Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 13820-13825, December 1997
Immunology

Phosphatidylinositol 3-kinase-y activates Bruton’s tyrosine Kinase
in concert with Src family kinases

ZUOMEI L1*, MATTHEW I. WAHL*, ALICIA EGUINOAT, LEONARD R. STEPHENST, PHILLIP T. HAWKINST,

AND OWEN N. WITTE**§

*Department of Microbiology and Molecular Genetics, and ¥Howard Hughes Medical Institute, University of California, Los Angeles, CA 90095-1662; and

TBabraham Institute, Babraham, Cambridge CB2 4AT, United Kingdom

Contributed by Owen N. Witte, October 8, 1997

ABSTRACT Bruton’s tyrosine kinase (Btk) is essential
for normal B lymphocyte development and function. The
activity of Btk is partially regulated by transphosphorylation
within its kinase domain by Src family kinases at residue
Tyr-551 and subsequent autophosphorylation at Tyr-223.
Activation correlates with Btk association with cellular mem-
branes. Based on specific loss of function mutations, the Btk
pleckstrin homology (PH) domain plays an essential role in
this activation process. The Btk PH domain can bind in vitro
to several lipid end products of the phosphatidylinositol
3-kinase (PI 3-kinase) family including phosphatidylinositol
3,4,5-trisphosphate. Activation of Btk as monitored by eleva-
tion of phosphotyrosine content and a cellular transformation
response was dramatically enhanced by coexpressing a weakly
activated allele of Src (E378G) and the two subunits of PI
3-kinase-y. This activation correlates with new sites of phos-
phorylation on Btk identified by two-dimensional phos-
phopeptide mapping. Activation of Btk was dependent on the
catalytic activity of all three enzymes and an intact Btk PH
domain and Src transphosphorylation site. These combined
data define Btk as a downstream target of PI 3-kinase-y and
Src family kinases.

Bruton’s tyrosine kinase (Btk) is a nonreceptor tyrosine kinase
that contains a pleckstrin homology (PH) domain but no
apparent lipid modification motif (1). Btk is critical for devel-
opment and signaling. Btk mutations are associated with the
genetic diseases human X-linked agammaglobulinemia (XLA)
and murine X-linked immunodeficiency (Xid; refs. 2-5). XLA
patients have a dramatic decrease in the number of mature B
cells and circulating Ig levels (6). Xid mice or mice with a
targeted disruption of Btk have diminished B cell numbers and
levels of certain Ig classes (7-9).

PH domains are primarily involved in protein—protein or
protein-lipid interactions and regulate enzyme function by
controlling interacting partners or cellular localization (10,
11). The N-terminal PH domain of Btk is essential for its
activation and biological activity. A mutation in the Btk PH
domain causes Xid (R28C; refs. 4 and 5), and other mutations
within the PH domain also result in XLA (12, 13). In contrast,
a Glu-to-Lys mutation (E41K, BTK*) in the PH domain
activates Btk and increases membrane association (14). These
gain or loss of function mutations suggest that the PH domain
is a critical regulatory domain for Btk activation but give little
information regarding specific signaling mechanisms.

The PH domain of Btk was recently shown to bind the
phosphatidylinositol 3-kinase (PI 3-kinase) lipid product phos-
phatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P5] (15, 16) and
inositol 3-phosphates in vitro (17). Computer modeling iden-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9413820-6$2.00/0
PNAS is available online at http://www.pnas.org.

13820

BTK
plol - + - +
pll0y - - + +
IP: aBTK
(I.PY “ [ - Hi|
blot:
551PYAb -
223PYAD| ™ &= ae a8
ABTK | cus ous ave e
L - = < plloy

FiG. 1. Increased PI 3-kinase-y dosage elevates Btk tyrosine
phosphorylation in fibroblast cells. Rat-2 cells harboring the SrcE378G
mutants infected with retroviruses encoding Btk, Btk, and p101, Btk
and p110vy, or Btk with p101 and p110y were lysed, and Btk protein was
immunoprecipitated with anti-Btk antibodies. The immunoprecipi-
tates were subjected to 8% SDS/PAGE and analyzed by immuno-
blotting. The figure shows the immunoblots incubated with anti-
phosphotyrosine antibodies (4G10). The blot was subsequently
stripped using Western stripping buffer and probed with polyclonal
anti-phosphorylated Tyr-551 (551PYAD), anti-phosphorylated Tyr-
223 (223PYADb), or anti-Btk antibody followed by horseradish perox-
idase-conjugated goat anti-rabbit secondary antibodies and detected
by ECL. A small aliquot (2 X 10° cells) of the whole cell lysate (WCL)
was loaded on SDS/PAGE, analyzed for p101 or p120 expression using
an anti-myc epitope tag antibody (9E10), followed by horseradish per-
oxidase-conjugated goat-anti-mouse antibody, and visualized by ECL.

