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Phosphatidylinositol 3-kinase (PI 3-K) plays an important role in signaling via a wide range of receptors
such as those for antigen, growth factors, and a number of cytokines, including interleukin-2 (IL-2). PI 3-K has
been implicated in both IL-2-induced proliferation and prevention of apoptosis. A number of potential
mechanisms for the recruitment of PI 3-K to the IL-2 receptor have been proposed. We now have found that
tyrosine residues in the IL-2 receptor b chain (IL-2Rb) are unexpectedly not required for the recruitment of
the p85 component of PI 3-K. Instead, we find that Jak1, which associates with membrane-proximal regions of
the IL-2Rb cytoplasmic domain, is essential for efficient IL-2Rb–p85 interaction, although some IL-2Rb–p85
association can be seen in the absence of Jak1. We also found that Jak1 interacts with p85 in the absence of
IL-2Rb and that IL-2Rb and Jak1 cooperate for the efficient recruitment and tyrosine phosphorylation of p85.
This is the first report of a PI 3-K–Jak1 interaction, and it implicates Jak1 in an essential IL-2 signaling
pathway distinct from the activation of STAT proteins.

High-affinity interleukin-2 (IL-2) receptors (IL-2Rs) are
composed of three chains, denoted IL-2Ra, IL-2Rb, and the
common cytokine receptor g chain, gc, which is shared by the
receptors for IL-2, IL-4, IL-7, IL-9, and IL-15 (17, 18, 31). IL-2
induces the heterodimerization of IL-2Rb and gc, which to-
gether are necessary and sufficient for IL-2 signaling (18).
Although neither IL-2Rb nor gc has intrinsic protein tyrosine
kinase catalytic activity, IL-2 rapidly induces tyrosine phos-
phorylation of these chains and a number of intracellular pro-
teins (35). Many proteins can associate with the IL-2Rs.
Whereas gc interacts with Jak3 (2, 22, 29) and calpain (23),
IL-2Rb interacts with Src family kinases (35), Syk kinase (35),
Shc (5, 7, 25), Jak1 (2, 22, 29), Jak3 (29, 39), and phosphati-
dylinositol 3-kinase (PI 3-K) (26, 36).

PI 3-K phosphorylates the D3 position of the inositol group
of phosphoinositide lipids to generate phosphatidylinositol
3-phosphate [PtdIns(3)P], PtdIns(3,4)P2, and PtdIns(3,4,5)P3;
the last two of these products have been shown to be important
regulators of cellular proliferation (12). PI 3-K is composed of
an 85-kDa regulatory subunit and a 110-kDa catalytic subunit.
p85 associates with receptors and is tyrosine phosphorylated in
a ligand-dependent fashion by many growth factors and cyto-
kines (12), suggesting an involvement of PI 3-K in growth
regulation. p85 can also associate with transmembrane pro-
teins important in T-cell activation, including CD4, CTLA-4,
CD28, and the z chain of the T-cell receptor (38). PI 3-K
coupling to CD28 (38), CTLA-4 (30), the platelet-derived
growth factor receptor b chain (4), and the IL-7 receptor a

chain (37) occurs via a direct interaction between an SH2
domain of p85 and phosphorylated YXXM [(p)YXXM] bind-
ing motifs in the cytoplasmic regions of these molecules. In the
insulin (32) and IL-4 (15) receptors, insulin receptor substrate
1 (IRS-1) and IRS-2 bind to phosphorylated NPXY motifs on
the receptors and provide SH2 docking sites for p85, whereas
in the case of CD4 and the T-cell receptor, recruitment can
occur via either the SH2 or SH3 domains of Src family kinases
(p56lck and p59fyn) (28).

