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ABSTRACT The interleukin 2 receptor (IL-2R) generates
proliferative signals in T lymphocytes by ligand-induced
heterodimerization of two chains, IL-2R and vy., which
associate with the tyrosine kinases Jakl and Jak3, respec-
tively. Genetic and molecular studies have demonstrated that
Jak3 is essential for mitogenic signaling by the . chain;
because it is also the only molecule known to associate with 7.,
we speculated that Jak3 might be sufficient for signaling by
this chain. Therefore, fusion proteins were constructed in
which all or part of the cytoplasmic domain of vy, was replaced
by Jak3. Signaling was evaluated in the IL-2-dependent T cell
line CTLL-2 using chimeric IL-2Rf3 and vy, chains that bind
and are activated by the cytokine granulocyte—macrophage
colony-stimulating factor. Chimeric vy, chains containing only
Jak3 in the cytoplasmic domain failed to mediate proliferation
of CTLL-2 cells, but addition of a conserved membrane-
proximal (PROX) domain of vy, in tandem with Jak3 fully
reconstituted y. function. The requirement for the PROX
domain reflected an essential role in the activation of Jak3 in
vivo. Despite lacking defined catalytic motifs, PROX induced
an early Jak-independent signal, including tyrosine phos-
phorylation of IL-2Rf and the tyrosine phosphatase SHP-2.
The results define the minimal signaling components of y. and
suggest a new mechanism by which the IL-2R initiates sig-
naling in response to ligand.

A common theme for signaling by growth factor receptors
involves ligand-induced dimerization of receptor chains fol-
lowed by the rapid induction of intracellular tyrosine kinase
activity, mediated either by kinase domains intrinsic to the
receptor chains or by cytoplasmic kinases that associate in a
noncovalent manner (1). The interleukin 2 receptor (IL-2R) is
a member of the hematopoietic receptor superfamily and
regulates the proliferation of T lymphocytes (2). The high
affinity receptor consists of three distinct chains («, B, and )
and, upon binding IL-2, generates intracellular signals through
heterodimerization of the cytoplasmic domains of IL-2R and
vc (3, 4). Like other hematopoietic receptors, the IL-2R has no
intrinsic catalytic activity but instead induces the activation of
Janus tyrosine kinases (Jaks) that associate with the receptor
chains: Jak1 with IL-2RB and Jak3 with . (5-8). The B chain
is also reported to associate constitutively with the tyrosine
kinases Syk (9) and Lck (10) and inducibly with the adapter
molecule Shc (11-14) and the transcription factor Stat5 (15—
18). By contrast, studies of vy, have yet to identify molecules
other than Jak3 that associate in the presence or absence of
ligand. Moreover, Jak3 appears to associate exclusively with vy,
and hence is activated only by those hematopoietic receptors
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that use this chain, including the receptors for IL-2, IL-4, IL-7,
IL-9, and IL-15 (5, 19-24).

The exclusive nature of the vy./Jak3 interaction suggests that
Jak3 might be the sole mediator of signals originating from the
Y. chain. Indeed, the phenotype of Jak3-null mice is virtually
identical to that of y.-null animals, involving severe defects in
the development of T and B cells (25-29). Likewise, human
patients with genetic lesions at the Jak3 or vy, loci suffer from
severe combined immune deficiency (30-33). These pheno-
types likely reflect an essential role for Jak3 and v, in IL-7R
signaling during early lymphocyte development because they
are recapitulated in mice with targeted disruption of the IL-7
or IL-7R « chain genes (34, 35). An essential role for Jak3 in
IL-2R signaling has been demonstrated by overexpressing a
kinase-deleted form of the molecule in the pro-B cell line
BAF3 together with a reconstituted IL-2R complex. This
protein functioned as a dominant-negative inhibitor of endog-
enous Jak3 catalytic activity, which resulted in severe impair-
ment of the IL-2R-mediated proliferative response (36). In T
cells, mutational analysis of the cytoplasmic domain of vy, by
our group and others (37-39) has led to the identification of
two cytoplasmic regions that are critical for activation of Jak3
and induction of the proliferative response: (i) a membrane-
proximal (PROX) domain that has partial SH2 homology
though lacks many of the residues critical for binding phos-
photyrosine and (if) an adjacent, 14-residue segment with Box
2 homology. Both regions are required to bind Jak3 (6, 7, 40)
and together are sufficient to mediate the mitogenic signaling
functions of vy, (37).

