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A Common Nuclear Signal Transduction Pathway 
Activated by Growth Factor and Cytokine 

Receptors 

Henry B. Sadowski, Ke Shuai, James E. Darnell Jr., 
Michael Z. Gilman* 

Growth factors and cytokines act through cell surface receptors with different biochem- 
ical properties. Yet each type of receptor can elicit similar as well as distinct biological 
responses in target cells, suggesting that distinct classes of receptors activate common 
gene sets. Epidermal growth factor, interferon-y, and interleukina all activated, through 
direct tyrosine phosphorylation, latent cytoplasmic transcription factors that recognized 
similar DNA elements. However, different ligands activated different patterns of factors 
with distinct DNA-binding specificities in the same and in different cells . Thus, unrelated 
receptors may activate a common nuclear signal transduction pathway that, through 
differential use of latent cytoplasmic proteins, permits these receptors to regulate both 
common and unique sets of genes. 

Growth factor receptors have large cyto- 
plasmic domains endowed with protein ty- 
rosine kinase activity (I), whereas cytokine 
receptors generally lack identifiable catalyt- 
ic activity (2). Nevertheless, both classes of 
receptor can activate both overlapping and 
distinct sets of genes and biological responses 
in target cells (2, 3). The c-fos proto- 
oncogene is activated by both classes of 
receptor (2, 3). Activation of c-fos tran- 
scription involves the combined action of 
several transcription factors, including se- 
rum response factor (SRF) , Elk- 1, and sis- 
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inducible factor (SIF) (4). Certain growth 
factor signals activate c-fos transcription 
through a complex of SEW and Elk-1 (5, 6), 
whereas other signals require SRF but not 
Elk-1 (6, 7). Some of these signals may act 
through SIF, a DNA-binding activity that 
is rapidly induced by treatment of cells with 
polypeptide growth factors (8-1 0). SIF 
binds to an element termed the sis-induc- 
ible element (SIE) located 25 base pairs 
(bp) upstream of the c-fos SRE (a), and an 
SIE is sufficient under certain circumstances 
to mediate growth factor-activated tran- 
scription (9). 

Gene activation by interferon-a (IFN- 
a )  is dependent on regulatory sequences 
termed interferon (IFN) -stimulated re- 
sponse elements (ISREs) and on the tran- 
scription factor IFN-stimulated gene fac- 

tor-3 (ISGF-3) (I 1). ISGF-3 consists of 
three polypeptides of 113, 91 or 84, and 48 
kD (1 2, 13). Treatment of cells with IFN-a 
results in the migration of the 113- and 
91-kD proteins to the nucleus, where they 
interact with the 48-kD subunit to consti- 
tute ISGF-3 DNA-binding activity (1 3). 
Activation of ISGF-3 is associated with 
phosphorylation of the 113- and 91-kD 
subunits on tyrosine residues, suggesting 
that their activity may be directly regulated 
by tyrosine phosphorylation (1 4). IFN--y 
acts through a similar mechanism, although 
the factor responsible, IFN--y activation 
factor (GAF), consists solely of the 91-kD 
subunit of ISGF-3 (15). The 113- and 
91-kD proteins, which are related in struc- 
ture (16, 17), have been termed signal 
transducers and activators of transcription, 
or STATs (18). Here we show that some 
forms of the growth factor-activated SIF 
contain the Stat91 protein. 

To identify the polypeptides that consti- 
tute SIF activity, we performed DNA-affin- 
ity precipitation assays (1 9). A43 1 human 
epidermoid carcinoma cells were metaboli- 
cally labeled with [35S]methionine, and half 
of the cells were treated with epidermal 
growth factor (EGF) to induce SIF activity. 
Extracts prepared from the cells were incu- 
bated with streptavidin-conjugated para- 
magnetic beads bound to a biotinylated 
oligonucleotide carrying a variant SIF bind- 
ing site, m67 (Table I), that binds SIF with 
higher affinity than the human c-fos SIE 
(9). The beads were washed extensively, 
and tightly bound proteins were eluted with 
2 M NaC1. Several polypeptides from EGF- 
treated cells bound to the m67 oligonucle- 
otide (Fig. 1). Four of these polypeptides 
(80 to 90 kD) were not detected in extracts 
of untreated cells. These proteins were not 

