 1994.
The phosphatidylinositol 3-kinase serine kinase phosphorylates IRS-1. J.
Biol. Chem. 269:20648-20652.

Lavan, B. E,, and G. E. Lienhard. 1993. The insulin-elicited 60-kDa phos-
photyrosine protein in rat adipocytes is associated with phosphatidylinositol
3-kinase. J. Biol. Chem. 268:5921-5928.

Lechleider, R. J., S. Sugimoto, A. M. Bennett, A. S. Kashishian, J. A. Cooper,
S. E. Shoelson, C. T. Walsh, and B. G. Neel. Activation of the SH2-contain-
ing phosphotyrosine phosphatase SH-PTP2 by its binding site, phosphoty-
rosine 1009, on the human platelet-derived growth factor receptor B. J. Biol.
Chem., in press.

Lee, C. H., W. Li, R. Nishimura, M. Zhou, A. Batzer, M. G. Myers, Jr., M. F.
White, J. Schlessinger, and E. Y. Skolnik. 1993. Nck associates with the SH2
domain docking protein IRS-1 in insulin stimulated cells. Proc. Natl. Acad.
Sci. USA 90:11713-11717.

Margolis, B., O. Silvennoinen, F. Comoglio, C. Roonprapunt, E. Skolnik, A.
Ullrich, and J. Schlessinger. 1992. High-efficiency expression/cloning of epi-
dermal growth factor-receptor-binding proteins with Src homology domains.
Proc. Natl. Acad. Sci. USA 89:8894-8898.

Miralpeix, M., X. J. Sun, J. M. Backer, M. G. Myers, Jr., E. Araki, and M. F.
White. 1992. Insulin stimulates tyrosine phosphorylation of multiple high
molecular weight substrates in FAO hepatoma cells. Biochemistry 31:9031—
9039.

Mooney, R. A., and K. L. Bordwell. 1992. Insulin stimulates the tyrosine
phosphorylation of a 61-kilodalton protein in rat adipocytes. Endocrinology
130:1533-1538.

Myers, M. G., Jr., J. M. Backer, X. J. Sun, S. E. Shoelson, P. Hu, J.
Schlessinger, M. Yoakim, B. Schaffhausen, and M. F. White. 1992. IRS-1
activates the phosphatidylinositol 3'-kinase by associating with the src ho-
mology 2 domains of p85. Proc. Natl. Acad. Sci. USA 89:10350-10354.
Myers, M. G., Jr., T. C. Grammer, L. M. Wang, X. J. Sun, J. H. Pierce, J.
Blenis, and M. F. White. 1994. IRS-1 mediates PI 3'-kinase and p70°®*
signaling during insulin, IGF-1 and IL-4 stimulation. J. Biol. Chem. 269:
28783-28789.

Myers, M. G., Jr., X. J. Sun, and M. F. White. 1994. The IRS-1 signaling
system. Trends Biochem. Sci. 19:289-294.

Ninomiya, N., K. Hazeki, Y. Fukui, T. Seya, T. Okada, O. Hazeki, and M. Ui.
1994. Involvement of phosphatidylinositol 3'-kinase in Fc gamma receptor
signaling. J. Biol. Chem. 269:22732-22737.

Niwa, H., K. Yamamura, and J. Miyazaki. 1994. Efficient selection for
high-expression transfectants with a novel eukaryotic vector. Gene 108:193—
199.

Okada, T., Y. Kawano, T. Sakakibara, O. Hazeki, and M. Ui. 1994. Essential
role of phosphatidylinositol 3-kinase in insulin-induced glucose transport



VoL. 15, 1995

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

and antilipolysis in rat adipocytes. J. Biochem. 269:3568-3573.

Okada, T., L. Sakuma, Y. Fukui, O. Hazeki, and M. Ui. 1994. Blockage of
chemotactic peptide-induced stimulation of neutrophils by wortmannin as a
result of selective inhibition of phosphatidylinositol 3-kinase. J. Biochem.
269:3563-3567.

Prasad, K. V. S,, R. Kapeller, O. Janssen, H. Repke, J. S. Duke-Cohan, L. C.
Cantley, and C. E. Rudd. 1993. Phosphatidylinositol (PT) 3-kinase and PI
4-kinase binding to the CD4-p56'°* complex: the p56'* SH3 domain binds to
PI 3-kinase but not PI 4-kinase. Mol. Cell. Biol. 13:7708-7717.

Roche, S., R. Dhand, M. D. Waterfield, and S. A. Courtneidge. 1994. The
catalytic subunit of phosphatidylinositol 3-kinase is a substrate for the acti-
vated platelet-derived growth factor receptor, but not for middle-t antigen
pp60(c-src) complexes. Biochem. J. 301:703-711.

Ruderman, N., R. Kapeller, M. F. White, and L. C. Cantley. 1990. Activation
of phosphatidylinositol-3-kinase by insulin. Proc. Natl. Acad. Sci. USA 87:
1411-1415.

Schu, P. V., T. Kaoru, M. J. Fry, J. H. Stack, M. D. Waterfield, and S. D.
Emr. 1993. Phosphatidylinositol 3-kinase encoded by yeast ’/PS34 gene es-
sential for protein sorting. Science 260:88-91.

Shimizu, Y., and T. Shimazu. 1994. Effects of wortmannin on increased
glucose transport by insulin and norepinephrine in primary culture of brown
adipocytes. Biochem. Biophys. Res. Commun. 202:660-665.

