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Analysis of the ability of IFN-o to rapidly stimulate
genes has led to the identification of a new family of
signal transducing factors (STFs). The STF activated
by IFN-a consists of two members of the STAT (Signal
Transducers and Activators of Transcription) family
of signaling proteins, Statl and Stat2. Sequence com-
parison of these STATs has determined that they share
several conserved domains, the most notable of which
is an SH2 domain. Recently, studies have determined
that these SH2 domains can mediate a specific associa-
tion between a STAT and the cytoplasmic domain of
the appropriate receptor. Once associated with the
receptor, the STATs become activated by an associated
tyrosine Kinase, whereupon they dissociate from the
receptor and dimerize to form active STFs. The SH2
domain has also been implicated in the formation of
STAT dimers found in STFs, suggesting it may play
multiple roles in signaling. We have carried out a
detailed analysis on the role of the Statl and Stat2
SH2 domains in the mediation of IFN-o stimulated
signals. These studies, which have determined that the
SH2 domain of Statl and Stat2 can mediate homo- as
well as heterodimerization, suggest that a single SH2
domain—phosphotyrosyl interaction is sufficient for
dimerization. Moreover, they provide the first direct
evidence that the target of the SH2 domain is the
STAT tyrosine activation site. In addition, these studies
implicate the SH2 domain in another step in the
signaling cascade, namely mediation of the interaction
between STATs and their activating Kinases (i.e. the
JAKSs).
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Introduction

Cytokines regulate multiple aspects of cell growth through
their interactions with a family of related receptors.
Characterization of the cytokine family of receptors has
led to the recognition that it is composed of several sub-
families. For example, the IL-2 family (e.g. IL-2, IL-4,
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IL-7, IL-9 and IL-15) all employ a common YC receptor
component (Giri et al., 1994; Kishimoto et al., 1994).
Similar observations have been made for the IL-3 (e.g.
IL-3, IL-5 and GM-CSF) and IL-6 (e.g. IL-6, IL-11, OnM,
LIF and CNTF) families (Kishimoto et al., 1994; Schindler
and Darnell, 1995). In contrast, the IFN family of receptors
(e.g. IFN-a, IFN-y) are more divergent and only share
some distinct structural features (Ho er al., 1993; Schindler
and Darnell, 1995). When the cytokine receptors are bound
by their corresponding ligands, they become activated and
initiate signals directed at both the cytoplasmic and the
nuclear compartments of the cell. Many of the nuclear
signals culminate in altered patterns of gene expression.
It is the unique pattern of genes induced by a ligand (or
sub-family of ligands) that is widely believed to play an
important role in defining the ensuing biological response.

Until recently, the nature of the molecules that transmit
these ligand-specific signals from the receptor to the
nucleus has been poorly defined. However, detailed
analysis of the ability of interferon (IFN)-ot to rapidly
induce new genes has led to the identification of a new
signaling paradigm, the JAK-STAT pathway (reviewed in
Darnell et al., 1994; Schindler and Darnell, 1995). JAK
refers to a family of receptor-associated tyrosine kinases,
and STAT (Signal Transducers and Activators of Transcrip-
tion) refers to a family of latent cytoplasmic transcription
factors, which are activated by tyrosine phosphorylation.
When IFN-a binds its multimeric receptor, two members
of the JAK family, Tyk2 and Jakl, are activated. These
kinases in turn mediate the activation of Statl (also
referred to as p91) and Stat2 (also referred to as p113).
Once tyrosine-phosphorylated, Statl and Stat2 associate
into an active Signal Transducing Factor (STF), which
translocates to the nucleus (Schindler et al., 1992b). In
the nucleus the Statl:Stat2 complex associates with a
DNA binding protein, p48, on the IFN-specific response
element (ISRE) and promotes the activation of genes.
This active transcription factor is called STF-IFNo or
ISGF-3.

Subsequently, many other cytokines including IL-2,
IL-3, IL-4, IL-S, IL-6, IL-7, IL-9, IL-10, IL-11, IL-12,
IL-13, IL-15, LIF, OnM, CNTF, Epo, GH, PRL, GM-
CSF, G-CSF and IFN-y have also been shown to signal
through this paradigm (Shuai et al., 1992; Bonni et al.,
1993; Kontanides and Reich, 1993; Larner et al., 1993;
Silvennoinen et al., 1993; Lehmann et al., 1994; Liitticken
et al., 1994; Pernis et al., 1994; Rothman et al., 1994;
Schindler et al., 1994; Sliva et al., 1994; Azam et al.,
1995; Gouilleux et al., 1995; Mui er al., 1995; Schindler
and Darnell, 1995; Stahl et al., 1995; K.Shibuya, D.Kaplan
and C.Schindler, submitted). For each of these ligands, an
STF (e.g. STE-IL2, STF-IL3, STF-IL4, etc.) consisting of
either a homo- or heterodimer of one of the seven known
STATSs has been identified. However, unlike STF-IFNa,
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the STAT proteins in these STFs can bind DNA directly
(i.e. in the absence of an additional protein). A sequence
comparison between Stat2, the IFN-o-specific STAT, and
other STATS, reveals an overall homology of 30-50%,
with several more highly conserved domains, but fails to
identify any obvious difference that might account for the
inability of the IFN-a-activated STAT dimer to bind DNA
(Fu et al., 1992; Schindler et al., 1992a; Akira et al.,
1994; Hou et al., 1994; Wakao et al., 1994; Zhong et al.,
1994; Azam et al., 1995; Mui et al., 1995). Notably, one
of these conserved domains, the SH2 domain, has been
shown to contribute to signal fidelity. Moreover, even small
differences in sequence can have important functional
consequences (Greenlund et al., 1994, 1995; Hou et al.,
1994; Heim et al., 1995; Horvath et al., 1995; Stahl et al.,
1995). The most detailed studies on the function of the
SH2 domain have been carried out in the IFN-y system,
which signals exclusively through Statl (Shuai et al.,
1992, 1994). The Statl SH2 domain for example, has
been shown to play a critical role in the first important
step in STAT signaling, receptor recognition. Studies have
shown that the Statl SH2 domain specifically recognizes
Tyr440 of the IFN-y receptor, which is phosphorylated in
response to ligand (Greenlund et al., 1994, 1995; Heim
et al., 1995). Once drawn into the dimeric IFN-y receptor
complex, Stat] becomes activated by tyrosine phosphoryl-
ation (Schindler et al., 1992b). Subsequently, by a process
that is poorly understood, the activated STATs dissociate
from the receptor and homodimerize to form STF-IFNY.
The Statl SH2 domain has also been implicated in the
dimerization process. For example, studies have shown
that the addition of a phosphopeptide representing the
activation domain of Statl, or the addition of Stat] GST-
SH2 fusion protein, will disrupt the Statl homodimeric
complex (Shuai et al., 1994). Furthermore, since the SH2
domain and activation domains are juxtaposed in Statl
(and all other STATS), it is likely that they associate
through intermolecular rather than intramolecular inter-
actions.