Fig. 1. DNA-affinity pre- EGF - + 
cipitation analysis of -200 
SIE-binding proteins 
from untreated and 
EGF-treated A431 
cells. A431 cells were 
labeled for 3 hours with - 97 

I 

[35S]methionine (200 
~Cilml) and treated 
with either PBS (lane 1) -88 

or recombinant human 
EGF (1 00 nglml, lane 2) 
for 15 min. Cytoplasmic 
extracts were pre- - -45  

pared, and 35S-labeled 
SIE-binding proteins -- 
were collected on li- -30 

gated high-affinity SIE 1 2  

oligonucleotide bound 
to streptavidin-conjugated paramagnetic 
beads. After washing, retained polypeptides 
were eluted with 2 M NaCI, separated by SDS- 
PAGE, and visualized by fluorography. Molec- 
ular size standards are indicated at right (in 
kilodaltons). 
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bound by an oligonucleotide carrying a 
mutant SIE, m34 (9, 20). Thus, these 
proteins are candidate subunits of EGF- 
induced SIF activity in A43 1 cells. Some of 
these proteins are similar in size to Stat91. 

SIF activity, as measured in a mobility- 
shift assay using the m67 sequence, was not 
competed by a large molar excess of an 
oligonucleotide carrying an ISGF-3 binding 
site (20, 21), indicating that SIF and 
ISGF-3 have nonoverlapping DNA-bind- 
ing specificities. In contrast, binding sites 
for SIF and GAF did compete with one 
another. SIF activity induced by EGF in 
A431 cells consists of three complexes 
(1 O), A, B, and C (Fig. 2A) (22). Binding 
of all three SIF complexes was inhibited by 

Table 1. Representative binding sites for STAT 
factors. Shown are sequences discussed in the 
text. Underlined sequences indicate a short 
region of partial dyad symmetry (TTCCNGTAA) 
shared by these sites. The APRE is shown in 
reverse orientation. Ref., reference. 

a molar excess of unlabeled oligonucleotide 
carrying the high-affinity SIE. SIF binding 
was also reduced by an oligonucleotide car- 
rying the IFN-y activation site (GAS) from 
the Ly-6E gene (23), which binds GAF. 
The GAS oligonucleotide was generally a 
poorer competitor than the SIE, but it 
preferentially inhibited binding of SIF-C. 
These data indicate that SIF can bind a 
GAS sequence. Furthermore, they suggest 
that the different SIF complexes have dis- 
tinct DNA-binding specificities: the GAS 
sequence binds SIF-C with greater affinity 
than SIF-A and SIF-B. 

Treatment of FS2 cells with IFN-y re- 
sulted in the induction of GAF, as detected 
by a GAS probe (Fig. 2A). This complex 
comigrated with SIF-C and was competed 
both by a homologous GAS oligonucleotide 
and by the high-affinity SIE oligonucleo- 
tide. As observed in the SIF assay, the SIE 
was a more effective competitor than the 
GAS sequence. Taken together, these data 
show that SIF and GAF have related. 

samples is a complex specific to these cells 
that is not ligand-inducible and does not 
bind the SIE (20); we have not character- 
ized it further. Reciprocally, treatment of 
FS2 cells with IFN-y resulted in the appear- 
ance of an activity that bound to the 
human c-fos SIE and comigrated with SIF- 
C. Thus, EGF induces a GAF-like activity 
and IFN-y induces a SIF-like activity. 

