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permanent cloned cell lines were selected. 

In the first set of ex~eriments (Fig. 2A), 
James E. Darnell Jr.* Stat1 and ~ t a t l - ( ~ ~ d 2  tagged 'with the 

FLAG epitope [an eight-amino acid epi- 
In response to specific ligands, various STAT proteins (signal transducers and activators tope recognized by monoclonal antibody 
of transcription) are phosphorylated on tyrosine by Jak protein kinases and translocated M2 (1 6 ) ]  were expressed independently in 
to the nucleus to direct gene transcription. Selection of a STAT at the interferon y receptor U3A cells. As determined by the phospho- 
as well as specific STAT dimer formation depended on the presence of particular SH2 tyrosine content of antibody to FLAG 
groups (phosphotyrosine-binding domains), whereas the amino acid sequence surround- (M2)-precipitated protein, wild-type Statl 
ing the phosphorylated tyrosine on the STAT could vary. Thus, SH2 groups in STAT was activated by either IFN-cu or IFN-?/ 
proteins may play crucial roles in specificity at the receptor kinase complex and in (Fig. 2A). In contrast, the Statl-(SH2)2 
subsequent dimerization, whereas the kinases are relatively nonspecific. protein was activated only by IFN-cu (Fig. 

2A), suggesting that the SH2 group of Stat2 
was not able to bring this chimeric mole- 
cule into proximity of the IFN-?/ receptor. 

By binding to their cell surface receptors, two molecules with a Stat l :2  or Stat1:l Another conclusion from this experiment 
many different polypeptides specifically ac- SH2.  combination can dimerize, but the bears on  STAT dimerization after IFN 
tivate as DNA-binding proteins one or presence of the Stat2 SH2 group in both treatment. Precipitation of IFN-a-treated 
more members of a family of latent tran- potentially interacting molecules blocks in- cell extracts resulted in the coprecipitation 
scription factors termed STATs (1). STAT teraction. We  conclude that the STAT- of the FLAG-tagged wild-type Statl with 
activation results initially from the tyrosine SH2 group is crucial in providing specificity the endogenous Stat2 that had been activat- 
phosphorylation and consequent activation at the 1 m - y  receptor and also directs ed (phosphorylated). In contrast, the FLAG- 
of Jak protein kinases (2-4) that are already dimerization of activated STATs and that tagged IFN-cu-activated Statl-(SH2)2 did 
associated with cell surface receptors (4-6), the Jak kinases activated at the IFN-cu or not interact with the endogenous Stat2. 
after which the STAT proteins are phos- IFN-y receptors are not highly specific. Immunoprecipitation of the same extracts 
phorylated on  tyrosine, homo- or het- To  assay for the functions of the Stat1 with antiserum to Stat2 verified that the 
erodimerize (7,  8) ,  and translocate to the and Stat2 SH2 domains, we prepared re- same amount of activated Stat2 was present 
cell nucleus to direct transcriptional re- combinant DNA constructs that encoded in both cell types (1 7). Thus, the Stat2 SH2 
sponses. Interferon cu (IFN-a) induces the the hybrid molecules (Fig. 1). We  used the group of the Statl-(SH2)2 construct does 
activation of Jakl  and Tyk2 protein kinases abbreviations Statl-(SH2)2 or Stat2- not interact with the endogenous Stat2 
(2-4,9) followed by the phosphorylation of (SH2) 1 to indicate swapped SH2 domains even though both molecules are phospho- 
Statl and Stat2 ( l o ) ,  whereas IFN-y in- inserted in the recipient molecule with bor- rylated. This result is consistent with the 
duces activation of Jakl and Jak2 (2-4, 9) ders chosen to match the canonical SH2 absence of Stat2 homodimers in unsupple- 
followed by the phosphorylation of only domains. In addition to the SH2 domains, mented U3A cells (18) treated with IFN-cu 
Stat l  (1 1). It remains unknown how the the tyrosine phosphorylation sites (abbrevi- where Stat2 is phosphorylated-or, for that 
specificity of the signal is maintained during ated Y) were swapped to determine whether matter, in any cell examined thus far (1 7). 
its transduction through the receptors and the kinases resident at the two receptors If Stat2 is not activated by IFN-y be- 
kinases to the STATs, although Tyr440 on  could distinguish phosphorylation sites of cause its SH2 group cannot bind to the 
one of the IFN-y receptor chains is crucial different STATs. The recombinant con- phosphorylated IFN-y receptor, but activa- 
for IFN-y activation. In addition, a phos- structs were transfected along with a select- tion of the native Stat l  depends on the 
phopeptide encompassing Tyr440 can specif- 
ically bind Stat l  (1 2, 13). 