The unique properties of Stat2 (e.g. its divergent
carboxy-terminus, its activation by only one receptor,
and its reported failure to homodimerize; C.Schindler,
unpublished observation; Heim et al., 1995; Schindler and
Darnell, 1995) and also the unique nature of the Stat1:Stat2
heterodimer (e.g. its inability to bind DNA directly),
prompted us to investigate the potentially divergent role
of the Statl and Stat2 SH2 domains in mediating IFN-o.
signal. In a separate report, we provide evidence that the
SH2 domain of Stat2 specifically recognizes a phospho-
tyrosyl residue in the cytoplasmic domain of the IFN-o
receptor o-chain (Yan et al., 1996). In this set of studies,
we provide evidence that the SH2 domain mediates an
interaction with Jak1 and Tyk2, as well as the subsequent
STAT homo- or heterodimerization. Biochemical analysis
of these interactions has led to a new model of STAT
activation.

Results

Stat1 and Stat2 SH2 domains and tyrosine motifs
differentially disrupt DNA binding complexes

In our efforts to examine the role of the SH2 domains of
Statl and Stat2 in IFN-o signaling, a number of reagents
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including, GST-SH2 fusion proteins, and peptides repres-
enting the STAT tyrosine activation domains (potential
targets of the SH2 domains), were developed. The 15-20
amino acid (AA) peptides, with a centrally located tyrosine,
were prepared either in their native state or as tyrosine-
phosphorylated analogs. For the GST-SH2 fusion proteins,
wild-type (wt) and mutant (mt) versions were generated.
Furthermore, since we were not able to observe any
difference between larger GST fusion proteins (e.g. SH3
plus SH2; see Figure 6C) and GST fusion proteins
encoding only the SH2 domains (e.g. AA 557-668 for
Stat] and AA 549-672 for Stat2), just the latter were used
in these studies. Both the Stat] and Stat2 GST-SH2 fusion
proteins were mutated to help demonstrate specificity for
each of the interactions described below. A single point
mutation was introduced changing the absolutely con-
served arginine in the floor of the SH2 phosphotyrosyl
pocket to a lysine. Previous studies have shown that this
mutation effectively cripples the ability of SH2 domains
to bind phosphotyrosine (Mayer et al., 1992; Waksman
et al., 1992). The products of each of these four GST fusion
constructs [i.e. wild-type and mutant GST—(Stat1)SH2, and
wild-type and mutant GST—(Stat2)SH2] were examined
for size and quantity by SDS-PAGE before each study
(data not shown).

First, we examined the biological activity of these GST—
SH2 domains by assessing their ability to disrupt STAT
DNA binding complexes. This was based on the premise
that if the SH2 domains mediated dimerization, then
exogenously added SH2 domains should compete with
the native STAT SH2 domains, thereby disrupting STAT
dimers (Shuai et al, 1994). Since the electrophoretic
mobility shift assay (EMSA) provides a sensitive assay
for dimerized STATSs, this assay was used to determine
whether the GST-SH2 fusion proteins were biologically
active. Consistent with previous studies with a different
Stat] GST-SH2 fusion protein, the addition of our Statl
GST-SH2 fusion protein led to the disruption of the STF—
IFNY GAS binding complex in a dose-dependent manner,
but only after the addition of a mild denaturant (see Figure
1A; Shuai et al, 1994). Pre-treatment of this complex
with the denaturant guanidium HCI appears to open the
complex sufficiently to allow the GST-SH2 fusion proteins
access to their target tyrosine motifs. Moreover, the Stat2
GST-SH2 fusion protein was equally potent in its ability
to disrupt STF-IFNY, indicating that it has an equivalent
affinity for the target Statl motif. Importantly, neither the
GST protein alone, nor the two mutant GST-SH?2 fusion
proteins, prevented renaturation of the DNA binding
complex, demonstrating the specificity of this interaction.
A parallel set of studies, adding increasing amounts of
the putative tyrosine-phosphorylated targets of these SH2
domains produced a similar result (see Figure 1B). Again,
the STF-IFNY complex was disrupted in a dose-dependent
manner by tyrosine-phosphorylated peptides representing
the activation domain of Statl and Stat2. However, the
addition of non-phosphorylated peptide had no effect.
These experiments, consistent with previous results (Shuai
et al., 1994), suggest that an interaction between the
SH2 and tyrosine activation domains of Statl mediate
homodimerization (i.e. formation of the STF-IFNY). More-
over, these studies also suggest that the SH2 and tyrosine
activation domains of Stat2 recognize the same targets.
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Fig. 1. Stability of STF-IFNY. (A) Disruption of STF-IFNY by the
addition of Statl or Stat2 GST-SH2 fusion proteins. IFN-y stimulated
nuclear extracts, prepared from HeLa cells, were incubated with
purified preparations of Statl (wt or mt) or Stat2 (wt or mt) GST-SH2
fusion proteins, and assayed by EMSA with an IRF-1 GAS probe as
indicated. The GST-SH2 fusion proteins were added at a final
concentration of 5 uM (lanes 4, 6. 10 and 13) and 10 uM (lanes 5. 7.
11, 12, 14 and 15). The samples in lanes 8-15 were treated with the
denaturant guanidium HCI before addition of the GST fusion proteins.
Controls included unstimulated extracts (Cntl), stimulated extract in
the absence of any GST fusion protein addition (lanes 2 and 8). and
the addition of GST-alone (lanes 3 and 9). (B) Disruption of STF-
IFNYy by Statl or Stat2 peptides. IFN-y stimulated nuclear extracts,

prepared from HeLa cells. were incubated with purified preparations of

non-phosphorylated (StatlY, Stat2Y) or tyrosine-phosphorylated
peptides (Stat1YP, Stat2YP) representing the activation site of Statl
and Stat2. Peptides were added at increasing concentrations of 0 pM

(lane 1), 5 uM (lanes 2. 7, 12 and 17), 25 uM (lanes 3. 8, 13 and 18).