There are differences in the activities 
induced by the two ligands. On the human 
c-fos SIE, IFN-y induces exclusively SIF-C, 
whereas EGF induces all three SIF com- 
plexes, with SIF-A being most prominent. 
This difference is not due to differences in 
the cells because, whereas treatment of 
A431 cells with EGF induced formation of 
all three SIF complexes on the high-affinity 
SIE, IFN-y treatment of the same cells 
induced primarily SIF-C and some SIF-B. 

We also assayed extracts from HepG2 
human hepatoma cells treated with inter- 
leukin-6 (IL-6), a major mediator of the 
acute ~hase  resDonse in liver. IL-6 induces a 

though not identical, DNA-binding speci: ~ ~ ~ I b i n d i n ~  Hctivity that acts through an 
Site Sequence Ref. ' ficities. acute phase response element (APRE) re- 

Human c-fos SIE CAGTTCCCGTC~TC (8) We next asked whether EGF treatment lated in sequence to SIE and GAS (Table 
High-affinity SIE CATTTCCCGTMTC (9) induced GAF and IFN-y induced SIF. EGF 1) (24). Like EGF and IFN-y, IL-6 also 

(m67) treatment of A431 cells resulted in the induced activities that bound to the m67 
Ly-6E GAS ATAIICG~wGTG (23) appearance of a GAS-binding activity that SIE (Fig. 2C). At low IL-6 concentrations, 
Human a2- 

macroglobulin 
C C A ~ c ~ G A G  (24) comigrated with authentic GAF from IFN- SIF-A was the predominant complex in- 

APRE y-treated FS2 cells (Fig. 2B). The strong duced, whereas at higher IL-6 concentra- 
band that migrates above GAF in the A43 1 tions, SIF-B and SIF-C were also formed. In 

Cell~Treat~ 31EGF FS2AFNq Probe hSlE 

Pmbe 
1 r 

SIE I' GAS ' Cell AMI F 
1 -r 

Competitc Treatmen1 I - E -  

--GAF GAF- 

Fig. 2. Related DNA-binding activities induced by different growth factors 
and cytokines. (A) Competition analysis of SIE- and GAS-binding activi- 
ties. Nuclear extract from EGF-treated (15 min, 100 nglml) A431 cells 
lanes were subjected to mobility-shift assay using a high-affinity SIE probe 
alone (lane 1) or in the presence of 5- and 50-fold molar excess of 
unlabeled SIE (lanes 2 and 3) or GAS oligonucleotides (lanes 4 and 5). 
Whole-cell extracts from FS2 cells treated for 15 min with recombinant 
human IFNy (5 nglml) were assayed with 32P-labeled GAS probe alone 
(lane 6) or in the presence of 5- and 50-fold molar excess of unlabeled SIE 
(lanes 7 and 8) or GAS oligonucleotides (lanes 9 and 10). (B) Mobility-shift 

c IL-8(nerfW 

- '1.2 3 6  11' - Y 

A- 
E- - GAF 

assays with GAS (lanes 1 to 4), human c-fos SIE (lanes 5 to 8), and 
high-affinity SIE (lanes 9 to 11) probes. Extracts were prepared from 
untreated A431 cells (lanes 1, 5, and 9), EGF-treated (15 min, 100 nglml) 
A431 cells (lanes 2, 6, and lo), untreated FS2 cells (lanes 3 and 7), 
IFN-y-treated (1 5 min, 5 nglml) FS2 cells (lanes 4,8), or IFN-y-treated (15 
min, 5 ngtml) A431 cells (lane 11). The strong band migrating above GAF 
in lanes 1 and 2 is specific toA431 cells. (C) Mobility-shift assay of HepG2 
cell extracts on high-affinity SIE probe. HepG2 cells were untreated (lanes 
1 and 5) or treated for 15 min with the indicated concentrations of 11-6 
(lanes 2 to 4) or with IFN-y (10 nglml, lane 6). 
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these same cells, IFN--y induced primarily related but not identical DNA-binding 
SIF-C, emphasizing again the potential for specificities. 
differential activation of these factors. We We tested whether SIF activity was af- 
conclude that multiple growth factors and fected by antibody to the Stat91 protein 
cytokines activate transcription factors with that constitutes GAF activity (25). Two 

