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Since their initial discovery tyrosine kinases have been shown
to play a central role in the activation and mediation of signal
transductior?. Because of their significance in cell growth, dif-
ferentiation, and metabolism, tyrosine kinases have received much
recent attention as therapeutic targets for disease interveériog.
component of tyrosine kinase activation, particularly for the Src
family tyrosine kinases, involves autophosphorylation of a con-
served activation loop tyrosine (Y416)yhich causes a confor-
mational shift of the activation loop and substrate access to the
kinase active sité.Despite the plethora of phosphotyrosine/SH2
domain mediated interactiofighe role of Y416 phosphorylation
in Src activation is believed to be solely conformational, with no
role in protein/protein molecular recognition. Herein, we report the
in vitro identification and biochemical confirmation of a phospho-
rylation-dependent interaction between the Src activation loop
phosphotyrosine and the N-terminal SH2 domain of the p85
regulatory subunit of phosphatidyl inositol-3 kinase (PI3K). Src
was the first tyrosine kinase discoveretiand its interaction with
PI3K has been shown to be important for tumorigenésihile
this association has been known for some tihep evidence of
Src activation loop participation has previously been described.

Tyrosine kinases are highly conserved within the 30 defined
families? Interestingly, they also have a high level of sequence
identity in the region immediately surrounding their conserved
activation loop tyrosines. The peptide sequence C-terminal to
phosphotyrosines has been shown to contain the SH2 domain
recognition motif that mediates protein/protein interacti¥ns.
Evolutionary conservation of this portion of the activation loop
seems unlikely in the absence of a molecular recognition role.
Therefore, we hypothesized that in addition to its conformational
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Figure 1. Dose-dependent analysis of N-SH2 PI3K for the bio-pYTAR
peptide. Affinity for the peptide was measured alone (blue) or in the presence

of the competitive phosphopeptide ligand pYVPM (red).

selection, 48 individual clones were amplified and subjected to a
single-concentration affinity screen. Seven clones showed good
affinity for the bio-pYTAR probe. Upon reevaluation, three of the
clones displayed both high binding titers and dose-dependent
affinity.13 After DNA sequencing, each of the three clones was
found to be identical and to encode the entire N-terminal SH2
domain of thea. subunit of phosphatidyl inositol-3 kinase (85
PI3K).16 On-phage binding analysis confirmed the interaction with
an EGp of 207 nM (£33 nM) (Figure 1). In addition, binding was
competed away by addition of pYVPM, a known PI3K N-SH2
binding phosphopeptid€.

To validate this interaction within the context of full-length p85
P13-kinase, we performed bio-pYTAR peptide affinity chromatog-
raphy using NIH 3T3 mouse fibroblast cell lysdteresh lysate
was treated with either 100M bio-pYTAR peptide, buffer only,
or a combination of 10tM bio-pYTAR peptide and 10Q:M
pYVPM inhibitor. After incubation with avidin-coated resin and

role, this region of tyrosine kinases may play a general role in washing, bound protein was removed and subjected to SDS-PAGE/
molecular recognition. One example of an activation loop-mediated Western blot analysis using an anti-PI3K antibody. As seen in
interaction between Src and the PTB domain of Chl, mediated by Figure 2A, the bio-pYTAR peptide is capable of affinity purifying
pY416, has been reportdtiHowever, no additional roles for the  full-length p85 PI3K (lane 1), while neither the resin alone (lane
Src activation loop have been described, despite its widespread?2) nor the peptide in the presence of pYVPM competitor (lane 3)

importance in both normal and oncogenic signal transduétion.
Indeed, only three of the more than 90 knéwprosine kinase

is capable of this interaction. This result establishes that a peptide
based on the Src activation loop is capable of interacting with the

activation loops have been demonstrated to mediate protein/proteinfull-length p8%x regulatory subunit of PI3K from mammalian cell

interactionsi112

In an effort to evaluate the possibility of a more extensive
recognition role for the tyrosine kinase activation loop, we designed
a biotinylated phosphotyrosine peptide based on the Src activation
loop Y416 tyrosine, biotin-XXXDNEpYTARQG-NKI(bio-pYTAR,
where X is aminohexanoic aciéf.Previous studies by isand
otherd® have shown that short biotinylated phosphopeptides can

lysate. Competitive binding with the known N-SH2 domain-specific
ligand, pYVPM]° further validates that the association occurs via
the N-SH2 domain.