These results suggested a simple mechanism for IL-2R
signaling in which the sole function of the v, chain is to recruit
Jak3 to the receptor complex. We reasoned that ligand-
induced dimerization of y. with IL-2R 8 might activate Jak3 by
bringing the kinase in close proximity to Jakl, allowing
cross-phosphorylation and trans-activation of both molecules,
a mechanism that has been proposed to account for activation
of Jak kinases in general (2, 41, 42). This model was evaluated
in the present work by constructing chimeric receptor chains
in which all or part of the cytoplasmic domain of . was
replaced by Jak3. Contrary to expectations, Jak3 alone was
unable to mediate the mitogenic signaling functions of y. in T
cells. Full vy, function was reconstituted, however, when Jak3
was linked in tandem with the PROX domain of y.. PROX was
shown to generate a novel signal that preceded, and appeared
essential for, activation of Jak3 in response to ligand, thus
suggesting a new model for the initiation of the IL-2R signal.

MATERIALS AND METHODS

Receptor Chain Construction and Expression. Expression
vectors encoding the chimeric chains BB, ay, ay-PROX, and

Abbreviations: IL-2R, interleukin 2 receptor; PROX, membrane-

proximal; GM-CSF, granulocyte—-macrophage colony-stimulating factor.
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ay-APROX (formerly denoted GMB/28, GMa/y, AT39, and
APROX, respectively) have been described (4, 37). Fusions
and other modifications of ay and Jak3 were accomplished
using site-directed, mutagenic oligonucleotides and PCR. The
sequences of all mutagenized DNA fragments were confirmed
by standard methods. CTLL-2 cells were maintained, trans-
fected, and selected for resistance to G418 or hygromycin as
described (4, 37). To achieve equivalent expression of B8, all
cells were derived from a single subclone stably expressing this
chain, except those denoted ayPROX-J3 + AS, which ex-
pressed a derivative of B lacking the serine-rich cytoplasmic
domain of IL-2Rp (residues Ser?’-Ser3??) (10). After intro-
duction of an ay-derived chain, cells were subcloned and
screened for surface expression of both chimeric chains with
antibodies to human granulocyte-macrophage colony-
stimulating factor (GM-CSF) receptor 8 or human GM-CSF
receptor « (Santa Cruz Biotechnology). All receptor combi-
nations demonstrated equivalent binding of phycoerythrin-
conjugated human GM-CSF over a three-log unit range of
concentrations [by a previously described assay (37); data not
shown]. Transfectants were maintained on IL-2 and were not
exposed to GM-CSF before analysis of signaling.

Proliferative Assays. Methods to evaluate thymidine incor-
poration, cell growth, and nuclear expression of c-Myc and
c-Fos proteins have been described (37).

