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Phosphatidylinositol 3’-kinase (PI 3'-kinase) is acti-
vated in insulin-stimulated cells by the binding of the
SH2 domains in its 85-kDa regulatory subunit to insulin
receptor substrate-1 (IRS-1). We have previously shown
that both tyrosyl-phosphorylated IRS-1 and mono-phos-
phopeptides containing a single YXXM motif activate PI
3'-kinase in vitro. However, activation by the mono-
phosphopeptides was significantly less potent than ac-
tivation by the multiply phosphorylated IRS-1. We now
show that the increased potency of PI 3'-kinase activa-
tion by IRS-1 relative to phosphopeptide is not due to
tertiary structural features IRS-1, as PI 3'-kinase is ac-
tivated normally by denatured, reduced, and carboxy-
methylated IRS-1. Furthermore, activation of PI 3'-ki-
nase by bis-phosphorylated peptides containing two
YXXM motifs is 100-fold more potent than the corre-
sponding mono-phosphopeptides and similar to activa-
tion by IRS-1. These data suggest that tyrosyl-phospho-
rylated IRS-1 or bis-phosphorylated peptides bind
simultaneously to both SH2 domains of p85. However,
these data cannot differentiate between an activation
mechanism that requires two-site occupancy for maxi-
mal activity as opposed to one in which bivalent binding
enhances the occupancy of a single activating site. To
distinguish between these possibilities, we produced re-
combinant PI 3’-kinase containing either wild-type p85
or p85 mutated in its N-terminal, C-terminal, or both
SH2 domains. We find that mutation of either SH2 do-
mains significantly reduced phosphopeptide binding
and decreased PI 3’-kinase activation by 50%, whereas
mutation of both SH2 domains completely blocked bind-
ing and activation. These data provide the first direct
evidence that full activation of PI 3'-kinase by tyrosyl-
phosphorylated proteins requires occupancy of both
SH2 domains in p85.

Phosphatidylinositol 3'-kinase (PI 8'-kinase)' is a lipid ki-
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nase that has been implicated in the regulation of cell growth
by growth factor receptors and oncogene products (1). PI 3'-
kinase phosphorylates phosphatidylinositol at the D-3 position
of the inositol ring (2), and stimulation of cells with mitogens
such as platelet-derived growth factor or transformation
of cells with polyoma middle T antigen leads to increases in
the levels of the lipid products PI 3,4-P, and PI 3,4,5-P; (3, 4).
The function of these lipids has not yet been determined, but
their low abundance and rapid appearance in mitogen-stimu-
lated cells suggests that they may serve as intracellular second
messengers.

PI 3'-kinase is a heterodimer composed of an 85-kDa regu-
latory subunit (p85) and a 110-kDa catalytic subunit (p110) (1).
During activation of PI 3'-kinase by tyrosine kinase receptors
such as the platelet-derived growth factor or colony stimulating
factor-1 receptors, the SH2 domains of p85 bind directly to
specific phosphorylated YXXM motifs present in the cytoplas-
mic domains of the receptors (reviewed in Ref. 5). In the case of
the insulin receptor, PI 3’-kinase binds to phosphorylated
YXXM motifs in the substrate IRS-1 to a greater extent than to
the receptor itself (6, 7). The binding of receptors or substrates
containing phosphorylated YXXM motifs activates the lipid
kinase in vitro and in intact cells (6). Activation of PI 3’-kinase
in vitro can be mimicked by synthetic phosphopeptides that
contain the YXXM motif, and this peptide-mediated activation
correlates with conformational changes in the p85 subunit (6,
8, 9). Thus, regulation of PI 3'-kinase catalytic subunit p110
appears to require conformation changes in the regulatory
subunit p85, which are driven by SH2 domain binding to phos-
phorylated YXXM motifs. Recently, several additional mecha-
nisms of activation have been described, including the binding
of Sre family SH3 domains to p85 (10) and the binding of p21™¢
to p110 (11). In contrast, PI 3’-kinase activity is reduced 80%
by phosphorylation of Ser®®® in p85 and can be restored by
treatment with phosphatase 2A (12, 13).

In our previous study (8), we found that activation by mono-
phosphorylated YXXM peptides is significantly less potent
than activation by the multiply phosphorylated IRS-1; based on
these data, we proposed that full activation of PI 3'-kinase
requires occupancy of both SH2 domains. This hypothesis has
been supported by studies showing that bis-phosphopeptides
exhibit enhanced activation of PI 3’-kinase relative to mono-
phosphopeptides (8, 14, 15). In the present study, we have
directly tested our hypothesis using recombinant PI 3’-kinase
containing disabling mutations in the N-terminal, C-terminal,
or both SH2 domains. We find that mutation of either SH2
domain reduces phosphopeptide binding to p85 and reduces
maximal PI 3’'-kinase activation by 50%. Mutation of both SH2
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sites that may be involved in the bivalent binding of p85 SH2
domains (6). Thus, the kinase insert region of the platelet-
derived growth factor B-receptor contains two tyrosine phos-
phorylation sites, both of which are important for PI 3'-kinase
binding (26-29). Recent studies (8, 30) have also suggested
that two phosphotyrosine residues are required for activation
of PI 3'-kinase by the hepatocyte growth factor receptor and
polyoma middle T antigen. Mutation of Tyr"?! but not Tyr®®” or
Tyr’® within the colony stimulating factor-1 receptor kinase
insert domain blocks PI 3'-kinase binding (30); however, acti-
vation of PI 3'-kinase was not examined and may require an
additional phosphotyrosine residue. In contrast, in vitro acti-
vation of PI 3’-kinase by a peptide containing the motif
Y322THM from the insulin receptor C terminus is unaffected
by the phosphorylation of the neighboring Tyr!31® (31). The
ability of a second phosphotyrosine residue to augment the
activation by a phosphorylated YXXM motif presumably depends
on the primary sequence surrounding the second phosphoty-
rosine residue or perhaps the distance between the residues. In
this regard, the optimal spacing between phosphotyrosine res-
idues for PI 3'-kinase activation has not been determined. The
two phosphotyrosine residues in the IRS-1-derived peptide ex-
amined here are 20 amino acids apart, whereas the phospho-
tyrosine residues in activating peptides derived from polyoma
middle T and the hepatocyte growth factor receptor are 7 res-
idues apart; those in the insulin receptor bis-phosphopeptide,
which does not show enhanced activation relative to mono-
phosphopeptides, are only 6 residues apart.

Little is known about the native tertiary structure of p85, but
these observations suggest that the phosphopeptide binding
sites of the p85 SH2 domains must lie quite close to each other.
The demonstration that p110 binds to a region between the two
SH2 domains of p85 (32-34) suggests an intriguing model in
which occupancy of both SH2 domains causes a conformational
change in the intervening region and activates p110. In con-
trast, a recent report showed that a construct containing either
SH2 domain plus the intervening region could bind to the p110
catalytic subunit and mediate phosphopeptide-stimulated acti-
vation (35); it is not clear how the structure of this truncated
construct relates to that of the intact p85 molecule. The reso-
lution of these questions must await a better structural char-
acterization of the intact regulatory and catalytic subunits of
PI 3'-kinase.
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