50 uM (lanes 4. 9. 14 and 19). 100 uM (lanes 5. 10, 15 and 20) and
200 uM (lanes 6. 11, 16 and 21) and assayed as described above.

To provide more definitive evidence that interactions
between the SH2 and tyrosine activation domains of
Stat] and Stat2 mediate heterodimerization, a similar set
of studies was undertaken on the STF-IFNa (also referred
to as ISGF-3; Schindler et al., 1992a,b) DNA binding
complexes (see Figure 2). Again, both the wild-type, but
not the GST-alone or mutant GST-SH2 fusion proteins,
disrupted the complex in a dose-dependent manner.
Similarly, the phosphorylated tyrosine motif peptides from
Stat] and Stat2 also disrupted the complex in a dose-
dependent manner. In contrast however, the STF-IFNo
DNA binding complex was much more sensitive to disrup-
tion by these agents. As a matter of fact, pre-treatment
with denaturant was not required for disruption by the
GST-SH2 fusion proteins. Although these data indicate
that the Statl and Stat2 GST-SH2 fusion proteins and
tyrosine motifs are able to interact specifically with one
or more of the protein components of STF-IFNa., they
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Fig. 2. Stability of STF-IFNa. (A) Disruption of STF-IFNa by the
addition of Statl or Stat2 GST-SH2 fusion proteins. IFN-a stimulated
nuclear extracts, prepared from HeLa cells, were incubated with Statl
(wt or mt) or Stat2 (wt or mt) GST-SH2 fusion proteins essentially as
described in Figure 1. and then assayed by EMSA with an ISG-15
ISRE probe. Final concentrations of added GST fusion proteins were
0.25 uM (lanes 4 and 9), 0.5 uM (lanes 5 and 10), 1.25 uM (lanes 6
and 11) and 5 uM (lanes 3, 7. 8, 12 and 13). Controls are as described
in Figure 1 except that GST-alone was added to a final concentration
of 5 uM (lane 3). (B) Disruption of STF-IFNa by Statl and Stat2
peptides. [FN-o stimulated nuclear extracts. prepared from HeLa cells
were incubated with purified preparations of non-phosphorylated
(Stat1Y, Stat2Y) or tyrosine-phosphorylated peptides (Stat1YP,
Stat2YP) representing the activation site of Statl and Stat2. Peptides
were added at increasing concentrations as described in Figure 1B.

also suggest that the STF-IFNa complex is inherently

less stable.
Stability of the STF-IFNa and STF-IFNy DNA
binding complexes

Studies with both peptide and GST-SH2 fusion protein
competitors indicated that the STF—-IFNo. DNA binding
complex was markedly less stable than the STF-IFNy
DNA binding complex. This was examined directly by
the addition of a non-specific denaturant to both DNA
binding complexes. As shown in Figure 3A, the STF-
IFNo. DNA binding complex was at least 250 times
more sensitive to the addition of guanidium HCI than the
STE-IFNy DNA binding complex. The unique trimeric
structure of STF-IFNa (i.e. Statl:Stat2 + p48) and the
requirement for a non-STAT DNA binding protein (i.e.

p48) provided one potential explanation for this observa-
tion. Moreover, we reasoned that if Statl and Stat2
dimerize through an SH2-phosphotyrosyl interaction, then
it should have a stability similar to that observed in
Stat] homodimers (see above). To test this, increasing
concentrations of guanidium HCI were added to IFN-a.-
stimulated extracts, and the complex was then collected
by immunoprecipitation. This assay is based on the obser-
vation that Stat2 antibodies will immunoprecipitate a
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Fig. 3. Comparison of the stability of STF-IFNa and STF-IFNy.

(A) Disruption of STF-IFNy and STF-IFNa by guanidium HCl. STF-
IFNy and STF-IFNaq, prepared as described in Figures 1 and 2, were
treated with increasing concentrations of guanidium HCI, and then
assayed as described in Figures 1 and 2. Final concentrations of added
guanidium HCI were, 50 mM (lanes 2 and 8), 100 mM (lanes 3 and
9), 150 mM (lanes 4 and 10), 200 mM (lanes S and 11) and 250 mM
(lanes 6 and 12). (B) Stability of the Statl:Stat2 dimer. WCE prepared
from HeLa cells stimulated with IFN-o. alone were treated with
increasing concentrations of guanidium HCI, and then
immunoprecipitated with a Stat2 antibody. The immunoprecipitated
proteins were fractionated by SDS-PAGE and sequentially
immunoblotted with a Stat] and Stat2 antibody as indicated. Final
concentrations of the added guanidium HC] were 100 mM (lane 2),
200 mM (lane 3), 250 mM (lane 4) and 300 mM (lane 5). Molecular
weight markers (Sigma) were run as indicated in the right margin.

Statl:Stat2 complex after stimulation with IFN-o
(Schindler et al., 1992b). As shown in Figure 3B, the
ability of activated Statl to co-precipitate with activated
Stat2 was resistant to the addition of denaturant of up to
200 mM. These studies indicate that the Statl:Stat2
heterodimer has a stability similar to the Statl homodimer
(Shuai et al., 1994), and support the notion that a similar
dimerization strategy is employed by both of these com-
plexes. However, the requirement for an additional DNA
binding protein, p48, in the STF-IFNo DNA binding
complex appears to render it inherently less stable to the
addition of GST-SH2 fusion proteins, tyrosine motifs,
or denaturant, presumably by destabilizing interactions
between the Statl:Stat2 heterodimer, p48, and the ISRE.