Immunoprecipitation and Immunoblot Analysis. Aliquots
of 1.5 X 107 cells were stimulated with media alone, human
IL-2 (100 units/ml), or human GM-CSF (100 ng/ml), washed
once with cold PBS, and then lysed at 5 X 107 cells/ml in lysis
buffer (50 mM Tris, pH 7.4/0.5% Nonidet P-40/150 mM
NaCl/5 mM EDTA/50 mM NaF/1 mM Na3;VO,/1 mM
phenylmethylsulfonyl fluoride/10 pg/ml leupeptin) on ice for
20 minutes. Cytoplasmic proteins were immunoprecipitated
with the indicated antibodies and agarose-conjugated protein
A or G (Santa Cruz Biotechnology); antibodies were pur-
chased from Santa Cruz Biotechnology (Jakl, Stat5, SHP-2,
human IL-2R 8, murine IL-2R 3, and human GM-CSF receptor
a), Upstate Biotechnology (Jak3 and anti-phosphotyrosine),
and Transduction Laboratories (Lexington, KY; Stat5 and
Shc). Agarose-bound immune complexes were washed twice
with lysis buffer and either boiled in sample buffer for immu-
noblotting (37) or subjected to an in vitro kinase assay (below).
For immunoprecipitations using anti-phosphotyrosine anti-
body, the possibility that the protein of interest (IL-2RS or
SHP-2) was precipitating indirectly because of an interaction
with a phosphotyrosine-containing intermediary protein was
precluded by (i) washing immune complexes twice with radio-
immunoprecipitation assay buffer (50 mM Tris, pH 8.0/150
mM NaCl/0.1% SDS/1% Nonidet P-40/0.5% sodium deoxy-
cholate/1 mM Na3z;VO,/1 mM phenylmethylsulfonyl fluoride),
which contains two ionic detergents that generally disrupt
protein—protein interactions, and (if) reprobing each blot with
anti-phosphotyrosine antibody to confirm the presence of a
tyrosine-phosphorylated protein at the same position on the
gel as seen after probing with antibodies to IL-2R or SHP-2.

In Vitro Kinase Assays. Anti-GM-CSF receptor a immune
complexes on protein G-agarose or anti-Jak3 immune com-
plexes on protein A—agarose were washed three times with cold
kinase buffer (25 mM Hepes, pH 7.4/0.1% Nonidet P-40/10
mM MgCl,/3 mM MnCl,/30 uM Na3;VOy) and then incubated
at room temperature for 15 minutes in kinase buffer contain-
ing 0.25 mCi/ml (1 Ci = 37 GBq) [y-**P]ATP (DuPont/NEN).
Complexes were washed once with cold lysis buffer and
processed for autoradiography as described (37).

Time Course Analysis. Aliquots of 2 X 107 cytokine-
deprived CTLL-2 cells in 4 ml of complete media were
stimulated with IL-2 or GM-CSF at room temperature; at
37°C, signaling events proceeded too rapidly to distinguish the
temporal order of substrate phosphorylation. After cytokine
stimulation, cell cultures were added directly to 2 ml of 3-fold
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concentrated lysis buffer on ice. Postnuclear fractions were
divided into two aliquots for immunoprecipitation with anti-
bodies to Jak3 or phosphotyrosine followed by immunoblot-
ting as described above.

RESULTS

Proliferative Signaling in T Cells After Replacement of the
¥. Cytoplasmic Domain with Jak3. The signaling functions of
v. and Jak3 were studied in the physiological context of
nontransformed, IL-2-dependent T cells expressing a func-
tional endogenous IL-2R by coexpressing two chimeric recep-
tor chains, ay and BB (Fig. 1). These chains bind GM-CSF
through extracellular domains derived from the GM-CSF
receptor « and 3 chains but generate an authentic IL-2R signal
after the resultant heterodimerization of cytoplasmic domains
derived from vy, and IL-2R (4, 37) (Figs. 2 and 3). To evaluate
the signaling capacity of Jak3 independent of any other
potential signals from vy, we replaced the cytoplasmic domain
of ay, except for the PROX three residues, with the entire Jak3
polypeptide by way of a tetra-glycine linker (ay3-J3; Fig. 1 B
and C). When coexpressed on the cell surface with BB, ay3-J3
bound GM-CSF [as per Nelson et al. (37); data not shown] but
failed to induce cell proliferation or expression of the proto-
oncogene products c-Myc and c-Fos (Fig. 2). To relieve Jak3
of potential steric or conformational hindrances related to the
chimeric construct, a longer, flexible linker consisting of
glycine and serine residues was inserted at the y.—Jak3 fusion
site, but this chain also failed to generate a proliferative signal
(ay3GS-J3; Figs. 1 and 2).