PI 3-K has been implicated in two important functions for
IL-2: IL-2-induced proliferation (13) and prevention of apo-
ptosis (1). Surprisingly, however, neither IL-2Rb nor gc con-
tains a (p)YXXM PI 3-K binding motif or an NPXY IRS
binding motif, yet p85 has been reported to associate with
IL-2Rb and to be tyrosine phosphorylated following IL-2 stim-
ulation (26). The bases for the recruitment and phosphoryla-
tion of p85 have remained unclear. Whereas one study sug-
gested that p85 binding is mediated by tyrosine 392 (Y392) of
IL-2Rb (36), others indicated that the membrane-proximal
serine-rich region (S region, amino acids 267 to 323) of IL-2Rb
is required for the tyrosine phosphorylation of p85 and the
production of PtdInsPs (11, 21). Finally, the Src family kinases
p56lck and p59fyn, which associate with the A region (amino
acids 313 to 382 of IL-2Rb), have been implicated in IL-2-
induced recruitment and tyrosine phosphorylation of p85 (14,
33), although it was suggested that another IL-2-induced ki-
nase might also prove to be important (33). In accord with this
hypothesis and because of the importance of the S region for
both the generation of PtdInsPs (11, 21) and the association of
Jak1 (22), we have further investigated the basis for PI 3-K
recruitment to the IL-2R and now report the critical role of a
novel PI 3-K p85–Jak1 interaction that implicates Jak1 in an
essential IL-2 signaling pathway distinct from the activation of
STAT proteins.
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MATERIALS AND METHODS

Plasmids. Human IL-2Rb and gc cDNAs were cloned into pME18S, in which
expression is driven by the SRa promoter (34); the murine Jak1 cDNA was
cloned in pMLCMV; human Jak3 cDNA was cloned in pME18S; the Lck cDNA
was cloned in pTEJ8. IL-2Rb mutants in pME18S were prepared by using the
Altered Sites in vitro mutagenesis system (Promega) as previously described (7).
The dominant negative Jak1 construct (DNJ1) was analogously prepared by
using an oligonucleotide designed to change lysine 907 (AAG) in the JH1 kinase
domain to arginine (AGG). Jak1 mutants in pME18S-FLAG were prepared by
standard PCR-based methods. The human PI 3-K p85 cDNA (3) and the mutant
forms of p85 (10) have been described elsewhere. Jak1, Jak1 mutants, Jak2, Jak3,
and Lck were tagged with the FLAG epitope at their C termini by standard
PCR-based methods. In each case, a 59 primer spanning a unique restriction site
in each kinase was prepared, whereas a 39 primer contained the FLAG tag, a ClaI
site, and a new stop codon. The FLAG-tagged kinases were then subcloned into
pME18S, first subcloning into pBluescript as an extra step if additional restric-
tion sites were needed.

Cell culture and transfections. 32D cells expressing wild-type and mutated
IL-2Rb have been described elsewhere (7). Peripheral blood lymphocytes (PBL)
were isolated from blood of normal donors by using lymphocyte separation
medium (Organon Teknika). Phytohemagglutin (PHA)-activated PBL (PHA
blasts) were prepared by culturing PBL for 72 h in RPMI 1640 medium contain-
ing 10% fetal bovine serum (FBS) and 1 mg of PHA (Boehringer Mannheim) per
ml. Cells were rested overnight in RPMI 1640–10% FBS, washed, and resus-
pended for 1 h in fresh medium prior to stimulation with 0 or 2 nM IL-2. YT,
Molt4b, and MT-2 cells were grown in RPMI 1640–10% FBS. YT is an NK-like
cell line, MT-2 is an human T-cell leukemia virus type 1 (HTLV-1)-transformed
T-cell line, and Molt4b cells represent Molt4 T cells stably transfected with
IL-2Rb (16). While parental Molt4 cells cannot respond to IL-2, Molt4b cells
signal when stimulated with IL-2. For IL-2 stimulation, cells were rested for 4 h
in RPMI 1640–1% FBS and then resuspended in RPMI 1640–10% FBS prior to
treatment with 0 or 2 nM IL-2. IL-2-dependent CTLL-2 murine T cells were
maintained in RPMI 1640–10% FBS containing 5 3 1025 M 2-mercaptoethanol
and 20 U of IL-2 per ml. 293 T1 and A49 cells were maintained in Dulbecco
modified Eagle medium (DMEM) containing 10% FBS and 100 U each of
penicillin and streptomycin per ml and transfected with plasmids by the calcium
phosphate method. Cells were harvested after 36 to 48 h. A49 is a murine
fibroblast cell line derived from mice lacking expression of Jak1 (27).