Shpetner, H. S., and R. B. Vallee. 1989. Identification of dynamin, a novel
mechanochemical enzyme that mediates interactions between microtubules.
Cell 59:421-432.

Songyang, Z., S. E. Shoel M. Chaudhuri, G. Gish, T. Roberts, S. Rat-
nofsky, R. J. Lechleider, B. G. Neel, R. B. Birge, J. E. Fajardo, M. M. Chou,
H. Hanafusa, B. Schaffhausen, and J. C. Cantley. 1993. SH2 domains rec-
ognized specific phosphopeptide sequences. Cell 72:767-778.

Souza, S. C., G. P. Frick, R. Yip, R. B. Lobo, L.-R. Tai, and H. M. Goodman.
1994. Growth hormone stimulates tyrosine phosphorylation of insulin recep-
tor substrate-1. J. Biol. Chem. 269:30085-30088.

Sugimoto, S., R. J. Lechleider, S. E. Shoelson, B. G. Neel, and C. T. Walsh.
1994. Expression, purification and characterization of SH2-containing pro-
tein tyrosine phosphatase, SH-PTP2. J. Biol. Chem. 269:13614-13622.
Sullivan, S., and T. W. Wong. 1991. A manual sequencing method for
identification of phosphorylated amino acids in phosphopeptides. Anal. Bio-
chem. 197:65-68.

Sun, X. J., D. L. Crimmins, M. G. Myers, Jr., M. Miralpeix, and M. F. White.
1993. Pleiotropic insulin signals are engaged by multisite phosphorylation of
IRS-1. Mol. Cell. Biol. 13:7418-7428.

Sun, X. J., M. Miralpeix, M. G. Myers, Jr., E. M. Glasheen, J. M. Backer,
C. R. Kahn, and M. F. White. 1992. The expression and function of IRS-1 in

p55F' REGULATORY SUBUNIT FOR PI-3 KINASE

58.

59.

60.
61.

62.

63.

64.

65.
66.
67.

68.

69.

4465

insulin signal transmission. J. Biol. Chem. 267:22662-22672.

Sun, X. J., P. Rothenberg, C. R. Kahn, J. M. Backer, E. Araki, P. A. Wilden,
D. A. Cahill, B. J. Goldstein, and M. F. White. 1991. The structure of the
insulin receptor substrate IRS-1 defines a unique signal transduction protein.
Nature (London) 352:73-77.

Thies, R. S., J. M. Molina, T. P. Ciaraldi, G. R. Freidenberg, and J. M.
Olefsky. 1990. Insulin-receptor autophosphorylation and endogenous sub-
strate phosphorylation in human adipocytes from control, obese, and
NIDDM subjects. Diabetes 39:250-259.

Torres-Aleman, L., S. Pons, and M. A. Arevalo. 1994. The insulin-like growth
factor-1 system in the rat cerebellum: developmental regulation and role in
neuronal survival and differentiation. J. Neurosci. Res. 39:117-126.

Valius, M., and A. Kazlauskas. 1993. Phospholipase C-gamma 1 and phos-
phatidylinositol 3 kinase are the downstream mediators of the PDGF recep-
tor’s mitogenic signal. Cell 73:321-334.

Volina, S., I. Miles, E. Ormondroyd, D. Nizetic, R. Antonacci, M. Rocchi,
and M. Waterfield. 1994. Molecular cloning, cDNA sequence, and chromo-
somal localization of the human phosphatidylinositol 3-kinase pl10a
(PIK3CA) gene. Genomics 24:472-477.

Wang, L. M., M. G. Myers, Jr., X. J. Sun, S. A. Aaronson, M. F. White, and
J. H. Pierce. 1993. IRS-1: essential for insulin and IL-4-stimulated mitogen-
esis in hematopoietic cells. Science 261:1591-1594.

Wennstrom, S., P. Hawkins, F. Cooke, K. Hara, K. Yonezawa, M. Kasuga, T.
Jackson, L. Claesson-Welsh, and L. Stephens. 1994. Activation of phospho-
inositide 3-kinase is required for PDGF-stimulated membrane ruffling. Curr.
Biol. 4:385-393.

White, M. F., S. E. Shoelson, H. Keutmann, and C. R. Kahn. 1988. A cascade
of tyrosine autophosphorylation in the b-subunit activates the insulin recep-
tor. J. Biol. Chem. 263:2969-2980.

White, M. F., E. W. Stegmann, T. J. Dull, A. Ullrich, and C. R. Kahn. 1987.
Characterization of an endogenous substrate of the insulin receptor in cul-
tured cells. J. Biol. Chem. 262:9769-9777.

Yao, R., and G. M. Cooper. 1995. Requirement for phosphatidylinositol-3
kinase in the prevention of apoptosis by nerve growth factor. Science 267:
2003-2006.

Yin, T., M. L.-S. Tsang, and Y.-C. Yang. 1994. JAK1 kinase forms complexes
with interleukin-4 receptor and 4PS/insulin receptor substrate-1-like protein
and is activated by interleukin-4 and interleukin-9 in T lymphocytes. J. Biol.
Chem. 269:26614-26617.

Zhang, B., and R. A. Roth. 1992. The insulin receptor-related receptor: tissue
expression, ligand binding specificity, and signaling capabilities. J. Biol.
Chem. 267:18320-18328.