One explanation for the inability of chains containing Jak3
alone to signal was that one or more cytoplasmic regions of vy,

A

oy3-J3 ERTGGGG -Jak3
oy3GS-J3 ERTGGGESGEGESGGGG ~Jak3
oyProx-J3 ERTMPRIPTLXNLEDLVTEYHGNFSAWSGVSKGLAESL)GGGG -Jak3

a’y-PrOx ERTMPRIPTLKNLEDLVTEYHGNFSAWSGVSKGLAESLQ

Fi1G. 1. Description of chimeric receptor chains. (4) The chimeric
GM-CSF/IL-2 receptor consists of two chains, B and avy, that bind
human GM-CSF but generate an IL-2 signal through cytoplasmic
domains derived from human IL-2RB and vy, (4, 37). The chains
associate noncovalently with the kinases Jakl and Jak3, respectively
(6-8, 40), each of which contains a C-terminal tyrosine kinase (TK)
domain and six other conserved regions (JH2-7). (B) Derivatives of ay
containing an attached murine Jak3 molecule in the cytoplasmic
domain (46), the PROX domain alone (ay-PROX), or the C-terminal
region of vy, alone (37) (ay-APROX). (C) Amino acid sequence of the
cytoplasmic domains of ay-derived receptor chains beginning with the
first cytoplasmic residue (19). Linker sequences are in bold type.
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FiG.2. Proliferative responses of CTLL-2 cells expressing chimeric
receptor chains derived from oy and Jak3. (4) S phase entry assessed
by incorporation of tritiated thymidine in response to human GM-CSF
(10 ng/ml) or media alone plotted as a percentage of the response to
human IL-2 (20 units/ml), which ranged from 3-6 X 10* cpm. All cells
also expressed an intact version of BB, except those denoted
ayPROX-J3 + AS, which expressed the deletion mutant B8B3-AS. For
each receptor combination, the responses of three independent
CTLL-2 subclones are shown. Similar relative responses were observed
over a range of GM-CSF concentrations from 0.1 to 100 ng/ml (data
not shown). (B) Growth of a subclone of CTLL-2 cells coexpressing
ayPROX-J3 and BB and cultured with GM-CSF (100 ng/ml), IL-2
(100 units/ml), or media alone. Identical results were obtained with
three other independent subclones. (C) Western blot analyses to
detect nuclear expression of the proto-oncogene products p67¢™¢ and
p62¢-fos after stimulation with GM-CSF (GM; 100 ng/ml) or IL-2 (100
units/ml) for 1-4 h.

was required in addition to the kinase. The only known
function of the PROX 39 residues of vy, (referred to as the
PROX domain) is to participate in binding of Jak3 (40).
However, we reasoned that this region might serve additional
functions because many residues are conserved among a subset
of cytokine receptor chains (IL-3Re, IL-5Ra, and GM-CSF
receptor «) that do not appear to bind Jak kinases (43, 44). A
truncated oy chain containing only the PROX domain, coex-
pressed with B3, failed to induce proliferation (37, 38) (ay—
PROX; Figs. 1 and 2), but a chain modified to contain PROX
in tandem with Jak3 induced a proliferative response equiva-
lent to that mediated by the endogenous IL-2R (ayPROX-J3;
Figs. 1 and 2). Like wild-type 7., ayPROX-J3 required
interaction with the cytoplasmic domain of the B chain for
signaling because deletion of the S region (10) of BB, which
contains the binding site for Jakl (6, 45), abrogated the prolif-
erative response to GM-CSF (ayPROX-J3 plus AS; Fig. 2).
Intracellular Tyrosine Phosphorylation Mediated by the
PROX Domain and Jak3. Biochemical analyses revealed that
the ay3-J3 chain, when coexpressed with 83, failed to become
phosphorylated on tyrosine in response to GM-CSF or medi-
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ate detectable phosphorylation of Jakl, Shc, or Stat5, sub-
strates associated with IL-2R signaling (Fig. 34). Similarly,
ay-PROX, which contains PROX alone in the cytoplasmic
domain, failed to induce phosphorylation of these substrates or
of endogenous Jak3 (Fig. 34) (37). By contrast, the chimeric
chain containing PROX in tandem with Jak3 mediated ty-
rosine phosphorylation and catalytic activation of Jakl and
phosphorylation of Shc and Stat5 in response to GM-CSF
(ayPROX-J3; Fig. 34). Indeed, with respect to all of the
events analyzed, the signal mediated by «yPROX-J3 and B
was indistinguishable from that of the endogenous IL-2R but
for the expected difference that GM-CSF induced tyrosine
phosphorylation of the Jak3 component of the ayPROX-J3
chain whereas IL-2 induced phosphorylation and catalytic
activation of endogenous Jak3 (Fig. 3 A and B).