We  swapped between Stat1 and Stat2 Fig. 1. Statl. Stat2, and Stat1 -Stat2 chi- I either the SH2 (phosphotyrosine binding) meras. The constructs were made with I SH2 I Y701 1 Stat1 (1) 
domains or the sites for phosphorylation of chimeric oligonucleotides and through use 
tyrosine. The SH2 domain of Statl as part of the polymerase chain reaction with Vent SH2 Y701 Stat1 -(SH2)2 (1-2) 
of either the Stat l  or Stat2 molecule dirett- polymerase LNew England BiOlabs). I ed phosphorylation at the IFN-y receptor, Clones  were sequenced through the chi- I SH2 By7011 Statl-(Y)2A (I-Y2A) 

meric regions and the start and stop whereas the SH2 domain of Stat2 did not. codons, The constructs were cloned into 1 I SH2 @ ~ 7 0 1  Statl-(Y)2B (1-Y2B) 
The target tyrosine residue (Tyr701 in Stat1 either pcDNA3 (Invitrogen) or pBactNeo 
and T Y ~ ~ ~ ~  in Stat2) and surrounding se- (24). Stat1 and Statl-(SH2)2 were tagged 1 ( SH2 (~6901 I Stat1 -(Y)2C (1-Y2C) 
quence were also swapped, and either the with the FLAG epitope at the COOH-termi- 
Stat1 or Stat2 sequence could be phospho- nus (16). The amino acid (aa) boundaries of 
rylated at either receptor on condition that 
a Statl SH2 domain was provided. Further, 
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the chimeric proteins are asfollows: Statl - 
(SH2)2 has aa 1 to 572 of Stat1 ,572 to 668 Stat2 (2) 
of Stat2, and 672 to 750 of Statl ; Statl - 
(V2A has aa 1 to 671 of Statl ,669 to 682 Stat2-(SH2)l (2-1) 
of Stat2, and 686 to 750 of Statl; Statl - 
(V2B has aa 1 of 671 of Statl, 669 to 682 Stat2-(SH2+Y)1 (2/+1) 
of Stat2, and 692 to 750 of Statl : Statl - 
(V2C has aa 1 to 671 of Statl, 669 to 699 of Stat2, and 71 1 to 750 of Statl ; Stat2-(SH2)l has aa 1 to 
571 of Stat2,573 to 700 of Statl , and 690 to 851 of Stat2; and Stat2-(SH2+Y)1 has aa 1 to 571 of Stat2, 
573 to 710 of Statl, and 700 to 851 of Stat2. Abbreviation used in Figs. 2 and 3 are shown to the right. 
Y, tyrosine phosphorylation site. 
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presence of the Statl SH2 group, then a 
Stat2 chimera with the SH2 group of Statl 
should be activated by IFN-y. A Stat2 pro- 
tein containing the Statl SH2 domain 
(amino acids 573 to 671) was not activated 
by either IFN-a or IFN-y (17). However, 
this molecule also could not be activated 
under conditions that nonspecifically acti- 
vate STAT proteins. Overexpression of 
STATs together with Jaks in COS cells 
leads to activation of Statl and Stat2 in the 
absence of ligand (1 9), but did not result in 
phosphorylation of this chimeric protein. 
We therefore constructed plasmids to en- 
code two chimeric proteins with Statl SH2 
domains that contain extra amino acids 
toward the COOH-terminus from the SH2 
domain (Fig. 1). Stat2-(SH2)l includes 
amino acids of Statl (residues 573 to 700) 
but still has the tyrosine phosphorylation 
site and COOH-terminal sequences of 
Stat2. Stat2-(SH2+Y)1 contains a 137- 
amino acid region (amino acids 573 to 710) 
from Statl that includes the SH2 domain 
and the tyrosine phosphorylation site of 
Statl in place of the SH2 and tyrosine of 
Stat2. Both constructs were activated by 
IFN-a and IFN-y (Fig. 2B) and both pro- 
teins were immunoprecipitated along with 
endogenous Statl by an antiserum to Statl. 