Treatment - EGF - 
NRS USIT 

C91 
+ - - 

Fig. 3. Evidence that Stat91 is present in SIF complexes. (A) Inhibition of SIF complexes B and C 
with anti-Stat91. Nuclear extracts from untreated (lane 1) or EGF-treated (lanes 2 to 8) A431 cells 
were incubated for 20 min on ice with 1 yl of PBS (lanes 1 and 2) or 1 yI of the following rabbit 
antisera diluted 1:10 or 1:3.33 with PBS: preimmune (lanes 3 and 4), anti-91 (lanes 5 and 6), or 
anti-91T (lanes 7 and 8) (1517). High-affinity SIE probe was added and mobility-shift assays 
performed. (B) Depletion of in vitro activation assay with anti-Stat91. H e h  cell cytosol was 
incubated overnight at 4°C with PBS (lanes 1 and 2), normal rabbit serum (lanes 3 and 4), or anti-91T 
(lanes 5 and 6). Immune complexes were collected on protein GSepharose beads. Depleted 
supernatants were mixed with detergent-solubilized A431 membranes and subjected to an in vitro 
SIF activation assay (10). (C) In vitro activation assay with cytosol from cell lines containing or 
lacking Stat91. Portions of cytosol from the indicated cell lines were mixed with detergent- 
solubilized A431 membranes and subjected to an in vitro activation assay. The 2fTGH cells (lanes 
1 and 2) are the parental cell line expressing Stat91. The U3 cells (lanes 3 and 4) are a genetic 
variant that does not express Stat91 (27). The C91 (lanes 5 and 6) cells are a US-derived line stably 
transfected with a Stat91 expression vector. 

A 'WOWl Nucleus B Cytmol 
Time lo a s  i 2 4 8 i6"o u s  1 2 4 8 is' 

(mln) 
Time '0 0 5  1 2 4 8 16' 5 
(rn~n) - 

1 Z J 4 5 8 I LI 9 l O l l l Z l J l 4  

rlg. 4. Correlation of activation of SIF with post- 
translational modification of Stat91. (A) Mobility- 
shift assays of cytosolic (lanes 1 to 7) and nuclear 
(lanes 8 to 14) fractions from A431 cells treated 
with EGF at 0°C for the indicated times (in minutes). 
Cultures of A431 cells were DlaCed on ice for 20 

1 2  3 4 5 6 7  8 9 1 0 1 1 1  min before the addition of EGF (100 nglml). The 
probe was the high-affinity SIE. (8) Protein immu- 

noblot analysis of the same fractions with a91T antiserum. Portions of each fract~on (30 pg) were 
denatured by boiling in Laemmli buffer and separated by SDS-PAGE. Proteins were transferred to 
nitrocellulose and probed with a91T rabbit polyclonal antiserum as described (29). "91" indicates 
the position of Stat91, and "91'" indicates the more slowly migrating posttranslationally modified 
form of Stat91 (16). 

SCIENCE VOL. 261 24 SEPTEMBER 1993 

different antisera to Stat91 (anti-Stat91) 
inhibited SIF-C and, to a lesser extent, 
SIF-B from EGF-treated A431 cells and 
resulted in supershifting of some material 
(Fig. 3A). The antisera to Stat91 had no 
effect on SIF-A, even at the highest con- 
centrations used. These data suggest that 
SIF-B and SIF-C contain Stat91 or an 
antigenically related protein, but that 
SIF-A does not. 

We have described a cell-free assay for 
activation of SIF (1 0). This assay allowed 
us to examine the effect of depleting an in 
vitro reaction mixture of all material reac- 
tive with anti-Stat91 before activation with 
EGF (26). Depletion of extracts with anti- 
Stat91, but not normal rabbit serum, elim- 
inated the formation of SIF-B and SIF-C 
(Fig. 3B). Thus, Stat91 (or an antigenically 
related protein) is required for the forma- 
tion of two of the SIF complexes. 