tified several residues within the Btk PH domain including
Lys-12, Phe-25, and Arg-28, which are thought to be essential
for binding these lipid molecules (15, 16, 18, 19). Interestingly,
mutation of these residues results in human XLA (e.g., F25S
and R28H; ref. 12) or murine Xid (R28C; ref. 4). These data
strongly suggest binding of PI (3,4,5)P5 to the Btk PH domain
is critical for Btk activation.

Abbreviations: PH, pleckstrin homology; Btk, Bruton’s tyrosine ki-
nase; PI 3-kinase, phosphatidylinositol 3-kinase; XLA, X-linked agam-
maglobulinemia; Xid, X-linked immunodeficiency; PI1(3,4,5)P3, phos-
phatidylinositol 3,4,5-trisphosphate; IRES, internal ribosome entry
site; PKC, protein kinase C; BCR, B cell antigen receptor.

§To whom reprint requests should be addressed at: 5-748 MacDonald
Research Laboratories, Howard Hughes Medical Institute, 675 Circle
Drive South, University of California, Los Angeles, Los Angeles, CA
90095-1662. e-mail: owenw@microbio.ucla.edu.
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FiG. 2. Influence of PI 3-kinase-y on the phosphopeptide map of Btk. Cells were radiolabeled with 32PO4, and Btk was immunoprecipitated
and digested with trypsin as described in Materials and Methods. The phosphopeptides were separated by thin-layer electrophoresis and thin-layer
chromatography and then visualized by autoradiography. Phosphopeptides I and II are indicated with arrows.

PI 3-kinase isoforms are regulated by either receptor ty-
rosine kinases or G protein-coupled receptors (20, 21). The
type I subfamily signals downstream of receptor tyrosine
kinases and is ubiquitously expressed. This subfamily is com-
posed of heterodimers containing one regulatory and one
catalytic subunit. The best studied type I, member is p85/PI
3-kinase, which consists of a p110 catalytic subunit and a p85
regulatory subunit (22). The p85 SH2 domain binds phospho-
tyrosyl residues on activated tyrosine kinases leading to in-
creased PI 3-kinase activity. A G protein-regulated type Ig PI
3-kinase, PI 3-kinase-vy, was recently cloned from human bone
marrow (23) and pig neutrophils (24). The catalytic subunit of
PI 3-kinase-y, p1107y, can dimerize with a p101 regulatory
subunit (24). Complex formation between p110y and pl01
makes p110y more sensitive to activation by the G protein B-y
heterodimer (24). The specific binding of the Btk PH domain
with PI (3,4,5)Ps; prompted us to investigate whether there is
a functional interaction between PI 3-kinase and Btk.

The biological function of Btk is influenced by Src family
kinases, which directly activate Btk (25-28). Src family kinases
transphosphorylate Btk on tyrosine 551 (Tyr-551), which is
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homologous to the conserved activation loop tyrosine of the
human insulin receptor tyrosine kinase (27, 29). Phosphory-
lation of Btk Tyr-551 subsequently activates the kinase activity
of Btk. Btk then autophosphorylates tyrosine 223 (Tyr-223)
within the SH3 domain (30).

To analyze the interaction of PI 3-kinase and Btk in cellular
signaling, we expressed both enzymes in rodent fibroblasts.
Previous studies showed that this system is a useful surrogate
to analyze Btk activation (14, 27, 28). Btk activation in
fibroblasts by Src family kinases is similar to activation by Src
family kinases in B cells stimulated through B cell receptors
(27). This report provides evidence for Btk serving as a
downstream target for the joint action of PI 3-kinase and Src
family kinases, which are both essential for full activation.