Immunoprecipitations and Western blotting. Cells were washed in phosphate-
buffered saline, lysed in lysis buffer [10 mM Tris (pH 7.5), 150 mM NaCl, 2 mM
EDTA, 0.875% Brij 96, 0.125% Nonidet P-40, 1 mM Na3VO4, 5 mM NaF, 10 mg
each of leupeptin and aprotinin per ml, 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride (AEBSF)], and centrifuged at 18,000 3 g at 4°C for 15 min. Lysates were
immunoprecipitated with humanized Mikb1 monoclonal antibody (MAb) to
IL-2Rb (hMikb1) (8), MAb M2 to the FLAG epitope (Babco), or antiserum to
PI 3-K p85 or Akt (anti-Akt1; Upstate Biotechnology Inc. [UBI] catalog no.
06-558), and protein A-agarose beads for 4 h at 4°C. The beads were washed four
times in lysis buffer, and samples were run on sodium dodecyl sulfate (SDS)–8,
8 to 16, 4 to 20, or 16% gels (Novex), transferred onto polyvinylidene difluoride
membranes (Millipore), and immunoblotted with antiserum to either p85 (UBI)
or Akt (Santa Cruz) or with MAb to Jak1 (Transduction Laboratories), IL-2Rb
(Santa Cruz Biotechnology), FLAG, or phosphotyrosine (4G10; UBI). Blots
were visualized by enhanced chemiluminescence (ECL; Amersham) after incu-
bation with horseradish peroxidase-conjugated secondary antibodies (Amer-
sham).

Akt in vitro kinase assay. 32Db cells were rested overnight in RPMI without
serum or IL-3 and then stimulated with 2 nM IL-2 for 15 min. Cells were washed,
lysed, and immunoprecipitated as described above, using anti-Akt antibody
(UBI). The beads were washed four times with lysis buffer and twice with kinase
buffer (20 mM HEPES [pH 7.0], 10 mM MgCl2, 10 mM MnCl2, 1 mM dithio-
threitol, 5 mM ATP, 0.2 mM EGTA). The beads were then resuspended in 40 ml
of kinase buffer containing 10 mCi of [g-32P]ATP and 500 ng of histone H2B
peptide (Boehringer Mannheim) and incubated at 30°C for 30 min. The reaction
was stopped with 23 SDS sample buffer, and proteins were boiled and loaded on
SDS–16% polyacrylamide gels. The gels were then dried and exposed to film.

RESULTS

Association of PI 3-K p85 with IL-2Rb is not dependent on
phosphorylated tyrosine residues. We first investigated
whether PI 3-K p85 could associate with IL-2Rb in different
cell types and found that p85 could associate with IL-2Rb in
freshly isolated PBL, PHA blasts, YT NK-like cells, and
HTLV-1-transformed MT-2 T cells (Fig. 1A). The interaction
was also seen in 32D cells transfected with wild-type IL-2Rb
(Fig. 1B, lanes 3 and 4). The fact that the interaction was seen
in 32D-IL-2Rb cells and in freshly isolated PBL in the absence
of IL-2 stimulation suggested that phosphorylation of IL-2Rb

might not be required for this interaction. Indeed, p85 could
also interact with a mutant form of IL-2Rb in which all ty-
rosine residues, including the previously implicated Y392, were
mutated to phenylalanines (bFFFFFF [lanes 5 and 6]), indi-
cating that IL-2Rb phosphotyrosine docking sites do not me-
diate this interaction. We confirmed this finding in assays using
293 T1 cells (Fig. 1C) and COS-7 cells (data not shown) by
showing that p85 could associate not only with wild-type IL-
2Rb (lane 2) but also with a mutant form of IL-2Rb in which
all tyrosine residues had been mutated to phenylalanines (lane
3) or with an IL-2Rb truncation mutant lacking residues 380 to
525 (DH mutant [lane 4]).

Jak1 interacts with PI 3-K p85. To investigate the regions of
IL-2Rb required for the association of p85, we used IL-2Rb
constructs lacking either the S or A region. Deletion of either
region diminished association with p85 (Fig. 2A, lanes 3 and 4
versus lane 2), correlating with the lower level of proliferation