We considered the possibility that the Jak3 component of
ay3-J3 might not be competent to signal because of confor-
mational or steric hindrances resulting from covalent attach-
ment to the receptor chain. Wild-type Jak3, when overex-
pressed in lymphocytes, has been reported to exhibit ligand-
independent catalytic activity in vitro (36); therefore, we
evaluated ay3-J3 and ayPROX-J3 by this assay to confirm
that each had a functional Jak3 catalytic domain. Both chains,
after immunoprecipitation from CTLL-2 cells, demonstrated
constitutive in vitro kinase activity (Fig. 3B). Thus, the PROX
domain does not appear necessary for Jak3 catalytic activity
but rather for receptor-mediated activation of the kinase in
vivo. This latter function could not be restored by simply
providing a longer linker between the receptor chain and Jak3
because ay3GS-J3 also failed to undergo tyrosine phosphor-
ylation or to mediate substrate phosphorylation in response to
GM-CSF (data not shown). Indeed, with ay3GS-J3 or a
similar chain containing a 22-residue linker, the chimeric
Jak3 molecule was tyrosine phosphorylated in response to
IL-2 rather than GM-CSF (data not shown), suggesting that
these longer linkers provided sufficient flexibility for Jak3 to
interact with, and become activated by, the endogenous,
wild-type IL-2R chains but nevertheless failed to induce
activation of Jak3 after GM-CSF-mediated interaction with
the chimeric BB chain.

Jak3-Independent Signaling by the PROX Domain of vy..
The fact that PROX can promote activation of Jak3 despite the
fixed, artificial linkage imposed by ayPROX-J3 suggested that
PROX might operate through biochemical intermediates
rather than a direct structural interaction with Jak3. The S
region of IL-2R B is essential for activation of Jak3 (Fig. 3) (46),
so we reasoned that PROX might generate an activation signal
for the kinase through an interaction with the B chain or an
associated protein. IL-2 induces tyrosine phosphorylation of
the IL-2RB chain (47, 48), and, similarly, GM-CSF induces
tyrosine phosphorylation of 88 when the chain is coexpressed
with ay or ayPROX-J3 (Fig. 3D). The truncated mutant of ay
containing only the PROX domain (ay-PROX), although
unable to bind (40) or activate Jak3 (37) (Fig. 3 4 and B), did
induce detectable tyrosine phosphorylation of 88 in response
to GM-CSF (Fig. 3D). Phosphorylation of the 8 chain specif-
ically required the PROX domain; it was not observed with a
deletion mutant of ay lacking PROX (ay-APROX; Fig. 1B)
(37) nor with ay3-J3, which contains Jak3 but not PROX (Fig.
3D). Thus, the PROX domain alone can mediate a Jak-
independent signal involving phosphorylation of the B chain.
The magnitude of B-chain phosphorylation induced by ay-
PROX was less than that mediated by full length +y. or
ayPROX-J3, indicating that additional phosphorylation of the
chain occurs subsequent to the activation of Jak3.