MATERIALS AND METHODS

Plasmids and Virus Stocks. Wild type Btk ¢cDNA and Btk
mutants (R28C, ASH3, K430R, and Y551F) were subcloned into
the retroviral expression vector pSRaMSVtkneo (2, 14). Myc-
epitope-tagged PI 3-kinase-y catalytic subunit p110y was sub-
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F1G. 3. Kinase-inactive p110y (R947P) and wortmannin treatment block increased Btk tyrosine phosphorylation induced by PI 3-kinase-y. (a)
Rat-2 cells harboring SrcE378G mutant infected with Btk retroviruses, double header retroviruses encoding Btk and p101 in addition to p110y
retroviruses or retroviruses encoding p110y-R947P mutant were lysed, and Btk was immunoprecipitated with anti-Btk antibody. The immuno-
precipitated Btk was run on 8% PAGE. Btk was immunoblotted with monoclonal anti-phosphotyrosine antibody (4G10) or polyclonal anti-Btk
antibody, followed by horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit antibodies. Whole cell extracts were immunoblotted using
an anti-Myc monoclonal antibody (9E10) and visualized with ECL (Amersham). (b) Rat-2 cells harboring the SrcE378G mutant infected with double
header viruses encoding Btk and p101 plus retroviruses encoding p110y were treated with 10 nM, 100 nM, 1 uM, or 10 uM wortmannin 40 h
postinfection for 1.5 h before lysis. Tyrosine phosphorylation of immunoprecipitated Btk from wortmannin-treated cells was compared with Btk
from untreated Rat-2 cells harboring the SrcE378G mutant and expressing either Btk alone or Btk, p101, and p110+y. The anti-phosphotyrosine

blots or anti-Btk blots were produced and detected as described in a.
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cloned into the retroviral expression vector pSRaMSVtkneo
vector by using a unique NofI site 3’ of the long terminal repeat
promoter. Kinase-inactive p110y mutant R947P was generated by
in vitro mutagenesis and subcloned into the Notl site of the
pSRaMSVtkneo vector. Myc-epitope-tagged PI 3-kinase-vy reg-
ulatory subunit pl01 was subcloned into the Xbal site of the
pSRaMSV/IRES-Xbal vector. The pPSRaMSV/IRES-Xbal vec-
tor was derived from pSRaMSVtkneo by replacement of the
tkneo fragment with an internal ribosome entry site (IRES)
sequence excised from the pLNEPN vector (a pyrine nucleotide
phosphorylase retroviral expression vector using encephalomyo-
carditis virus translation, a gift from Dusty Miller’s laboratory;
ref. 31), using EcoRI/Xbal double digestion. A double-header
retroviral construct (pSRaBtkIRESmycp101) encoding both Btk
and p101 was made by cloning the Btk cDNA into the unique NorI
site 3’ of the long terminal repeat promoter and the myc-tagged
p101 cDNA into the unique Xbal site downstream of the IRES
sequence in the pSRaMSV/IRES-Xbal vector.

High titer helper-free retroviruses were generated by tran-
sient cotransfection of 293T cells (32) with retroviral con-
structs and psi minus ectopic packaging plasmid (33). The
293T cell line was kindly provided by David Baltimore (MIT).
Supernatants from transfected 293T cells were collected
24-60 h posttransfection. For retroviruses encoding wild type
Btk or Btk mutants, viral stocks were normalized for equiva-
lent levels of Btk protein expression by Western blot analysis.

Antibodies, Western Blotting, and Immunoprecipitation.
Polyclonal antibody against Btk was used for Btk immunopre-
cipitation and Western blotting as described (2). Supernatant
containing monoclonal antibody against myc epitope (9E10)
was collected from hybridoma 9E10 cell culture (from ATCC)
and used in Western blotting. Monoclonal antibody specific for
phosphotyrosine (4G10) was purchased from Upstate Bio-
technology (Lake Placid, NY).

Phosphopeptide Mapping. Btk was coexpressed in the ab-
sence or presence of PI 3-kinase-vy as described above. Culture
media were replaced with 2 ml of phosphate-free DMEM plus
0.1% dialyzed FCS and 3 mCi/ml 32POy. After 3 h, cells were
washed with PBS, lysed, and then Btk was immunoprecipi-
tated. Immunoprecipitated Btk proteins were analyzed by
tryptic phosphopeptide mapping (27, 30).