FIG. 1. Tyrosine residues of IL-2Rb are not required for its association with
p85. (A) Constitutive association of IL-2Rb and p85. Freshly isolated PBL (lanes
1 and 2), PHA blasts (lanes 3 and 4), YT cells (lanes 5 and 6), or MT-2 cells
(lanes 7 and 8) were starved for $4 h in RPMI 1640 medium containing 1% FBS
and were not stimulated (lanes 1, 3, 5, and 7) or were stimulated with 2 nM IL-2
(lanes 2, 4, 6, and 8) for 10 min; cell lysates were immunoprecipitated with
hMikb1 and immunoblotted with anti-p85. (B) Coprecipitation of p85 with
IL-2Rb in 32D cells expressing wild-type IL-2Rb (lanes 3 and 4) or a mutated
form of IL-2Rb in which all six tyrosines were mutated to phenylalanines (lanes
5 and 6). Cells were starved of growth factor for 4 h, not stimulated or stimulated
with 2 nM IL-2 for 10 min, washed, and lysed prior to immunoprecipitation and
Western blotting. (C) Coprecipitation of p85 with IL-2Rb constructs. 293 T1

cells were cotransfected with plasmids expressing p85, Jak1, and either the empty
vector (pME18S; lane 1) or pME18S driving expression of wild-type IL-2Rb
(bYYYYYY; lane 2), IL-2Rb in which all tyrosines are mutated (bFFFFFF; lane
3), or an IL-2Rb construct lacking residues 380 to 525 (DH mutant; lane 4). Cells
were harvested 36 to 48 h posttransfection. Note that the decrease in apparent
p85 coprecipitation (lane 4, top) corresponded to the decreased expression of
IL-2Rb DH (lane 4, bottom). Immunoprecipitation and Western blotting for
panels B and C were performed as for panel A. The lower portions of panels B
and C represent Western blots with goat antiserum to human IL-2Rb (R & D
Systems), as controls for expression.

VOL. 18, 1998 INTERACTION BETWEEN PI 3-K AND Jak1 6417



that is mediated by these constructs (35). As noted above, the
S region has been shown to be important for the production of
PtdInsPs and is known to be essential for the association of
Jak1 (22) (Fig. 2B, lane 3). Interestingly, the A region not only
is able to selectively mediate the association of Lck and Fyn
(35), which as noted above have been suggested to play a role
related to IL-2-mediated PI 3-K recruitment and phosphory-
lation (14, 33), but also is required for the optimal binding of
both p85 (Fig. 2A, lane 4) and Jak1 (Fig. 2B, lane 4) to IL-2Rb.
The importance of both the A and S regions for IL-2-mediated
activation of PI 3-K was next evaluated by assaying for the
activity of Akt (protein kinase B), a kinase known to be acti-
vated by PI 3-K (6). Indeed, both the A and S regions are vital
for downstream signaling from PI 3-K, as IL-2-induced activa-
tion of Akt in vitro kinase activity required the integrity of both
regions (Fig. 3A; compare lanes 6 and 8 with lane 4).

In view of the diminished association of PI 3-K p85 with both
the A and S mutants, we investigated the importance of Jak1 in
the recruitment of PI 3-K p85 to IL-2Rb and whether Jak1
could itself associate with p85. We first transfected 293 T1 cells
with p85 and Jak1 and found that p85 could be coprecipitated
with Jak1, even in the absence of IL-2Rb (Fig. 4A, lanes 1 and
2). The catalytic activity of Jak1 was not required for this
interaction, as demonstrated by the ability of the DNJ1 con-
struct to also associate with p85 (lane 3; also discussed below in
relation to Fig. 9). Constitutive association of Jak1 and p85 was
also found in PHA blasts and in CTLL-2, YT, 32D, 32Db, and
32DbFFFFFF cells (Fig. 4B). Because parental 32D cells do
not express IL-2Rb, it is clear that IL-2Rb was not required for
this interaction, and correspondingly, IL-2 stimulation did not
affect the interaction. Given that IL-2Rb and Jak1 constitu-

tively associate (2, 22, 29), to investigate whether IL-2Rb could
interact with p85 even in the absence of Jak1, we used Jak1-
deficient murine fibroblasts (A49 cells) derived from a Jak1-
deficient mouse (27). Transfection of IL-2Rb into A49 cells
allowed coprecipitation of p85 with anti-IL-2Rb antibodies;
however, this interaction was significantly augmented if Jak1
was cotransfected (Fig. 4C).