U3A cells that lack Statl of course show 
no response to IFN-y, but Stat2 is still phos- 
phorylated on the correct tyrosine in re- 
sponse to IFN-a (18). In contrast, in U6A 
cells that lack Stat2, Statl is not phospho- 
rylated in response to IFN-a but functions 
normally in response to IFN-y (15). Thus, 

Statl activation in U6A cells at the IFN-a 
receptor-kinase complex requires the pres- 
ence of Stat2. When the Statl-(SH2)2 con- 
struct was expressed in U6A cells, it was not 
phosphorylated in response to IFN-a, nor 
was phosphorylation of the endogenous 
Statl restored (20). Thus, the SH2 group of 
Stat2 incorporated into Statl cannot substi- 
tute for all of the functions required of Stat2 
at the IFN-a receptor. However, the Stat2 
SH2 group is essential both for Stat2 and for 
Statl phosphorylation in response to IFN-a. 
For example, a crucial arginine in the phos- 
photyrosine-binding cavity of the Stat2 SH2 
group was mutated, and the mutant was 
introduced into U6A cells; the activation of 
both the mutant Stat2 and the endogenous 
Statl was abolished (21). In addition, one 
chain in the IFN-a (22) and the IFN-y 
receptor (12) acquires a phosphate on ty- 
rosine in a ligand-dependent manner. Thus, 
we believe that the Stat2 SH2 group is 
necessary for Stat2 and Statl phosphoryl- 
ation at the IFN-a receptor, but it is not by 
itself sufficient. 

The IFN-a pathway requires TykZ and 
Jakl, whereas the IFN-y pathway requires 
JakZ and Jakl (2-4). Such results could 
mean that Stat2 phosphorylation depends 
specifically on the presence of TykZ in a 
receptor-kinase complex, because Stat2 is 
activated only after IFN-a and not IFN-y 
treatment. However, the activation of StatZ- 
(SH2)l at the IFN-y receptor (Fig. 2B) 
suggests that TykZ is not specifically re- 
quired for phosphorylation of the Stat2 ty- 
rosine site. 

To further test the importance of amino 
acid sequences surrounding the tyrosine 
substrate sites for the phosphorylation by 
Jakl or JakZ at the IFN-y receptor, we made 
three Statl constructs-Statl-(Y)2A, 
Statl-(Y)2B, and Statl-(Y)2C (Fig. 1)- 
that contained Stat2 sequences upstream 
and downstream of the tyrosine phospho- 
rylation site. The constructs were trans- 
fected into U3A cells, and clonal lines were 
developed and assayed. Treatment with ei- 
ther IFN-a or IFN-y activated these recom- 
binant proteins approximately equally, in- 
dicating that the Stat2 tyrosine surrounded 
by the Stat2 amino acid sequence could be 
phosphorylated by Jakl or JakZ at the 
IFN-y receptor and by TykZ or Jakl at the 
IFN-a receptor (Fig. 3). 