Soft Agar Fibroblast Transformation Assays. Soft agar
assays were performed as described (14, 28, 33). In all super-
infections, virus titer was normalized by using the same
amount of pre-titered retroviruses in 3 ml for a 10-cm tissue
culture dish. Forty-eight hours postinfection, cells were plated
in soft agar at a density of 1 X 10* cells per 6-cm tissue culture
dish. Samples were plated in duplicate in media containing
20% fetal calf serum. Colonies equal to and larger than 0.5 mm
in diameter were scored 10-12 days after plating.

RESULTS

Ectopic Expression of PI 3-Kinase-y Promotes Tyrosine Phos-
phorylation of Btk. The predominant hematopoietic tissue ex-
pression of the PI 3-kinase-vy isoform led us to evaluate its role in
Btk activation. Our strategy involved simultaneous introduction
of up to four separate genes into fibroblasts, which required high
titer retroviruses. Generation of retroviral titers on the order of
10° infectious units per ml are readily achievable with a 293T cell
transfection system (32). Btk is tyrosine phosphorylated in Rat-2
fibroblasts expressing a weakly activated allele of Src (SrcE378G;
ref. 34). SrcE378G transforms avian but not rodent fibroblasts.
SrcE378G strongly synergizes with activated but not wild type Btk
in transformation of rodent cells (28). Tyrosine phosphorylation
of immunoprecipitated Btk in the presence of SrcE378G was not
enhanced by expression of either PI 3-kinase-y subunit alone
(Fig. 1). However, when both PI 3-kinase-vy subunits were coex-
pressed with Btk, the tyrosine phosphorylation on Btk was
increased at least 10-fold (Fig. 1).
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PI 3-Kinase-y Induces New Phosphorylation Sites on Btk.
Btk activation results in the sequential increase of tyrosine
phosphorylation at two known sites, Tyr-551 and Tyr-223.
Increase of phosphorylation on these two residues correlates
with activation of Btk catalytic activity (27). The phosphory-
lation of certain Btk tyrosine residues can be detected using
newly developed antibodies that bind specifically to either
phosphorylated Tyr-551 (S51PYAD) or phosphorylated Tyr-
223 (223PYADb) (36). Btk from control and PI 3-kinase-y
expressing fibroblasts was immunoblotted with 551PYAD or
223PYAb. PI 3-kinase-y coexpression induced increases in
phosphorylation of both regulatory tyrosines (Fig. 1). Com-
parison of Tyr-223 and Tyr-551 phosphorylation increases with
the total level of phosphotyrosine on Btk suggested that
increased phosphorylation of Tyr-551 and Tyr-223 in the
presence of PI 3-kinase-y does not totally account for the
marked enhancement of total phosphorylation.
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FiG. 4. Btk and PI 3-kinase-y synergize in fibroblast transforma-
tion. Rat-2 cells expressing SrcE378G were coinfected with the
following combination of retroviruses: p101 and p110y (4), Btk and
p101 (B), Btk and p110+y (C), and Btk with p101 and p110y (D); Rat-2
cells without SrcE378G were coinfected with p101 and p110y (E) or
Btk with p101 and p110y (F) as controls. Forty-eight hours postin-
fection, 10,000 cells from each infection were plated in duplicate soft
agar dishes (6 cm diameter). Colonies equal to or larger than 0.5 mm
were counted and photographed after 12 days of incubation, and
numbers are reflective of at least two different experiments.. Colonies
are ~0.5 mm, small (S); 0.5 to 1.0 mm, medium (M); or larger than 1.0
mm, large (L).
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Cells expressing Btk in the absence or presence of PI
3-kinase-y were metabolically labeled with 32PO,. Btk was
immunoprecipitated, isolated by gel electrophoresis, and di-
gested with trypsin, and the resulting phosphopeptides were
visualized after two-dimensional electrophoresis and chroma-
tography. The total 3P incorporated into Btk was slightly
enhanced (~50%) by PI 3-kinase-y (data not shown). Com-
parison of the Btk tryptic phosphopeptide maps (Fig. 2)
revealed the presence of two novel phosphopeptides, I and II,
in the presence of PI 3-kinase-vy.