Activated Stat1 and Stat2 can be prepared from
baculovirus-infected insect cells

The difficulty in carrying out biochemical studies on Stat1
and Stat2 prepared from cellular extracts predicated a
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Fig. 4. Activation of recombinant Statl and Stat2. (A) Immunoblot
analysis of recombinant Statl, prepared from SF-9 cells infected with
either a Statl (wt or mt) baculovirus (lanes 1 and 2 respectively) or
co-infected with Statl (wt or mt) and Jakl baculoviruses (lanes 3 and
4, respectively), after immunoprecipitation with a Statl antibody (ab2).
Gels were run as described in Figure 3, and then sequentially
immunoblotted with antiphosphotyrosine (4G10) or Statl antibodies
(ab2) as indicated. (B) Immunoblot analysis of recombinant Stat2,
prepared from SF-9 cells infected with either a Stat2 (wt or mt)
baculovirus (lanes 1 and 3 respectively), or co-infected with Stat2 (wt
or mt) and the Jakl baculovirus (lanes 2 and 4 respectively), after
immunoprecipitation with a Stat2 antibody. Gels were run as described
in Figure 3 and then sequentially immunoblotted with
antiphosphotyrosine (4G10) or Statl antibodies (ab2) as indicated.

(C) Analysis of the ability of recombinant Statl, prepared from singly
(lane 2) or doubly (i.e. Statl/Jakl; lane 3) infected SF-9 cells to bind
an IRF-1 GAS probe. Extracts prepared from mock-infected (i.e.
vector alone) SF-9 cells are included as a control (lane 1). The
mobility of native STF-IFNY is indicated in the left margin.

recombinant source of these proteins. Hence, recombinant
proteins were prepared in insect cells infected with the
appropriate baculovirus construct. As shown in Figure 4,
infection with a Statl recombinant virus yielded generous
quantities of the expected 91 kDa Stat] immunoreactive
protein, which became tyrosine-phosphorylated upon co-
infection with a recombinant Jakl baculovirus (Figure
4A). However, a Statl baculovirus with the mutation
R602K (i.e. SH2 domain), failed to become tyrosine-
phosphorylated when co-infected with Jakl (Figure 4A)
or other JAKs (data not shown). Similar observations
were made for insect cells infected with baculovirus
constructs encoding the wild-type or mutant (i.e. R601K)
Stat2 (Figure 4B). The faint ~130 kDa tyrosine-phos-
phorylated band that co-precipitated with the mutant Stat2
is likely to be Jakl. These data suggest that the STAT
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Fig. 5. In vitro association of recombinant Statl or Stat2. Extracts
prepared from singly or doubly infected wt or mt STATs and Jak1 (as
indicated) were co-incubated for 20-30 min at 22°C and then analyzed
by a Stat2 immunoprecipitation assay, which was carried out at 4°C.
Immunoprecipitates were fractionated and sequentially immunoblotted
with an antiphosphotyrosine, Stat2, and Statl (ab2) recognizing
antibodies as described in Figures 3 and 4. Extracts prepared from
mock-infected (i.e. vector alone) SF-9 cells are included as a control
(lane ). Extracts included in the experiment were: Statl (singly
infected with Statl baculovirus), Stat2 (singly infected with Stat2
baculovirus), Stat2™ (singly infected with mutant R601K Stat2
baculovirus), Stat1? (co-infection with Statl and Jak1 viruses). Stat2P
(co-infection with Stat2 and Jak1 viruses). Stat2™” (co-infected with
mutant R601K Stat2 and Jak1 viruses). Immunoprecipitates of bona
fide Statl:Stat2 heterodimers prepared from IFN-o-stimulated HeLa
cells are shown as a control (lane 8).

SH2 domains may play an essential role in JAK-mediated
STAT activation (i.e. tyrosine phosphorylation).

Next, the biological activity of the recombinant activated
Statl was examined by a DNA binding assay. As shown
in Figure 4C, Statl-only infected insect cells yielded a
low level of DNA binding activity, which correlated with
a low level of tyrosine phosphorylation (data not shown).
In contrast, lysates prepared from cells co-infected with
Statl and Jakl, exhibited a profound increase in DNA
binding activity. The extent of this DNA binding activity,
which co-migrated with bona fide STF-IFNYy (Pine et al.,
1994; Rothman et al., 1994), correlated well with the
extent of tyrosine phosphorylation (data not shown),
suggesting that a majority of the recombinant Statl was
biologically active. However, examination of the biological
activity of recombinant Stat2 was more difficult, since
activated Stat2 is not known to bind DNA directly. We
took advantage of the ability of a Stat2 antibody to
immunoprecipitate the Statl:Stat2 heterodimer, reasoning
that inactive Stat2 would be unable to participate in
complex formation. As shown in Figure 5, the Stat2
antibody was able to co-immunoprecipitate Statl? (i.e.
tyrosine-phosphorylated) from a mixture of recombinant
Stat]® and recombinant Stat2®. Next, in an effort to
determine whether both STAT partners needed to be
phosphorylated (i.e. activated) to form a stable complex,

STAT SH2 domains
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Fig. 6. STAT GST-SH2 fusion proteins specifically bind activated
Statl and Stat2. (A) GST-SH2 pull downs of recombinant Statl.
Immobilized Statl (wt or mt) or Stat2 (wt or mt) GST-SH2 fusion
proteins were incubated with activated recombinant Statl (i.e. Statl
as indicated. Bound proteins were eluted, fractionated and sequentially
immunoblotted with Stat] and antiphosphotyrosine antibodies as
described in Figures 3 and 4. Binding to GST-alone (lane 5) is shown
as a control. (B) GST-SH2 pull downs of recombinant Stat2.
Immobilized Stat]l (wt or mt) or Stat2 (wt or mt) GST-SH2 fusion
proteins were incubated with activated recombinant Stat2 (i.e. Stat2P),
as indicated. Bound proteins were eluted, fractionated and sequentially
immunoblotted with Stat2 and antiphosphotyrosine antibodies as
described in Figures 3 and 4. Binding to GST-alone (lane 5) is shown
as a control. (C) GST-SH2(Stat2) pull downs of Statl from IFN-
stimulated MEL cells. WCE were prepared from unstimulated (-) or
IFN-o- (30 min) stimulated (+) MEL cells, and then incubated with
wt or mt GST-SH2 or GST-SH3+SH2 (GST-SH3/2) fusion proteins
as indicated. Bound proteins were detected by immunoblotting with
Stat] antibody as described in Figure 3. Binding to GST-alone (lanes 5
and 6) is shown as a control.