Time Course of Tyrosine Phosphorylation of the  Chain
and Jak3. To determine whether the endogenous IL-2R
generates a signal involving tyrosine phosphorylation of the 8
chain and occurring before the phosphorylation of Jak3,
parental CTLL-2 cells were stimulated with IL-2 at room
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FiG. 3. Tyrosine phosphorylation and Jak kinase activation mediated by chimeric receptor chains or the endogenous IL-2R in the T cell line
CTLL-2. Cells coexpressing B3 and the indicated derivative of ay or coexpressing BB—AS and ayPROX-J3 were deprived of IL-2 for 4 h and then
stimulated with media alone (0), human IL-2 (100 units/ml), or human GM-CSF (GM; 100 ng/ml) for 10 minutes at 37°C. Cells were lysed, and
cytoplasmic fractions were subjected to immunoprecipitation (IP) with antibodies to the indicated proteins. Immunoprecipitated proteins were
either probed by Western blot analysis with the indicated antibodies (4 and D) or subjected to an in vitro kinase assay (IVKA) and visualized by
autoradiography (4-C). The asterisks in 4 and B indicate a band in the GM lane of ayPROX-J3 corresponding to phosphorylated BB, which
coprecipitates with ayPROX-J3 in the presence of GM-CSF. (4) Tyrosine phosphorylation of Jak3, Jak1, Stat5, and Shc [assessed by probing with
anti-phosphotyrosine antibody (P-Tyr)] and catalytic activation of Jakl (assessed by IVKA). Endogenous Jak3 (closed arrowheads) can be
distinguished from the chimeric forms of Jak3 (open arrowheads) by molecular mass. (B) Autoradiogram showing in vitro kinase activity of
endogenous Jak3 immunoprecipitated with anti-Jak3 antiserum from cells coexpressing B8 and the indicated derivative of ay. (C) Autoradiogram
showing in vitro kinase activity of the Jak3 component of the chimeric chains ay3-J3 and ayPROX-J3 immunoprecipitated with an mAb to the
extracellular domain of human GM-CSFRa. (D) Tyrosine phosphorylation of the chimeric BB chain in cells coexpressing the indicated derivative
of avy. Phosphorylation of BB was assessed by immunoprecipitating with an antibody to phosphotyrosine and probing with antiserum to the
cytoplasmic domain of human IL-2Rf, rather than the converse procedure, because this allowed better visualization of low level phosphorylation
events. This antiserum does not recognize endogenous murine IL-2RB by immunoblot. The phosphotyrosine content of B8 was confirmed upon
reprobing with antibody to phosphotyrosine; the presence of constitutively phosphorylated proteins on these second blots allowed confirmation
of equivalent loading of samples (data not shown).

temperature, which allowed the temporal ordering of events to
be distinguished. After intervals ranging from 20 s to 8
minutes, cells were lysed instantly on ice, and cytoplasmic
fractions were subjected to immunoprecipitation and immu-
noblotting. Phosphorylation of endogenous IL-2RB was de-
tected within the 1st minute of stimulation and peaked by 4
minutes whereas the level of Jak3 phosphorylation did not
change before 2 minutes and was still increasing at 8 minutes
(Fig. 44). Stimulation of cells coexpressing B and ay-PROX
with GM-CSF demonstrated that the PROX domain alone,
although unable to induce Jak3 phosphorylation, induced

greater extent in settings in which Jak3 activity was also
induced, suggesting that additional phosphorylation of both
IL-2RB and SHP-2 is mediated by Jak3 or a kinase down-
stream of Jak3. Thus, the results demonstrate that the PROX
domain induces an initial, Jak-independent signal involving,
at a minimum, tyrosine phosphorylation of the 8 chain and
the phosphatase SHP-2.

[ Parental x IL-2 || oyProx x GM I

phosphorylation of BB with similar kinetics as seen with the » @ » w

endogenous IL-2R (Fig. 44). Thus, tyrosine phosphorylation IP:  Probe: oRBraNvon OoRBravwwm

of the IL-2RB chain normally begins before the phosphory- ;

lation of Jak3 and is mediated by a PROX-dependent kinase. P-Tyr chain oL ..' odohed Lo
Other PROX-Mediated Signaling Events. The full range P-Tyr SHP-2 amw -

of events induced by the PROX domain before activation of : o : -

Jak3 has yet to be defined; however, immunoprecipitation Jak3 P-Tyr a& 1* !.'!'n § i