The tryptic digests were passed over immobilized anti-
phosphotyrosine antibody. The non-bound phosphopeptides
were recovered, and the phosphotyrosine-containing peptides
were eluted from the antibody matrix. Comparison of the
two-dimensional phosphopeptide maps of non-bound and
eluted samples revealed that phosphopeptide II contains phos-
photyrosine (data not shown). PI 3-kinase-y induces phos-
phorylation of at least two new distinct sites on Btk, one of
which is a tyrosine residue.

Activation of Btk Requires the Catalytic Activity of PI
3-Kinase-vy. Activation of Btk by coexpression of PI 3-kinase-y
could be due to protein—protein interaction of PI 3-kinase-y
with Btk or the lipid kinase activity of PI 3-kinase-vy. Mutation
of Arg-947 located within the conserved catalytic domain
blocks the ability of p110+y to phosphorylate lipid substrates in
vitro (A.E., L.S., P.H., unpublished data). High titer retrovi-
ruses encoding either p110y or p110y-R947P were generated
with similar titers. Rat-2 cells expressing SrcE378G were
coinfected with retroviruses doubly encoding both p101 and
Btk and with retroviruses encoding either p110y or p110y-
R947P. Coexpression of p101 and p110y-R947P in these cells
did not elevate Btk tyrosine phosphorylation (Fig. 34), indi-
cating that the catalytic activity of PI 3-kinase-vy is required for
activation of Btk.

Previous work has shown that endogenous or ectopic PI
3-kinase-y activity can be blocked by wortmannin (24, 37).
Rat-2 cells simultaneously coexpressing SrcE378G, BTK, and
PI 3-kinase-y were treated with varying concentrations of
wortmannin. Levels over 100 nM efficiently blocked increased
BTK tyrosine phosphorylation induced by PI 3-kinase-vy (Fig.
3B), suggesting that the lipid product of PI 3-kinase is essential
for Btk activation.

PI 3-Kinase-y and Src Synergize with Wild Type Btk to
Transform Fibroblasts. Tyrosine phosphorylation of Btk cor-
relates with functional activation. Synergy in fibroblast trans-
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formation by Btk* (E41K) and the mildly activated c-Src
mutant, E378G, has been used to quantitate the in vivo
interaction of Btk and Src in cellular signaling (28). A 10-fold
increase in colony number is observed when wild type Btk is
coexpressed with both subunits of PI 3-kinase-vy in Rat-2 cells
expressing SrcE378G (Fig. 4).

Wild type Btk does not strongly synergize with either
SrcE378G (ref. 28 and data not shown) or PI 3-kinase-y in
Rat-2 cells alone (Fig. 4). Coexpression of Btk and PI 3-kinase-y
does result in approximately 60 colonies, but added Src is
required for efficient transformation synergy. Btk does not syn-
ergize with kinase-inactive PI 3-kinase-y (pl01 and p110+y-
R947P) in Rat-2 cells coexpressing SrcE378G (data not shown).
This is consistent with earlier results demonstrating that the
catalytic activity of PI 3-kinase-vy is required for increased ty-
rosine phosphorylation on Btk (Fig. 34). These combined results
strongly suggest that both Src and PI 3-kinase-y activities are
necessary but not sufficient for full activation of Btk in fibroblasts.

Btk Domain Requirements for Activation by PI 3-Kinase-vy.
Mutations in Btk were evaluated for their effect on activation
of Btk by PI 3-kinase-y in fibroblasts. The Xid mutation
(R28C) of the Btk PH domain was reported to block the
binding of PI (3,4,5)P; with the Btk PH domain in vitro (15, 16).
Cells were superinfected with retroviruses encoding either Btk
or Btk R28C and PI 3-kinase-y. Tyrosine phosphorylation of
Btk R28C was lower than wild type Btk in Rat-2 cells coex-
pressing SrcE378G. When both subunits of PI 3-kinase-y were
coexpressed with the Xid mutant, PI 3-kinase-y failed to
elevate Btk tyrosine phosphorylation (Fig. 5B).

The relative decrease of tyrosine phosphorylation on Btk
R28C suggested that the Xid mutation would block cellular
transformation. Rat-2 cells expressing SrcE378G and coex-
pressing Btk R28C with PI 3-kinase-y gave low numbers of
small colonies in agar (Fig. 54). These data combined with the
data showing a requirement for the PI 3-kinase enzymatic
activity (Fig. 3a) suggests that the lipid product of PI 3-kinase
is interacting with the Btk PH domain. This interaction could
then facilitate the transphosphorylation on Btk by Src family
kinases and lead to an activated Btk kinase.