Phosphatidylinositol-3 kinase (PI13K) was originally discovered
by virtue of its affinity for Src® While the Src/PI3K interaction
has been shown to be mediated by the interaction of the Src SH3
domain and an N-terminal polyproline helix on PI3Kgarlier

be used as effective phosphoprotein mimics, in combination with reports also demonstrated a phosphorylation dependence for this
cDNA phage display, to isolate cognate SH2 domains. A human interaction!® which has not since been explained. Src is known to
liver cDNA phage display library was screened using the bio- be tyrosine-phosphorylated at either one of two positions, Y416 or
PYTAR peptide over an avidin-coated 96-well plat&he affinity Y527# In inactive Src, Y527 is phosphorylated and the activation
selection was performed in three rounds, udisgherichia colin loop, bearing an unphosphorylated Y416, blocks the enzyme active
a combined elution/amplification stép After the third round of site. Upon activation of Src, Y527 is dephosphorylated and Y416
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Figure 2. (A) Affinity chromatography with the bio-pYTAR peptide. Lysates from NIH 3T3 cells were treated with bio-pYTAR probe (lane 1), bio-

PYTAR probe and the known PI3K N-SH2 inhibitor peptide pYVPM (lane 3), or resin alone (lane 2). (B) Co-immunoprecipitation of the Src tyrosine kinase

with an a-PI3K polyclonal antibody. Cell lysate from 527 cells was either untreated (lane 1), pretreated with pYVPM (lang€e2yiaia pesti{YOP)
phosphatase (lane 3), and then precipitated with a polyclefRI3K antibody-conjugated agarose resin. (C) Immunoprecipitation and phosphorylation
analysis of Akt from NIH 3T3 (lane 1), 416 (lane 2), and 527 (lane 3) cell lines. Loadings were normaliaedbbit IgG heavy chain.

is autophosphorylated, causing a conformational shift of the on both the phosphorylation state of the Src activation loop and an

activation loop and exposure of the kinase active %ite.

available N-terminal SH2 domain on PI3K. The Src/PI3K associa-

Src-transformed 527 cells overexpress a mutant (Y527F) form tion is one of the first interactions identified in signal transducti®n.
of Src, in which the enzyme is constitutively active and phospho- The discovery of a previously unknown molecular recognition role

rylated on the Y416 activation loop tyrosif®e.To validate
biochemically our in vitro discovery of a pY416-mediated interac-

for the activation loop in this interaction will have significant
implications for the signaling mechanisms of Src and possibly non-

tion with PI3K, we performed a co-immunoprecipitation of the Src  Src tyrosine kinases.

tyrosine kinase, from 527 cell lysate, using an agarose-linked
polyclonala-p85 PI3K antibody. As shown in Figure 2B (lane 1),
anti-p85 PI3K antibody is effective in the co-immunoprecipitation
of Src, along with its immunoprecipitation of PI3K. This affinity
interaction, however, is significantly reduced, both in the presence
of pYVPM peptide (lane 2) and by treatment with a tyrosine
phosphatase fronversinia pestifYOP) (lane 3).

The diminished Src signal observed upon phosphatase treatment Supporting Information Available:
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Experimental details. This

in Figure 2B (lane 3) confirms the phosphorylation dependence of material is available free of charge via the Internet at http://pubs.acs.org.

the Src/PI3K interaction and implicates the activation loop phos-

photyrosine pY416 in this interaction since this is the only tyrosine References

phosphorylated in Y527F-activated Srf.Furthermore, the weak-
ened signal observed in the presence of the pYVPM peptide
establishes the importance of the N-terminal SH2 domain of PI3K
in this interaction, since pYVPM is a known and selective PI3K
N-terminal SH2 domain ligantf. As expected, low levels of Src
remain in both lanes, because of the residual affinity of the Src
SH3 domain/PI3K polyproline helix interactidh supporting the
hypothesis that the Src/PI3K interaction is mediated by both the
Src SH3 domain and the Src activation loop phosphotyrosine.

To investigate the cellular effects of Src activation loop phos-
phorylation, a Y416F,Y527F double mutant was generated, stably
transfected into NIH 3T3 cells, and shown to form foci in vitro
and cause tumor formation in immunocompromised athymic
BALB/c mice, but not in normal BALB/c micé3 In comparison,
injection of the 527 cell line caused tumor formation in both normal
and athymic BALB/c mice, consistent with previous findirf§s.

The serine/threonine kinase Akt is a major component of the
PI3K pathway and is responsible for cellular proliferation and anti-
apoptotic effectd! Recent findings have shown that Akt is
phosphorylated on tyrosine in response to growth factor stimula-
tion22 To evaluate the effect of the Y416F mutation on Akt
activation, cell lysates from NIH 3T3, 416, and 527 cell lines were
immunoprecipitated with arm-Akt antibody and analyzed for
phosphorylation using an-pY antibody (Figure 2C)3 Only the
527 cell lysate (lane 3) showed a tyrosine-phosphorylated protein
at 60 kDa, where we observe Akt, indicating that Src activation
loop phosphorylation is important for activation of PI3K. This result
further suggests that activation of the PI3K pathway may be a
crucial component of Src’s ability to form tumors in normal mice,
since the Y416F mutant only caused tumor formation in athymic
mice.

Activation loop phosphotyrosines are largely unrecognized as
playing a molecular recognition role in cellular signaling. Our
findings establish that the Src/PI3K interaction is indeed dependent
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