and blotting with antibody to phosphotyrosine revealed that
ay-PROX and Bf can induce tyrosine phosphorylation of a
second protein of ~70 kDa. This substrate, phosphorylated
within 1-2 minutes of cytokine stimulation via the chimeric
or endogenous IL-2R chains, was identified as the protein
tyrosine phosphatase SHP-2 (49) (Fig. 44). Although not
previously implicated in IL-2R signaling, SHP-2 is a positive
regulator of multiple hematopoietic and growth factor re-
ceptor pathways (41, 50). As with phosphorylation of the 8
chain, phosphorylation of SHP-2 specifically required
PROX; it was mediated by ay-PROX and ayPROX-J3 but
not by ay3-J3 or ay-APROX (Fig. 4; data not shown).
Moreover, like the 8 chain, SHP-2 was phosphorylated to a

Fi1G. 4. Time course of receptor-mediated tyrosine phosphoryla-
tion of the B chain, SHP-2, and Jak3. Cytokine-deprived parental
CTLL-2 cells or cells coexpressing the chimeric receptor chains
ay-PROX + BB were stimulated at room temperature with either IL-2
(200 units/ml) or GM-CSF (200 ng/ml). At the indicated time points
[expressed in seconds (s) or minutes], cells were added directly to lysis
buffer and subjected to immunoprecipitation (IP) followed by immuno-
blotting with antibodies to murine IL-2RB (Left), human IL-2Rp
(Right), SHP-2, or phosphotyrosine. Equivalent loading of samples
across lanes was confirmed by reprobing with the same antibody used
for immunoprecipitation (data not shown). These second blots also
were used to confirm the phosphotyrosine content of murine IL-2Rp,
chimeric BB, and SHP-2.
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DISCUSSION

Current models for Janus kinase activation by cytokine recep-
tors originate from observations that receptor chains undergo
ligand-induced dimerization and that the catalytic activity of
Jak molecules is density-dependent. Thus, it has been pro-
posed (2, 41, 42) that receptor chain oligomerization after
ligand binding induces cross-phosphorylation and trans-
activation of associated Jak molecules, resulting in the initia-
tion of an intracellular signal. The IL-2R signals through
heterodimerization of two chains, IL-2RB and vy, (3, 4),
associated with the kinases Jak1 and Jak3, respectively (5-8).
We reasoned that, if Jak3 were activated as a simple conse-
quence of receptor-mediated heterodimerization with Jak1 or
another kinase associated with IL-2RB, replacement of the
cytoplasmic domain of . with the Jak3 polypeptide should
permit activation of the kinase and, potentially, mitogenic
signaling in response to ligand. However, hybrid . chains
containing Jak3 alone in the cytoplasmic domain showed no
evidence of functional activation in response to GM-CSF,
irrespective of the length of the linker between the receptor
and Jak3. By contrast, hybrid chains containing the PROX
domain of vy, in tandem with Jak3 not only mediated substrate
phosphorylation in vivo but completely reconstituted the mi-
togenic signaling function of the wild-type v, chain. Therefore,
these studies identify a novel role for the PROX domain in the
activation of Jak3 and define PROX and Jak3 as necessary and
sufficient for y.-mediated proliferative signaling. Although
residues C-terminal to PROX are required for binding of Jak3
(6,7, 40) and hence for signaling by the wild-type chain (37, 38,
51), they are clearly dispensable when this requirement is
fulfilled by covalent attachment of the kinase.

There are several possible mechanisms by which the PROX
domain could promote activation of Jak3 in response to ligand.
In principle, PROX could play an obligate structural role by
placing Jak3 in the correct orientation or conformation for
interaction with substrates after ligand binding. However, it
seems unlikely that such a structure-based mechanism would
operate normally in the context of the ayPROX-J3 chain,
given the arbitrary and fixed linkage of Jak3 and PROX via
their N and C termini, respectively. An alternative, but not
mutually exclusive, possibility is that PROX might activate
Jak3 through a biochemical intermediate. Indeed, a truncated
7. chain containing PROX alone, although devoid of catalytic
motifs, was found to induce Jak-independent tyrosine phos-
phorylation of the B chain and the tyrosine phosphatase
SHP-2. Derivatives of vy, lacking the PROX domain failed to
induce these events. Moreover, phosphorylation of the 8 chain,
mediated either by endogenous vy, or by the truncation mutant
containing PROX alone, occurred before the phosphorylation
of Jak3. This demonstrates that the PROX domain can rapidly
induce, potentially through steric interaction, the activity of a
receptor-associated tyrosine kinase that is independent of
Jak3. This initial signal appears to be amplified with subse-
quent phosphorylation and activation of Jak3, suggesting that
the receptor complex may achieve full catalytic activity
through cooperative interactions between kinases.