P).

extracts from singly (i.e. Statl or Stat2 only) and doubly
(i.e. Statl or Stat2 plus Jakl) infected insect cells were
co-incubated. Surprisingly, unphosphorylated Statl was
co-immunoprecipitated as effectively as Stat1? (compare
lanes 2 and 5) with the Stat2 antibody. Likewise, unphos-
phorylated Stat2 co-immunoprecipitated Stat1? as effec-
tively as did Stat2P (compare lanes 2 and 4). Moreover,
studies with the mutant Stat2 (R601K) demonstrated that
the ability to co-immunoprecipitate Statl was dependent
on the wild-type Stat2 SH2 domain (lanes 3, 6 and 7). In
addition to providing support for the role of SH2 domains
and STAT phosphotyrosyl residues in mediating Statl:
Stat2 heterodimerization, these studies indicate that only
one partner needs to be phosphorylated to form a stable
complex. These observations are consistent with in vivo
observations (Schindler et al., 1992a; Zhang et al., 1995;
see Discussion for details).

Activated Stat1 and Stat2 bind to GST-SH2 fusion
proteins

With an available source of recombinant Statl and Stat2
proteins and the GST-SH2 fusion proteins, it was possible
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Table L. Statl and Stat2 phosphopeptides bind Statl and Stat2 SH2
domains in vitro

GST fusion proteins Bound phosphopeptides (c.p.m. = SD)

StatleYP Stat2eYP CS-3CeYP
GST-SH2(Stat1*") 1429 *+ 18 1243 = 25 56 * 4
GST-SH2(Stat1™") 77*6 63 = 4 51 +3
GST-SH2(Stat2"") 1271 *+ 24 1301 + 29 52+5
GST-SH2(Stat2"") 76 * 4 85+ 5 50+ 5
GST-alone 52+3 53+ 4 49 + 4

Synthetic peptides (Research Genetics) representing the tyrosine
activation site of Statl (Slatl*YP) or the tyrosine activation site of
Stat2 (Stat2¢YP) or an irrelevant Peptide (CS-3C*YP), were tyrosine-
phosphorylated in vitro with [y->?P]JATP and incubated with
immobilized Statl (wt or mt) or Stat2 (wt or mt) GST-SH2 fusion
proteins as indicated. After extensive washing, the peptides were
eluted and the recovered 3P determined by scintillation counting. An
irrelevant tyrosine-phosphorylated peptide (CS-C3) and a GST-alone
fusion protein were included as controls. The results represent the
average of three independent experiments.

to determine directly whether isolated SH2 domains
mediated dimerization. In vitro binding studies, between
activated recombinant STATs and the four GST-SH2
fusion proteins were carried out. Consistent with the
preceding results, the wild-type, but not mutant, Statl and
Stat2 GST-SH2 fusion proteins bound activated (i.e.
tyrosine-phosphorylated) recombinant Statl (see Figure
6A). Likewise, wild-type, but not mutant, Statl and Stat2
GST-SH2 fusion proteins bound activated recombinant
Stat2 (see Figure 6B). These studies demonstrate that the
isolated SH2 domains from Statl and Stat2 mediate
association with activated (i.e. tyrosine-phosphorylated)
Statl and Stat2. Furthermore, they suggest that the SH2
domains of both Statl and Stat2 can mediate homo- as
well as heterodimerization.

The ability of the GST-SH2 fusion proteins to bind to
significant quantities of recombinant STATSs suggested that
they might also be able to bind bona fide STATs. To test
this possibility, extracts were prepared from control and
IFN-o-stimulated MEL cells (Ralph et al., 1995). Both a
GST—(Stat2)SH3/SH2 and a GST—(Stat2)SH2, but not a
GST-alone fusion protein, were able to bind activated
native Statl (see Figure 6C). The low level of Statl
binding observed in the unstimulated cells can be attributed
to a low level of Statl tyrosine phosphorylation observed
in MEL cells after a standard overnight pre-treatment with
IFN-y (to boost the level of Statl; Schindler et al., 1992b).
Again, when wild-type and mutant GST-SH2 fusion
proteins were examined, only the wild-type Stat2 GST-
SH2 fusion protein was able to bind to native activated
Stat1 (see Figure 6C). The MEL cell studies also implicate
the SH2 domain in dimerization and confirm the results
of the more extensive studies carried out with the recom-
binant STATSs.

Stat1 and Stat2 tyrosine motifs specifically bind to
GST-SH2 fusion proteins

The studies in the preceding section demonstrated the role
of the SH2 domain in mediating STAT dimerization. In
an effort to obtain complementary data with the presumed
phosphotyrosyl substrates of these SH2 domains, and to
demonstrate directly that they are targets of these SH2
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domains, peptide binding studies were carried out. In these
studies, peptides representing the activation domain of
Statl, Stat2 and an irrelevant peptide (CS-C3) were
phosphorylated in vitro with [y-*’P]JATP and incubated
with all four GST fusion proteins. The Statl and Stat2
peptides were identical to the preparations that had been
shown to disrupt the STF-IFNa and STF-IFNy DNA
binding complexes (see Figures 1 and 2). As shown in
Table I, the phosphorylated peptides were significantly
bound only by the wild-type GST-SH2 fusion proteins.
The mutant GST-SH2 fusion proteins had the same low
level of binding activity observed with the irrelevant
peptide and the GST-alone protein. These studies provide
the first direct evidence that the SH2 domain of Statl will
bind the tyrosine activation site of either Statl or Stat2.
Furthermore, consistent with the recombinant STAT bind-
ing studies, these experiments suggest that the Stat2 SH2
domain can mediate both a reciprocal interaction with the
Statl activation site and an interaction with its own
activation site. Since the structural organization of Stat2 is
unlikely to permit an intramolecular SH2-phosphotyrosine
interaction, these observations suggest that Stat2 homo-
dimers may exist.