Because SIF-C behaves identically to 
GAF in all of our experiments, it is likely 
that these two proteins are identical. SIF-B 
may consist of a differentially modified form 
of Stat91 or a complex of Stat91 with an 
additional polypeptide. To rule out that 
SIF-B is a distinct protein antigenically 
related to Stat91, we prepared cytoplasmic 
extracts from a cell line, U3, that lacks 
Stat91 mRNA and protein (27). Extracts 
from U3 cells and its parental cell line 
2tTGH were mixed with membrane frac- 
tions from A43 1 cells and subjected to EGF 
activation in vitro (26). Under these con- 
ditions, latent SIF activity is supplied by 
cytosolic fractions (1 0). Cytosol from wild- 
type 2fTGH cells supported production of 
all three SIF complexes (Fig. 3C). In con- 
trast, cytosol from U3 cells did not support 
production of SIF-B and SIF-C. SIF-A was 
induced normally in U3 cytosol. U3 cells 
were reconstituted with Stat91 protein by 
stable transfection of an expression vector 
containing the Stat91 cDNA (18). Cytosol 
from these reconstituted cells, C91, regained 
the ability to generate SIF-B and SIF-C in 
the in vitro assay (Fig. 3C, lanes 5 and 6). 
Thus, expression of the Stat91 gene is re- 
quired for formation of SIF-B and SIF-C but 
not SIF-A. These genetic data suggest that 
SIF-B and SIF-C contain authentic Stat91. 

If some forms of the EGF-activated SIF 
protein contain Stat91, then one may ex- 
pect to observe posttranslational modifica- 
tion and nuclear localization of Stat91 in 
response to EGF treatment (1 6). SIF activ- 
ity was detectable in cytosolic fractions of 
EGF-treated A431 cells within 30 s, even 
when treated at 0°C to slow activation (Fig. 
4A). As reported previously, cytosolic SIF 
was comprised primarily of complexes B and 
C (1 0). All three complexes appeared in 
nuclear fractions within 1 min. Protein 
immunoblots of the same extracts were 
probed with anti-Stat91 (Fig. 4B) (28). 

1741 



Treatment of A431 cells resulted in the 
rapid appearance of a lower mobility form of 
Stat91 characteristic of activation of GAF 
by IFN-y (16). This form of Stat91, labeled 
91*, appeared first in the cytosol and later 
in nuclear fractions, and its appearance 
correlated with the detection of SIF activity 
in these fractions. Thus, modification and 
nuclear localization of Stat91 is induced by 
EGF treatment of A431 cells. A similar 
modification of Stat91 was observed in ex- 
tracts incubated in vitro with EGF (20). 

Activation of ISGF-3 by IFN-a and of 
GAF by IFN-y is accompanied by phos- 
phorylation of Stat91 on a single tyrosine 
residue, Tyr701. This tyrosine residue is 
required for IFN-y-induced Stat91 activity 
(18). The kinetics of phosphorylation co- 
incide with the shift in Stat91 mobility in 
SDS gels and the activation of ISGF-3 and 
GAF DNA-binding activity. To determine 
whether SIF activation by EGF is also 
accompanied by tyrosine phosphorylation 
of its polypeptide components, we incubat- 
ed nuclear fractions from EGF-treated 
HER14 cells (29) with a monoclonal anti- 

Fig. 5. Evidence that atiuve Slr tiurtlalrls 
phosohotvrosine. (A) Portions of nuclear ex- 

body to phosphotyrosine (30). We observed 
a dose-dependent inhibition of all three 
isoforms of SIF by the antibody to phospho- 
tyrosine (Fig. 5A), suggesting that all forms 
of SIF contain phosphotyrosine. 