Several tyrosine kinases are known to associate with the 8
chain and could therefore mediate the initial PROX-
dependent signal. Jak1 associates with the S region of IL-2Rf3
(6, 45), which is essential for activation of Jak3 (46); however,
we failed to detect induction of Jak1 activity by the truncated
7vc chain containing PROX alone. Moreover, previous exper-
iments in which the catalytic activity of Jak3 was inhibited by
overexpression of a dominant-negative form of the enzyme
demonstrated that catalytic activation of Jak1 is dependent on
Jak3 (36). Finally, in a recent report, a mutated form of IL-2R3
that is unable to bind or activate Jakl was shown to still
mediate activation of Jak3 (45). The tyrosine kinase Syk can
also associate with the S region of IL-2RB and become

Proc. Natl. Acad. Sci. USA 94 (1997)

catalytically active in response to IL-2 in some cell types (9);
however, in CTLL-2 cells, we have been unable to detect
binding or activation of Syk by the IL-2R (B.H.N., unpublished
results). The tyrosine kinase Lck also has been reported to
associate with IL-2R (52) but, like Jak1, does not appear to
be activated by the PROX domain (B.H.N., unpublished
results). Therefore, the identity of the kinase responsible for
PROX-dependent tyrosine phosphorylation of IL-2RB and
SHP-2 is currently unknown but is under investigation.

Attempts thus far to reconstitute cytokine receptor signaling
by covalent attachment of Jak molecules in place of the
cytoplasmic domain have yielded mixed results. For the inter-
feron-vy receptor, which generates a nonmitogenic signal, Jak2
alone can functionally replace the cytoplasmic domain of the
B chain to induce Statl-dependent cellular responses (53).
However, analogous chimeric constructs involving mitogenic
cytokine receptors have been reported to generate only partial
signals. For example, receptor constructs containing only Jak2
or the Jak?2 catalytic region in place of the cytoplasmic domain
failed to mediate normal proliferative signaling after ligand-
induced homodimerization (54-56), consistent with a require-
ment for additional signals normally provided by the PROX
region of the cytokine receptor. In one setting, a full mitogenic
signal was obtained from a chimeric IL-2R in which the
cytoplasmic domain of +y. was replaced by a truncated eryth-
ropoietin receptor containing a PROX region and an associ-
ated Jak2 molecule (57). Based on our results, this receptor
might function because the PROX region of the erythropoietin
receptor, which shares homology with the PROX domain of .,
cannot only bind Jak2 but can also interact with the B chain to
induce an initial activation signal.

The ability of the chimeric chain «yPROX-J3 to mediate a
normal proliferative response in T cells demonstrates that any
essential mitogenic signals from vy, must originate from either
the PROX domain or Jak3. Although the results demonstrate
that one function of PROX is to induce activation of Jak3 in
response to ligand, an event that is critical for proliferation (36)
(B.H.N., unpublished observations), it remains possible that
PROX also performs other Jak3-independent signaling func-
tions that were not detected in these experiments. For exam-
ple, there is evidence that the bcl-2 gene is regulated by a
kinase-independent pathway from 7. (36). It also is possible
that the noncatalytic domains of Jak3, which are extensive and
highly conserved, mediate such kinase-independent signals.
The strategy described here of covalently linking Jak3 to v,
makes the receptor chain and Jak3 fully accessible to muta-
tional analysis in T cells and should ultimately allow the
signaling functions of each to be precisely defined.
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