To better understand the nature of the interaction between
p85 and Jak1, we mapped the regions on each protein that
mediate the interaction (Fig. 5 and 6). We first used a series of
constructs corresponding to different domains of hemaggluti-
nin (HA)-tagged p85 (10). Interestingly, constructs containing
both SH2 regions of p85 mediated the interaction with Jak1
even when the inter-SH2 region was deleted (Fig. 5A, lanes 5
to 7). The N-terminal SH2 domain of p85 could not interact at
all, and at most a weak interaction was detected with the
C-terminal SH2 domain (Fig. 5A, lanes 3 and 4, and data not
shown). We next mapped the region of Jak1 that interacts with
p85. As shown in Fig. 6A, full-length Jak1 (lane 2), but not a
C-terminal truncation mutant of Jak1 lacking the JH1 and JH2
regions (containing the kinase and pseudokinase domains, re-
spectively) (lane 3), could associate. However, given that p85
also can associate with the DNJ1 construct, the catalytic activ-
ity of Jak1 does not appear to be essential for the interaction.
Interestingly, neither Jak2 nor Jak3 could associate with p85
(Fig. 6A, lanes 4 and 5), indicating that the ability of Jak1 to
interact with p85 was specific and not a general property of Jak
kinases. It is interesting that Jak1 has three YXXM motifs,
including one in the JH1 region; it will be interesting to deter-
mine if this motif contributes to the association of Jak1 with
p85.

Jak1-mediated phosphorylation of p85 requires IL-2Rb.
The ability of Jak1 to interact with p85 suggested that Jak1
might mediate the tyrosine phosphorylation of p85. We inves-
tigated this possibility by using 293 T1 cells cotransfected with

FIG. 2. Importance of the S and A regions of IL-2Rb for the association of
PI 3-K p85 and Jak1. (A) The S and A regions are required for optimal associ-
ation of IL-2Rb and p85. 293 T1 cells were cotransfected with plasmids express-
ing Jak1, p85, and either wild-type (bWT) or mutant forms of IL-2Rb, immu-
noprecipitated (IP) with hMikb1, and then Western blotted with anti-p85. (B)
The S and A regions are required for optimal association of IL-2Rb and Jak1.
293 T1 cells were cotransfected with plasmids as for panel A, lysed, and immu-
noprecipitated with hMikb1 followed by Western blotting with MAb to Jak1. (C)
Lysates of the transfected 293T1 cells used for panels A and B were blotted with
anti-Jak1 (Transduction Laboratories), anti-p85 (UBI), or anti-IL-2Rb (Santa
Cruz).

FIG. 3. Importance of the S and A regions of IL-2Rb for Akt IL-2-induced
activation. (A) 32D cells expressing either wild-type (bWT) or mutant forms of
human IL-2Rb were rested overnight and then stimulated with IL-2 for 15 min.
In vitro kinase (IVK) assays were performed on Akt immunocomplexes, using
histone H2B peptide as an exogenous substrate. (B) Loading control for the in
vitro kinase assay. Immunoprecipitation (IP) with anti-Akt was followed by
Western blotting with anti-Akt antibody. (C) Receptor expression controls are
also shown for each cell line.
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plasmids expressing p85, Jak1, and either a vector control,
wild-type IL-2Rb, or a mutant form of IL-2Rb. Interestingly,
although Jak1 and p85 could associate in the absence of IL-
2Rb (e.g., in 32D cells [Fig. 4B, lanes 7 and 8]), essentially no
tyrosine phosphorylation of p85 was seen in 293 T1 cells trans-
fected with only Jak1 and p85, but substantial phosphorylation
was seen when IL-2Rb was additionally expressed (Fig. 7A,
lane 2 versus lane 1). Note that an increase in the phosphor-
ylation of Jak1 was also seen when IL-2Rb was present (Fig.
7B, lane 6 versus lane 2), but the relative increase in phosphor-
ylation in p85 exceeded the increase in phosphorylation of
Jak1, suggesting that part of the effect may be due to aug-
mented recruitment of p85 when both IL-2Rb and Jak1 are
present. This phosphorylation required catalytically active Jak1
since no tyrosine phosphorylation of p85 was seen with the
DNJ1 construct (Fig. 7A, lane 3), even though p85 could as-
sociate with DNJ1 (Fig. 4A, lane 3). Efficient association of
Jak1 with IL-2Rb was required for optimal phosphorylation of
p85, as demonstrated by the greatly diminished phosphoryla-
tion of p85 when the S region of IL-2Rb was deleted (Fig. 7A,
lane 4). Deletion of the A region of IL-2Rb resulted in a
smaller decrease in p85 phosphorylation (lane 6), correspond-
ing with the lesser effect of this deletion on the association of