Our results show that swapping the SH2 
domain from Statl into Stat2 allowed acti- 
vation of the recombinant protein at the 
IFN-y receptor, and insertion of the SH2 
group of Stat2 into Statl prevented activa- 
tion of the recombinant protein at the 
IFN-y receptor. Thus, the specificity for 
activation at the IFN-y receptor resides in 
the Statl SH2 group, whereas the IFN-a 
receptor will accept molecules with either 
SH2 group. In contrast, swapping the sub- 
strate tyrosine and surrounding amino acids 
between Statl and Stat2 did not change the 
specificity of activation by IFN-a and IFN- 
y. Thus, the Jak protein kinases are not the 
source of specificity in the Jak-STAT path- 
way. Further, dimerization of Statl and 

- a 7 -  - a y l a  r l a  ria 7 
a Blot: 4GlO - - - -. 

.-. - ----- 
1 1 6  - - - - - - 4 S t a Q  

, - Blot: 4G10 

Blot: Stat1 1 1 6  , b dib +Stat2 

Blot Stat2 

Fig. 2. Specification of STAT-receptor interactions by SH2 domains. (A) U3A cells expressing the 
FLAG-tagged Statl (1) or the chimeric Statl-(SH2)2 with the SH2 domain of Stat2 (1-2) were left 
untreated (-) or treated for 15 rnin with either IFN-a (a; 500 IU/ml) or IFN-y (y; 5 ng/ml). (Upper panel) 
Extracts were precipitated with a monoclonal antibody to FLAG (M2) bound to a gel (Kodak), subjected 
to SDSpolyactylamide gel electrophoresis (PAGE) (7% gel), and probed with a monoclonal antibody 
(4G10) to phosphotyrosine (UBI). (Lower panel) After stripping, the gels were reprobed with antiserum to 
Statl (25). (6) The parental cell line 2tTGH or U6A cells expressing wild-type Stat2 (2) or the Stat2-(SH2)l 
or Stat2-(SH2 + Y)l constructs were left untreated (-) or treated for 15 rnin with either IFN-a (a; 500 
IU/ml) or IFN-y (y; 5 ng/ml). (Upper panel) Extracts were precipitated with an antiserum to Stat2 (26). The 
precipitates were probed with a monoclonal antibody (4G10) to phosphotyrosine (UBI). (Lower panel) 
After stripping, the blots were probed with antiserum to Stat2 (27). 
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Fig. 3. Phosphotylation of TyPSO of Stat2 by ki- 
nases associated with the IFN-y receptor. MGH 
cells, U3A cells, or U3A cells transfected with chi- 
meric Statl proteins containing amino acids of 
Stat2 starting after the SH2 domain and extending 
toward (1-Y2A and 1-Y2B) or beyond (1-Y2C) 
TyPSO of Stat2 were treated for 15 min with either 
IFN-a (a; 500 IU/ml) or IFN-y (y; 5 ng/ml). Proteins 
from extracts were precipitated with antiserum to 
Statl (25). The precipitates were subjected to 
SDS-PAGE (7% gel) and probed with antibody to 
phosphotyrosine (4G10) and, after stripping of the 
blots, with antiserum to Statl . Transfections, se- 
lection, maintenance, lysis, and sample handling 
were as described in Fig. 2. 
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Stat2 recombinant molecules required ei- 
ther two Statl-SH2 groups or one Stat l -  
and one StatZ-SH2 group; two StatZ-SH2 
groups did not permit interaction, even 
though the two potentially interacting pro- 
teins were ~hos~horv la ted .  

The following model for the operation of 
the Jak-STAT pathway is supported by 
these and other data (1). Ligand-driven re- 
ceptor-kinase assembly occurs between re- 
ceptor chains and associated Jak protein ki- 
nases. Phosphorylation (intermolecular) of 
the Jaks ensues, and these active enzymes 
phosphorylate one or more of the receptor 
chains. The substrate STAT molecule is 
directed by its SH2 group to a tyrosine phos- 
phate on a specific receptor-kinase complex. 
Binding of the SH2 group brings the closely 
neighboring tyrosine on the STAT protein 
into proximity of a kinase. If the SH2 do- 
mains and tyrosine sites of the phosphoryl- 
ated STATs are mutually compatible, the 
proteins form homo- or heterodimers. After 
translocation into the nucleus, specific bind- 
ing to DNA, alone or in conjunction with 
other proteins, directs specific transcription- 
al responses. This set of specific protein- 
protein and protein-DNA interactions al- 
lows a distinct response to a particular ex- 
tracellular signaling protein. 
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Choice of STATs and Other Substrates 
Specified by Modular Tyrosine-Based Motifs in 