Previous data showed that the Btk kinase activity but not its
SH3 domain is critical for Btk activation by SrcE378G (30).
Rat-2 cells expressing SrcE378G with either PI 3-kinase-vy
alone or PI 3-kinase-y with kinase-inactive Btk K430R formed
low numbers of small agar colonies (Fig. 54). In contrast,
coexpression of the BtkASH3 mutant with PI 3-kinase-vy
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FiG. 5. Fibroblast transformation by PI 3-kinase-y and Btk or Btk mutants. (a) Ten-thousand Rat-2 cells harboring SrcE378G and expressing PI
3-kinase-y (p101 plus p110+y) and either wild type Btk or one of the Btk mutants (R28C, ASH3, K430R, or Tyr-551) were plated in duplicate into agar
(6 cm). This figure does not show the colony number formed by each Btk mutant, which is the same as that formed by wild type Btk alone (less than
10 colonies). Colonies equal to or larger than 0.5 mm were counted and photographed 12 days postplating. Expression of p101, p110+y, and Btk was analyzed
by immunoblots using anti-Btk or anti-myc epitope antibodies (data not shown). (b) Approximately 4 X 10° Rat-2 cells expressing Btk, Btk/p101/p1107,
BtkR28C mutant, or BtkR28C/p101/p110y were lysed, and Btk was immunoprecipitated using anti-Btk antibody. Immunoprecipitates were run on 8%
SDS-PAGE gels and analyzed by immunoblotting with anti-phosphotyrosine (4G10) or anti-Btk antibodies, followed by either horseradish peroxidase-
conjugated goat-anti-mouse or horseradish peroxidase-conjugated goat-anti-rabbit antibodies, respectively. Proteins were visualized by ECL.
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resulted in numerous and large colonies (Fig. 54). The
BtkASH3 virus titer was lower than wild type Btk, perhaps
explaining the 2-fold decrease in the number of agar colonies.
These data show that the SH3 domain of Btk is not essential
for activation by PI 3-kinase-v.

The major transphosphorylation site of Btk, Tyr-551, was
evaluated to provide a genetic test as to whether PI 3-kinase-y
requires Src family kinases to efficiently activate Btk. Expression
of either PI 3-kinase-y alone or with the Btk YS551F mutant
formed few, small agar colonies (Fig. 54). These results correlate
with the observation that the Y551F mutant blocks Btk hyper-
phosphorylation induced by PI 3-kinase-y in Rat-2 cells coex-
pressing SrcE378G (data not shown). These data are also con-
sistent with the previous finding that the Tyr-551 site is required
for activation of Btk by Src family kinases (27, 28, 38).

DISCUSSION

Model for Btk Activation by PI 3-Kinase-y and Src Family
Kinases. Our data provide evidence that PI 3-kinase-y coac-
tivates Btk in vivo through its PH domain in concert with Src
family kinases (Fig. 6). The primary product of PI 3-kinase, PI
(3,4,5)P3, likely binds to the Btk PH domain in vitro, supporting
a role for PI 3-kinase as a proximal activator of Btk (15). The
lipid interaction with the PH domain may activate Btk by
recruiting it from the cytoplasm to the membrane, where it is
subsequently activated by Src family kinases. We were unable
to demonstrate an increased membrane association of Btk in
Rat-2 cells overexpressing PI 3-kinase-y (data not shown).
However, we cannot exclude the membrane targeting model to
explain the activation of Btk by PI 3-kinase-y because the
fraction of Btk that is recruited by PI (3,4,5) Ps onto the
membrane may be relatively small or the association of Btk
with the membrane may be transient. In both cases, it would
be difficult to detect the change of Btk subcellular localization
affected by the dosage increase of PI 3-kinase-vy activity.