Jak1 with IL-2Rb (Fig. 2B). Unlike Jak1, Jak3 did not mediate
detectable p85 phosphorylation (Fig. 7B, lane 7 versus lane 6)
even though Jak3 can also associate with IL-2Rb (29, 39).
Wild-type Lck could mediate weak p85 phosphorylation but at
a level much lower than that seen with Jak1, even in the
presence of IL-2Rb (lane 8 versus lane 6). These data indicate
a specificity for the role played by Jak1.

Jak1 is required for IL-2-induced phosphorylation of p85.
The above studies indicate that Jak1 can mediate phosphory-
lation of PI 3-K p85 in an overexpression system in which Jak1
is constitutively activated (19) but do not address the IL-2
inducibility of this phosphorylation event. We therefore eval-
uated p85 tyrosine phosphorylation in settings where Jak1 is
not constitutively activated. IL-2 could induce tyrosine phos-
phorylation of p85 in normal PHA blasts (Fig. 8A) and in
Molt4 T cells that were stably transfected with IL-2Rb (so that
they became responsive to IL-2) (Fig. 8B). To address the role
of Jak1 in this process, given the ubiquitous expression of Jak1,
we used a fibroblast cell line derived from Jak1-deficient mice
(A49 cells) and transfected these cells with IL-2Rb, gc, and
Jak3, with or without Jak1 (Fig. 9). IL-2 could induce phos-
phorylation of PI 3-K p85 in the cells transfected with Jak1
(Fig. 9A, lane 4 versus lane 3), but this reconstituted fibroblast

FIG. 4. Jak1 and IL-2Rb cooperate for efficient recruitment of PI 3-K p85. (A) Wild-type Jak1 (J1) and DNJ1 associate with p85. 293 T1 cells were cotransfected
with a vector control or a plasmid expressing wild-type IL-2Rb (bWT), Jak1, or DNJ1. Cellular lysates were immunoprecipitated (IP) with anti-p85 and then Western
blotted with anti-Jak1. (B) Constitutive association of Jak1 and p85. PHA blasts and CTLL-2, YT, 32D, 32Db, and 32DbFFFFFF cells were starved for 4 h, stimulated
with 2 nM IL-2 for 10 min, washed, and lysed. Immunoprecipitations and Western blotting were performed as for panel A. (C) The interaction of IL-2Rb and p85 is
augmented by the presence of Jak1. Murine fibroblasts lacking Jak1 (A49 cells) were transfected with pME18S, wild-type IL-2Rb, or IL-2Rb plus Jak1. Cell lysates
were immunoprecipitated with hMikb1 and then blotted with antiserum to Jak1 (top) or p85 (bottom). (D) Lysates of the cells described for panel C were Western
blotted to confirm expression of transfected cDNAs. Note that there is somewhat more IL-2Rb expressed in lane 2 than in lane 3. This makes it even more clear that
the increased coprecipitation in panel C, lane 3, is due to the presence of Jak1.

VOL. 18, 1998 INTERACTION BETWEEN PI 3-K AND Jak1 6419



cell line exhibits lower IL-2-inducible phosphorylation of p85
than was seen in PHA blasts and Molt4b cells. No phosphor-
ylation was seen in cells lacking Jak1 (lanes 1 and 2) or in cells
transfected with the DNJ1 construct (lanes 5 and 6). The
difference in tyrosine phosphorylation of p85 (lanes 4 and 6)
cannot be explained by differences in the levels of p85 (Fig. 9B,
lane 6 versus lane 4). Given the lack of endogenous Jak1 in
A49 cells, this experiment also confirms the association of p85
with a catalytically dead form of Jak1. These data indicate the
vital role played by Jak1 in tyrosine phosphorylation of p85.