Stat1 and Stat2 GST-SH2 fusion proteins bind
JAK kinases

In the last set of studies, we were interested in following
up on the observation that a point mutation in the SH2
domains of both Statl and Stat2 rendered the proteins
incapable of being tyrosine-phosphorylated (see Figure
4). The dramatic effect of this conservative mutation
suggested that the STAT SH2 domain might mediate
a direct and obligate interaction with the JAKs. The
availability of recombinant Jakl, Tyk2 and the GST-
SH2 fusion proteins provided an opportunity to test this.
Recombinant Jak1 or Tyk2, prepared from singly infected
insect cells, was incubated with wild-type and mutant
GST-SH2 fusion proteins. Both of the wild-type, but not
mutant, Stat]l and Stat2 GST-SH2 fusion proteins were
able to bind recombinant Jak1l and Tyk2 (see Figure 7A
and B), suggesting that these domains mediate a specific,
and direct interaction with a phosphotyrosyl residue in
the kinases. Since recombinant JAK kinases prepared from
insect cells are autophosphorylated and biologically active
(see above and Colamonici et al., 1994; Quelle et al.,
1995), they certainly contain the phosphotyrosyl residues
necessary for biological activity, but could also contain
additional non-physiological phosphotyrosines. In an effort
to demonstrate that phosphotyrosyl residues which are
found in physiologically activated JAKs also interact with
the SH2 domains of Stat]l and Stat2, the experiment was
repeated with extracts prepared from IFN-o-stimulated
cells. Again, these studies indicate that wild-type, but not
mutant, Stat]l and Stat2 GST-SH2 fusion proteins are able
to bind activated Tyk2 (see Figure 7C). In a related set
of studies, we have also been able to co-immunoprecipitate
Statl with either a Tyk2 or Jakl antibody from IFN-
stimulated cellular extracts (data not shown). These
studies, along with the compelling results from insect
cells co-infected with mutant Stat] and Stat2, suggest that
the SH2 domains mediate an obligate interaction with the
JAK kinases. Confirmation of this model will require the
identification of the STAT SH2 binding site on the JAKSs.
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Fig. 7. STAT GST-SH2 fusion proteins specifically bind activated
Jak1 and Tyk2. (A) GST-SH2 pull downs of recombinant Jak]l.
Immobilized Statl (wt or mt) or Stat2 (wt or mt) GST-SH2 fusion
proteins were incubated with activated recombinant Jak1, eluted and
analyzed by immunoblotting with antiphosphotyrosine antibodies as
described in Figures 4 and 6. Binding to GST-alone (lane 5) is shown
as a control. (B) GST-SH2 pull downs of recombinant Tyk2.
Immobilized Statl (wt or mt) or Stat2 (wt or mt) GST-SH2 fusion
proteins were incubated with activated recombinant Tyk2, eluted and
analysed by immunoblotting with antiphosphotyrosine antibodies as
described in Figures 4 and 6. Binding to GST-alone (lane 5) is shown
as a control. (C) GST-SH2 pull downs of natively activated Tyk2.
WCE, prepared from unstimulated (-) or IFN-a- (15 min) stimulated
(+) 293 cells, were incubated with immobilized Statl (wt or mt) or
Stat2 (wt or mt) GST-SH2 fusion proteins as indicated. Bound
proteins were eluted, fractionated and immunoblotted with Tyk2
antibodies (as recommended; Signal Transduction Labs). Binding to
GST-alone is indicated in lane 9, and the mobility of native Tyk2 (i.e.
in 293 WCE) is shown in lane 10.

Discussion

The characterization of signaling pathways initiated by
both tyrosine kinase receptors and cytokine receptors
has highlighted the important role SH2 domains play
in mediating signal transduction (Hunter, 1995). The
ability of SH2 domains to recognize phosphotyrosines in
the context of a specific 4-5 amino acid motif (i.e.
a tyrosine motif), engenders them with the ability to
mediate interactions with specific target proteins
(Songyang et al., 1993; Larose et al., 1995). Consistent
with their high degree of conservation, the SH2 domains
found in STAT proteins also appear to be important
in regulating the fidelity of STAT signal transduction
(Schindler and Darnell, 1995). Recent studies have
shown that these SH2 domains recognize specific activated
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tyrosine motifs found in the cytoplasmic domain of the
appropriate cytokine receptors (Greenlund et al., 1994;
Hou et al., 1994; Heim et al., 1995; Stahl et al., 1995;
Yan et al., 1996). Other studies have provided compelling,
albeit indirect, evidence that SH2 domains also mediate
the subsequent homodimerization of Statl in response to
IFN-y (Shuai et al., 1994). We now present direct evidence
that homo- as well as heterodimerization of STATs is
mediated by the interaction between the SH2 domain of
one STAT and the tyrosine activation site of the other
STAT. Moreover, we demonstrate that a single SH2-
phosphotyrosyl interaction is sufficient for dimerization.
Additionally, we present evidence that the SH2 domain
may play an obligatory role in the interaction between the
STATs and the activating JAK kinases.

Studies on the IFN-a system, where the STAT proteins
were first identified (Schindler et al., 1992a,b), have
also led to the identification of a tyrosine motif on
the cytoplasmic domain of the IFN-a receptor o-chain
(IFNAR). This motif appears to mediate a specific inter-
action with the SH2 domain of Stat2, enabling recruitment
to the receptor (Yan et al., 1996). Statl is then drawn into
the receptor complex, perhaps through an interaction with
activated Stat2 (see below; Leung et al., 1995; Yan et al.,
1996), and also activated by a Jak1/Tyk2-dependent event.
By an unknown mechanism, the activated Stat]l and Stat2
dissociate from the receptor, and as a complex (i.e.
Stat1:Stat2) translocate to the nucleus, where they mediate
transcriptional activation. However, unlike all of the other
STAT pathways characterized to date, the Statl:Stat2
heterodimer has no intrinsic DNA binding activity and
must interact with additional DNA binding protein to form
a transcriptionally active complex (Kessler et al., 1990;
Darnell et al., 1994). Moreover, other unique properties
of Stat2 (e.g. its species-specific carboxy-terminus, its
activation by only one receptor, its reported failure to
homodimerize) (unpublished observations; Heim et al.,
1995; Schindler and Darnell, 1995), suggested that its
SH2 domain might provide one of the more divergent
examples of STAT SH2 domains.

In an effort to examine more precisely the role of the
SH2 domain in mediating signaling events in the IFN-o
system, a number of reagents were developed. This
included peptides (both tyrosine-phosphorylated and non-
phosphorylated) representing the tyrosine activation
domains of the Statl and Stat2, and GST-SH2 fusion
proteins encoding the SH2 domains of Statl and Stat2
(wild-type as well as mutated). Conservatively mutated
SH2 domains were included to demonstrate specificity.
Also, although larger fusion proteins were initially pre-
pared (e.g. SH3 + SH2 + carboxy-terminus, or SH3 +
SH2), the SH2 ‘only’ fusion proteins were used in all of
the studies since they were able to mediate all of the
interactions examined (see Figure 6). For example, GST-
SH2 fusion proteins, and the phosphopeptides, were able
to disrupt specifically the STF-IFNoa and STF-IFNY
DNA binding complexes, implicating both components in
complex formation. A more direct set of binding studies,
carried out with the GST-SH2 fusion proteins and recom-
binant Stat1 and Stat2, demonstrated that the SH2 domains
of Statl and Stat2 are equivalent in their abilities to
mediate homo- and heterodimerization of STATs. More
importantly, a parallel set with the tyrosine activation
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domain peptides, demonstrated that the Statl and Stat2
SH2 domains specifically recognize the activation sites of
Statl and Stat2, providing critical support for this model
of STAT dimerization.