Another mechanism of activation is transphosphorylation by
a secondary serine/threonine or tyrosine kinases. An example
of this is PI (3,4,5)P; binding to the PH domain of Akt,
increasing its membrane association (39). PI (3,4,5)P; also
activates downstream serine/threonine kinases to transphos-
phorylate Akt (39). A PI (3,4,5)Ps-dependent kinase, PDK1,
binds, phosphorylates, and activates Akt in vitro (40). It is
conceivable that a PDKl1-related enzyme could control Btk
activity in an analogous manner. PI 3-kinase also activates a
number of PKC isoforms in vitro (41-44). Isoforms of PKC
bind the Btk PH domain with high affinity (45, 46). One or
several of the PI 3-kinase-dependent PKC family members
may modulate Btk activity via the Btk PH domain.

We have demonstrated an increase in phosphorylation of
two novel sites on Btk in addition to the increased phosphor-
ylation of Tyr-551 and Tyr-223. One phosphopeptide was
identified to contain phosphotyrosine, and the other is likely
phosphoserine (data not shown) and may be a target of PKC
or PDK1 regulation. Identification of the specific phosphor-
ylated residues will be critical for characterizing the mecha-
nism of Btk activation by PI 3-kinase-vy.

Interaction of Btk and Isoforms of PI 3-Kinase in B
Lymphocytes. There are two known PI 3-kinases in B cells,
P85/PI 3-kinase and PI 3-kinase-vy. Both isoforms can activate
Btk in fibroblasts albeit to differing degrees. Tyrosine phos-
phorylation of ectopically expressed Btk was blocked by 50 nM
wortmannin, a specific inhibitor of PI 3-kinases (ref. 47 and
data not shown), indicating that endogenous PI 3-kinase is
involved in Btk activation by Src family kinases. Vaccinia viral
overexpression of p110*, an activated subunit of p85/PI
3-kinase (48), increased the phosphotyrosine content on Btk
(Z.L.,D.J.Rawlings., and O.N.W., unpublished data). Btk and
pl10* also synergize to transform fibroblasts (Z.L. and
O.N.W., unpublished data) and flux calcium in B cells and
increase cellular PI(3,4,5)P3 (A. Scharenberg et al., unpub-
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FiG. 6. A proposed model for Btk activation by PI 3-kinase-vy and Src
family kinases. PI 3-kinase-y (p101 and p110v) is activated by dissociated
G protein f3, y subunits as a result of ligand binding to G protein-coupled
receptors (GPCR). P85 /PI 3-kinase is activated by BCR. The product of
p85/PI 3-kinase and PI 3-kinase-y, PI(3,4,5)P3, then binds the Btk PH
domain directing BTK localization to the membrane. Alternatively, one
or several unknown kinases dependent on P1(3,4,5)P3 may activate Btk by
transphosphorylation. In both cases, Btk becomes available for the
activation by Src family kinases (SFK) associated with the BCR. Src family
kinases then transphosphorylate Btk on Tyr-551 to induce Btk activation.
Btk subsequently autophosphorylates Tyr-223 within its SH3 domain and
effects a downstream signal. Both PI 3-kinase and Src family kinases are
required for the efficient activation of Btk and induction of Btk down-
stream signaling.

lished data). These data suggest that all PI 3-kinase isoforms
can contribute to Btk activation.

P85/PI 3-kinase is stimulated upon B cell antigen receptor
(BCR), CD38, and CD40 ligation (49-53). PI 3-kinase-vy
associates with and is activated by heterotrimeric G proteins,
but the identity of the upstream G protein-coupled receptor in
B lymphocytes is unknown. Our results and prior data suggest
that Btk may be activated by different isoforms of PI 3-kinase,
each associated with distinct signaling pathways. A recent
report has demonstrated that G protein-coupled receptors can
activate Btk in a certain avian B cell line (54).

One of the functions of Btk is to induce calcium flux in B
cells upon BCR ligation (Z.L., unpublished results, and ref.
55). A wortmannin-sensitive PI 3-kinase activity is also re-
quired for calcium entry into B cells from the extracellular
space upon BCR stimulation (56). Our data showing a func-
tional connection between Btk and PI 3-kinase signaling
suggest that Btk and PI 3-kinase may interact to regulate the
critical process of calcium flux in B cells upon BCR stimula-
tion. It will be important to investigate whether Btk and PI
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3-kinase functionally interact in this process and are regulated
by G protein-coupled receptors.

Note Added in Proof. After this manuscript was submitted, August et
al. (57) published their results that down-regulation of p85/PI 3-kinase
activity blocks the activation of ITK, a Btk homologue present in T
lymphocytes.
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