DISCUSSION

In this study, we have investigated the basis for recruitment
of PI 3-K to the IL-2R. Whereas PI 3-K p85 can associate with
IL-2Rb in the absence of Jak1 and with Jak1 in the absence of
IL-2Rb, both IL-2Rb and Jak1 are simultaneously required for
the most efficient recruitment of p85. The role of Jak1 is
specific, as no coprecipitation of p85 with either Jak2 or Jak3
could be observed. Although Jak1 has been suggested to be
dispensable for signaling by IL-2 (9) and IL-4 (20), our data are
consistent with an important role for Jak1 in IL-2-mediated
activation of PI 3-K. The essential role of Jak1 is consistent
with activation of both Jak1 and Jak3 by IL-2 (reviewed in
references 18, 31, and 35) and with the phenotype of Jak1
knockout mice (27).

Both the S (amino acids 267 to 323) and A (amino acids 313
to 382) regions of IL-2Rb are required for p85 binding, with
the S region being the more important. The importance of the

S region is at least in part due to its role in mediating the
binding of Jak1 to IL-2Rb. This helps to explain prior obser-
vations (11, 21) that deletion of the S region results in a loss of
IL-2-induced production of PtdInsPs. Interestingly, the co-
precipitation of p85 with IL-2Rb was not dependent on the
phosphorylation of IL-2Rb, as demonstrated by the ability of
p85 to interact with an IL-2Rb mutant in which all tyrosines
were converted to phenylalanines. However, a previous study
showed that a phosphorylated peptide spanning IL-2Rb Y392
could partially inhibit the p85–IL-2Rb interaction (36), raising
the formal possibility that there is more than one contact point
for p85 on IL-2Rb. In addition to the S region, the A region
was important for coprecipitation of p85. The A region not
only is needed for maximal recruitment of Jak1 but also is vital
for the recruitment of Src family kinases, consistent with pre-
vious reports indicating a role for Src family kinases in IL-2-
mediated activation of PI 3-K. Thus, our data reveal a greater
complexity than was previously appreciated for the recruitment
and phosphorylation of PI 3-K wherein both Src family kinases
and Jak1 are important. The identification of a role for Jak1 is
consistent with an earlier hypothesis that an IL-2-induced ty-
rosine kinase besides an Src family kinase might be found to be
important for IL-2-induced activation of PI 3-K (33).

We have shown that Jak1 is required for p85 phosphoryla-
tion, and as expected, catalytically active Jak1 was required for
this as no p85 phosphorylation was seen with the DNJ1 con-
struct. It was striking, however, that IL-2Rb was also needed to
achieve efficient tyrosine phosphorylation of p85 by Jak1. Thus,
just as the most efficient recruitment of p85 required both
IL-2Rb and Jak1, IL-2-mediated tyrosine phosphorylation of
p85 was also dependent on the presence of both proteins,
suggesting cooperativity of IL-2Rb and Jak1 in both interac-
tion with and phosphorylation of p85. It is possible that IL-2Rb
serves to correctly position p85 so that it can be phosphory-
lated, most likely by Jak1, although we cannot exclude the
formal possibility that p85 is instead phosphorylated by an-
other kinase whose activity is dependent on the presence of
Jak1. Such a hypothetical kinase would presumably be acti-

FIG. 6. The JH1 and JH2 regions of Jak1 are required for interaction with
p85. Jak2 and Jak3 do not interact with p85. (A) 293 T1 cells were transfected
with p85 and with the indicated forms of FLAG-tagged Jak1 C-terminal dele-
tions or FLAG-tagged Jak2 or Jak3. Immunoprecipitations (IP) with anti-p85
antibody were followed by Western blotting with anti-FLAG M2 MAb. WT, wild
type. (B) Expression control for the FLAG-tagged forms of Jak1, Jak2, and Jak3.
(C) Expression controls for p85.

FIG. 5. Both of the SH2 domains of p85 are required for its efficient asso-
ciation with Jak1. (A) 293 T1 cells were transfected with FLAG-tagged Jak1 and
with the indicated HA-tagged forms of p85. Immunoprecipitations (IP) with
anti-FLAG M2 MAb were followed by Western blotting with anti-HA MAb. The
p85 constructs (described in reference 10) are as follows: N-SH2, residues 329 to
439, spanning the more N-terminal of the two SH2 domains in p85; C-SH2,
residues 563 to 724, spanning the more C-terminal SH2 domain; NC, residues
329 to 439 plus residues 563 to 724, containing both SH2 domains but lacking the
p110 binding (inter-SH2) region; NiC, residues 329 to 724, like NC except that
it includes the inter-SH2 region; DiSH2, full-length p85 that lacks the 439–563
inter-SH2 region; iSH2, residues 425 to 616, a construct that contains only the
inter-SH2 region; PBP, residues 79 to 328, containing the Pro-Bcr-Pro region
located between the SH3 and N-terminal SH2 domains of p85; and SH3, residues
1 to 78, spanning the SH3 domain. All constructs have N-terminally positioned
HA tags. WT, wild type. (B) Expression control for the HA-tagged forms of p85.
(C) Expression controls for Jak1.
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vated by Jak1 given that no tyrosine phosphorylation of p85
was seen with the dominant negative Jak1.