During the course of these studies several additional
intriguing properties of the IFN signaling pathway were
noted. First, it became apparent that the DNA binding
complex activated by IFN-a, STF-IFNo, was inherently
less stable than the DNA binding complex activated
by IFN-y, STF-IFNy. Our studies demonstrate that this
increased instability is likely to be due to the trimeric
structure of the DNA binding complex (e.g. Statl:
Stat2 + p48), since the stability of Stat1:Stat2 heterodimer
is equivalent to the Statl:Statl homodimer. Although
these studies provide little physiological insight into the
significance of this instability, it may correlate with the
more transient nature of STF-IFNo:ISRE transcriptional
responses (Decker et al., 1989). Second, we were able to
demonstrate that a single SH2-phosphotyrosyl inter-
action is sufficient for Stat1:Stat2 heterodimerization. This
unanticipated result is actually consistent with several
in vivo observations. For example, during the purification
of the STF-IFNa DNA binding complex (Schindler et al.,
1992a), stoichiometrically equal quantities of phosphoryl-
ated (i.e. on tyrosine) and non-phosphorylated Statl were
co-purified (C.Schindler, unpublished observation), indic-
ating that the non-phosphorylated Statl was incorporated
into the Stat1:Stat2 heterodimers isolated from HeLa cells.
More recently, a similar observation has been made with
the Statl:Stat3 heterodimer activated by IL-6 stimulation.
We have determined that early after activation, only
the Stat3 component of this heterodimer is tyrosine-
phosphorylated, and able to mediate the observed dimeriz-
ation (Zhang et al., 1995). Additionally, the ability to
dimerize through a single phosphotyrosine would be
critical for the STAT activation model proposed by
Leung and co-workers (Leung et al., 1995; Yan et al.,
1996). In this model, the recruitment of Statl to the
receptor complex in response to IFN-o is mediated by an
interaction between the SH2 domain of Statl and the
phosphotyrosine of activated Stat2. Third, we found evid-
ence that Stat2 can form stable homodimers. More recently,
we have been able to demonstrate that these homodimers
bind DNA, suggesting they may be transcriptionally active
(unpublished observation).

However, our most intriguing observation was the
inability of an SH2 mutant of Statl and Stat2 to become
tyrosine-phosphorylated in insect cells. The conservative
nature of the mutation, indicated that the JAK-mediated
activation of STATs is likely to require a direct interaction
between the SH2 domain of the target STAT and a
phosphotyrosyl residue of the activating JAK. Interes-
tingly, it has recently been suggested that SH2-mediated
interactions between a substrate and tyrosine kinase may
be very common (Songyang et al., 1995). We therefore
carried out a set of binding studies and determined that
the SH2 domains of Statl and Stat2 can specifically bind
both recombinant, as well as native activated Jakl and
Tyk2. Moreover, the GST-SH2 fusion proteins specifically
bind an amino-terminally truncated isoform of Tyk2,
which appears to be a natural degradation product (data
not shown). Not only does this observation localize the
STAT interacting domain to a region that is distinct from
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the domain that mediates interaction with the receptor
(i.e. the amino-terminus; Barbieri et al., 1994; Velazquez
et al., 1995; Zhao et al., 1995), but it implies that this
interaction must occur independently of the receptor. This
finding is consistent with the recent demonstration that
Stat5 and Jak3 specifically interact (Migone et al., 1995;
K.Shibuya,D.Kaplan and C.Schindler, submitted).

Our studies on the SH2 domains of STATs suggest
that they are likely to mediate several steps in signal
transduction. Although the observation that SH2 domains
may mediate a specific interaction between JAKs and
STATs necessitates a modification of the current model
of JAK-STAT signaling (Greenlund et al, 1995;
Schindler and Darnell, 1995), it provides a potential
solution for the conundrum: what drives the STATs (i.e.
SH2 domains) to dissociate from a higher-affinity inter-
action with the receptor phosphotyrosyl, to form a dimer
whose association is mediated by a lower-affinity phospho-
tyrosyl interaction (Greenlund et al., 1995), especially if
only a single SH2-phosphotyrosyl interaction is required
for dimerization? We propose a sequential model in which,
after binding to the receptor tyrosine motif, the SH2
domain shifts its target to a tyrosine motif in the kinase
itself. This interaction with the kinase may be stabilized
by additional domains (data not shown). Activation of
the STATs would then destabilize the interaction with the
kinase, and the STATs would be driven to form energetic-
ally favorable dimers. Interestingly, in vitro binding studies
suggest that the avidity of STATs for receptor tyrosine
motifs (e.g. the IFN-o and IFN-y receptors) is significantly
decreased once the STATs are tyrosine phosphorylated
(Yan et al., 1996). Testing this revised model of JAK-
STAT signaling will be the basis for further studies on
IFN signal transduction.

Materials and methods

Cell culture

Cell culture reagents were purchased from Gibco. SF-9 insect cell
culture and infection with baculoviruses were carried out as described
(Colamonici et al., 1994; Yan et al., 1996). HeLa cells were grown in
DMEM (Dulbecco’s modified Eagle’s medium) supplemented with 1%
fetal calf serum (FCS), 5% calf serum and 2 mM L-glutamine. The
melanoma cell line SK-MEL-28 (ATCC) was grown in RPMI 1640
medium supplemented with 10% FCS, 2 mM L-glutamine and sodium
pyruvate (Ralph et al., 1995). 293 cells were grown in DMEM supple-
mented with 10% FCS and 2 mM L-glutamine. All cell types were
stimulated for 15 min or as indicated with 1000 U/ml IFN-o (Genentech)
after a 16 h pre-incubation in 1 ng/ml of IFN-y (Hoffmann-La Roche)
unless otherwise indicated. Short IFN-y stimulations (i.e. 15 min) were
carried out with 5 ng/ml of IFN-y.