Cytokine Receptors 
Neil Stahl,* Thomas J. Farruggella, Teri G. Boulton, 

Zhong Zhong, James E. Darnell Jr., George D. Yancopoulos* 

Many members of the cytokine receptor superfamily initiate intracellular signaling by 
activating members of the Jak family of tyrosine kinases. Activation of the same Jaks by 
multiple cytokines raises the question of how these cytokines activate distinct intracellular 
signaling,pathways. Selection of particular substrates-the transcriptional activator Stat3 
and protein tyrosine phosphatase PTP1 D-that characterize responses to the ciliary 
neurotrophic factor-interleukin-6 cytokine family depended not on which Jak was acti- 
vated, but was instead determined by specific tyrosine-based motifs in the receptor 
components-gpl30 and LIFR-shared by these cytokines. Further, these tyrosine- 
based motifs were modular, because addition of a Stat3-specifying motif to another 
cytokine receptor, that for erythropoietin, caused it to activate Stat3 in a ligand-dependent 
fashion. 

T h e  cytokine receptor superfamily com- 
prises structurally related receptors charac- 
terize$ by conserved motifs in their ectodo- 
mains (1). Many different cytokines-with 
biological actions as distinct as those of 
erythropoietin (EPO), ciliary neurotrophic 
factor (CNTF), and the interferons 
(1FNs)-activate members of this receptor 
superfamily (2, 3). The  cytoplasmic do- 
mains of cvtokine receDtors lack obvious 
catalytic function. However, binding of li- 
gand to the cytokine receptors initiates in- 
tracellular signaling by activating members 
of a family of receptor-associated tyrosine 
kinases, referred to as the Janus kinases 
(Jaks) (2,  4). These kinases are constitu- 
tively associated with the membrane-prox- 
imal portions of cytokine receptor cytoplas- 
mic domains and become activated upon 
ligand-induced receptor homo- or het- 
erodimerization ( 2 , 5 ,  6-10), a process rem- 
iniscent of epidermal growth factor (EGF)- 
and platelet-derived growth factor (PDGF)- 
mediated dimerization and subsequent acti- 
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vation of receptor tyrosine kinases (1 1 ). 
EPO causes homodimerization of its recep- 
tor, which leads to specific activation of the 
attached kinase, Jak2 (7). The CNTF family 
of cytokines, including interleukin-6 (IL-6), 
leukemia inhibitory factor (LIF), and on- 
costatin M (OSM), use more complicated 
receutor svstems that contain two different 
Jak-associated receptor components, gp130 
and LIFR (2). The CNTF and IL-6 receptor 
complexes also include cr receptor compo- 
nents that confer cytokine specificity; these 
cr components do not bind to Jaks and their 
cytoplasmic domains are apparently not re- 
quired for signaling (2). Ligand-mediated 
activation results from either homodimeriza- 
tion of a 1 3 0  for IL-6 or heterodimerization 
of gp130 with LIFR for CNTF, LIF, and 
OSM (8, 9). Both gp130 and LIFR can 
associate with and activate at least three 
members of the Jak family-Jakl, Jak2, and 
Tyk2-but activate distinct combinations 
of these Iaks in different cells (10). Al- 
though thk receptor systems for thd 1FNs are 
not fully understood, signaling by IFN-cr 
requires Jakl and Tyk2, whereas signaling by 
IFN-y specifically requires Jakl and Jak2 
(12-14). 

It is not clear how different cytokines, 
often activating the same Jaks, can uniquely 
specify activation of distinct intracellular 