Together, our data not only indicate that IL-2Rb and Jak1
cooperate for the recruitment and phosphorylation of PI 3-K
but also indicate another essential function for Jak1 besides its
role in mediating the activation of STAT proteins. Coupled to
the demonstration that Stat3 can mediate the recruitment of
p85 to the IFNAR-I chain of type I interferon receptors (24),
it is now clear that both JAKs and STATs can play important
roles in PI 3-K recruitment. Given the involvement of Jak1
activation in a range of cytokine receptors, these studies have
important implications regarding the basis for PI 3-K recruit-
ment, particularly to receptors lacking YXXM motifs but

FIG. 7. p85 tyrosine phosphorylation is mediated by Jak1, but not by Jak3 or Lck, in an IL-2Rb-dependent fashion. (A) Jak1 and IL-2Rb are required for tyrosine
phosphorylation of p85. 293 T1 cells were cotransfected with plasmids expressing p85, Jak1, DNJ1, and either wild-type (bWT) or mutant forms of IL-2Rb. Cells were
harvested 36 to 48 h posttransfection, washed in phosphate-buffered saline, and lysed in lysis buffer. Supernatants were boiled in SDS reducing sample buffer and
immunoblotted to evaluate expression of transfected cDNAs; alternatively, lysates were immunoprecipitated (IP) with antiserum to p85 and immunoblotted with 4G10.
Expression of transfected constructs (Jak1, p85, and IL-2Rb constructs) was evaluated by Western blotting (bottom). (B) Neither Jak3 nor Lck can phosphorylate p85.
293 T1 cells were cotransfected with PI 3-K (all lanes), FLAG-tagged Jak1 (lanes 2 and 6), FLAG-tagged Jak3 (lanes 3 and 7), or FLAG-tagged Lck (lanes 4 and 8).
In lanes 5 to 8, cells were additionally transfected with IL-2Rb; cells in lanes 1 to 4 were not. Immunoprecipitations and Western blotting were performed as for panel
A. Expression of p85 and FLAG-tagged kinases is shown at the bottom. The expression controls are all from one blot; the cut marks reflect the fact that the loading
order for the controls was different from that used in the upper blot; the lanes were repositioned to correspond to the upper blot.

FIG. 8. IL-2-induced phosphorylation of PI 3-K. (A) IL-2 induces phosphor-
ylation of p85 in normal PHA blasts. (B) IL-2 induces phosphorylation of p85 in
Molt4b cells (lane 4 versus lane 3) but not in Molt4 cells (lanes 1 and 2).
Immunoprecipitations (IP) and Western blotting were performed as for Fig. 7.

FIG. 9. Jak1 is required for IL-2-induced phosphorylation of PI 3-K p85. (A)
Transfection of Jak1 is required for IL-2-induced tyrosine phosphorylation of PI
3-K p85 in A49 cells. A49 cells were transfected with IL-2Rb, gc, and Jak3, with
or without wild-type (WT) Jak1 or DNJ1 (DNJak1). Cells were washed and
starved overnight in DMEM–1% FBS and then not stimulated or stimulated for
10 min with 2 nM IL-2. The arrowhead points to a band that we believe to be
Jak1. IP, immunoprecipitation; aPY, antiphosphotyrosine. (B) The lack of phos-
phorylation of p85 in lane 6 of panel A was not due to lack of association of
DNJ1 with p85. Note that the decreased association of DNJ1 with p85 in the
absence of IL-2 was not expected; however, the key point is that the degree of
association in lane 6 was similar to that seen with wild-type Jak1 (lane 4). (C)
Controls for expression of Jak1, Jak3, p85, IL-2Rb, and gc in the transfected A49
cells.
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whose cognate cytokines are nevertheless known to induce the
activation of PI 3-K.
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