Cellular extracts and DNA binding assays

Cytoplasmic, nuclear, WCE (whole cell extracts) and shift probes were
prepared as previously described (Pine et al., 1994; Rothman et al.,
1994). Recombinant STATs and JAKs were prepared from insect cells
infected with Stat1 (wild-type and mutant), Stat2 (wild-type and mutant),
Jakl and Tyk2 baculovirus constructs in 1X lysis buffer (see below) as
previously described (Colamonici et al., 1994; Yan er al., 1996). All
shift reactions were done with the ISG15 ISRE probe gatcTTTCACTTT-
CTAGTTTCACTTTCCCTTT (Levy et al., 1989), or the IRFI-GAS
probe, gatcGATTTCCCCGAAAT (Oligos Etc.) as previously described
(Pine et al., 1994; Rothman et al., 1994), with the following modifications.
GST fusion proteins (5.5 ul) buffered in S0 mM Tris, pH 8.0, or peptides
(1 p) buffered in 25 mM Tris, pH 7.4, were added to extracts (1-2 ul)
for 15 min at 22°C before the standard shift binding reaction (final
volume, 12.5 ul). Denaturation with guanidium hydrochloride was carried
out as previously described (Shuai et al., 1994).



Preparation of GST fusion proteins and recombinant STATs
STAT ¢DNA fragments were cloned into pGEX vectors and expressed
in bacteria (Schindler et al.. 1992a: Frangioni and Neel. 1993). Briefly.
for the GST-Statl fusion proteins, a fragment encoding AA 557-668
(SH2) or AA 490-668 (SH3/SH2) was cloned. in-frame. into the
Ncol and Xhol sites of pGEX-KG. The point mutant Arg602 to
Lys602 was generated by altering codon 602 from CGG to AAG
by site-directed mutagenesis (Clontech) (Deng and Nickloff. 1992).
Mutagenesis was confirmed by sequencing the entire pGEX-KG-Statl-
SH2 insert (Amersham/USB). The GST-Stat2 fusion proteins were
created by cloning a fragment encoding AA 549-672 (SH2) or 499-672
(SH3/SH2). in-frame. into the BamHI site of pGEX-2T or EcoRI site
of pGEX-3X. respectively. The point mutant Arg60l to Lys60l was
generated by altering codon 601 from CGC to AAG and then confirmed
as described above for Statl. The recombinant STATs were created by
cloning the coding regions of the human Statl and Stat2 ¢cDNAs (Fu
et al.. 1992: Schindler et al.. 1992a) into the baculovirus shuttle vector
pVL1393 (Invitrogen). Recombinant STAT baculovirus constructs were
rescued from SF-9 cells after co-transfection with the appropriate shuttle
vector and a mutant baculovirus (BaculoGold: Pharmigen). Mutant
recombinant STATs were obtained by substituting a restriction fragment
isolated from the mutant GST-SH2(Statl) (i.e. a Hindlll-Smal fragment)
or GST-SH2(Stat2) (i.e. a Stul-Hindlll fragment) constructs into the
appropriate STAT shuttle vector.

Purification of the GST fusion proteins was carried out as described
by Frangioni and Neel (1993). Purified proteins were recovered from
the glutathione (GSH)-agarose beads (Sigma) by elution with 10 mM
GSH (Gibco). 100 mM Tris—=HCL. pH 9.6, 150 mM NaCl. 5 mM DTT
and 0.1% Triton X-100. After dialysis into PBS. adjusted to 1% Triton
X-100. the concentration of each fusion protein was determined by
SDS-PAGE/Coomassie staining. Subsequently. the fusion proteins were
recoupled to GSH-agarose at ~300 pg of protein per 50 ul of the beads
(24 h at 4°C). After extensive washing with PBS/1% Triton X-100. the
beads were equilibrated in 1X lysis buffer (10 mM Tris-HCI. pH 7.4,
150 mM NaCl. | mM EDTA. | mM EGTA. 0.5% NP-40. 1% Triton
X-100. 10% glycerol. | mM DTT, | mM sodium orthovanadate, 1 mM
PMSFE. 10 pg/ml leupeptin. 10 pg/ml aprotinin and 0.5% BSA) in
preparation for binding studies (see below).

Protein binding studies

Binding studies with recombinant and native STATs and JAKs were
carried out by incubating the cell lysates (2-3 mg total cell proteins)
with 150 pg (~50 pl) of immobilized GST fusion proteins in 400 pl of
1% lysis buffer for 4 h at 4°C with constant agitation. The complexes
were extensively washed with 1X lysis buffer. The bound proteins were
eluted from the beads by heating them to 95°C in sample buffer. and
then fractionated on a 7% SDS-polyacrylamide gel. The gel was
transferred to nitrocellulose (Schleicher and Schuell) and immunoblotted
with Statl (abl or ab2: Rothman et al.. 1994). Stat2 (recognizing amino
acids 713-751). Tyk2 (Transduction Laboratories) and antiphosphotyros-
ine (4G10: Upstate Biological Inc.) antibodies as previously described
(Pine et al.. 1994). Bands were detected by ECL as specified by the
manufacturer (Amersham). The immunoprecipitations were performed
with a Statl antibody (ab2) or Stat2 antibody as previously described
(Schindler et al.. 1992b).

Peptide binding studies

Synthetic peptides (Research Genetics Inc.) were labeled with [y-3°P]ATP
to a specific activity of 2500 c.p.m./ug of peptide with purified p56'ek
kinase as recommended by the manufacturer (Upstate Biotechnology
Inc.) and isolated by centrifugation through membranes with MW
exclusions of 10 kDa (Centricon). The peptides represent amino acids
693-712 of Statl: amino acids 684-698 of Stat2: and for the irrelevant
peptide CS-3C (a generous gift of C.Saris) they are amino acids 623-
637 of the IL-3 receptor AIC2A (Gorman et al.. 1990). Binding studies
were carried out with 2 pg of *>P-labeled peptides and 30 pg of
immobilized GST-SH2 fusion proteins in 100 ul of PBS, 1% Triton X-
100 for 2 h at 4°C. After the binding reaction. the beads were washed
four times with 1 ml of cold binding buffer, and the bound peptides
were then eluted by boiling in SDS-PAGE sample buffer. The recovered
32p was determined by scintillation (cocktail from ICN) counting (1211
Rackbeta; LKB). Each binding study was repeated three times.
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