We incubated nuclear extracts with 
highly purified protein tyrosine phosphatase 
(3 1). Phosphatase treatment reduced the 
activity of SIF-B and SIF-C in a concentra- 
tion-dependent fashion (Fig. 5B). Inhibi- 
tion was largely reversed by the inclusion of 
the protein tyrosine phosphatase inhibitor 
sodium vanadate. Thus, tyrosine phospho- 
rylation is required for the activity of SIF-B 
and SIF-C. SIF-A was not stable under 
these incubation conditions. 

Stat91 and the closely related Stat113 
protein, found in the IFN-a-inducible fac- 
tor ISGF-3, both contain SH2 domains 
(1 7, 18). Because SH2 domains specifically 
bind tyrosine phosphorylated peptides (32), 
we considered the possibility that induction 
of Stat91 DNA-binding activity involved 
an intramolecular SHZ-phosphotyrosine in- 
teraction. If so, we reasoned that soluble 
phosphotyrosine should compete for the 

6 
Vanadate - + - - - - - A A A 

PTPase - - - b 

P-THR 
x- 

tract 'from ~ ~ ~ - t r i a t e d  (10 min. 100 nglml) C P-TYR P-SER 

HER-14 cells were incubated for 2 hours on conc (mM) 0 2 . 5 - - 5  1d '2.5 ~ 5 c.D 

ice with PBS (lane 1) or the indicated 
amounts (in micrograms) of either 4G10 

---I 

monoclonal antibody to phosphotyrosine ---- 
(lanes 2 to 5) or an irrelevant monoclonal 
antibody (lanes 6 to 9). After an additional 30 
min at 25°C. the extracts were incubated with 
high-affinity SIE probe, and mobility-shift 1 2 3  7 8 9 10 

analysis was performed. (B) Nuclear extract from EGF-treated / was prepared in the 
absence of phosphatase inhibitors (37). One portion was incubated for 30 min on ice with buffer 
only (lane 3); the others were incubated for 30 min at 3PC with buffer alone (lanes 1 and 2) or 
fivefold serial dilutions of purified T cell PTPase (lanes 4 to 11). In lanes 2 and in lanes 8 to 11, 
sodium vanadate was present during the incubation. In other lanes, sodium vanadate was added 
after incubation, but before mobility-shift assay. The amounts of PTPase added were 3600, 720, 
144. and 29 ng. (C) Nuclear extracts from EGF-treated HER-14 cells were incubated for 60 min at 
0" in the presence of the indicated concentrations of phosphotyrosine (lanes 2 to 4), phosphoserine 
(lanes 5 to 7) or phosphothreonine (lanes 8 to 10). Probe was added and the reactions subjected 
to mobility-shift assay. 

SH2 domain, resulting in inhibition of 
DNA-binding activity. To test this hypoth- 
esis, we incubated extracts containing SIF 
activity with increasing amounts of either 
free phosphotyrosine, phosphoserine, or 
phosphothreonine (Fig. 5C). We found that 
phosphotyrosine, but not phosphoserine or 
phosphothreonine, gave a dose-dependent 
inhibition of all three SIF complexes. These 
data suggest that the formation of an intra- 
molecular (or an intersubunit) SH2-phos- 
photyrosine bridge is required for SIF DNA- 
binding activity. 

By functional, antigenic, and genetic 
criteria we conclude that SIF-C is identical 
to the IFN-y-induced factor GAF, which is 
comprised solely of the Stat91 protein. In 
contrast, SIF-A lacks Stat91 because it is 
not reactive with anti-Stat91 and is present 
in U3 cells, which lack Stat91 mRNA. 
SIF-A may, however, be another member 
of the Stat family (33). SIF-B also contains 
Stat91, but its properties are distinguishable 
from those of GAF, and therefore it must 
contain additional components or modifi- 
cations lacking from SIF-C. SIF-B may, for 
example, be a heterodimer of Stat91 and 
the SIF-A protein. 

Our data suggest that growth factors 
and cytokines activate a common signal 
transduction pathway that results in the 
direct tyrosine phosphorylation of a family 
of latent cytoplasmic transcription factors. 
Activation of a common signal transduc- 
tion pathway could account for the ability 
of these factors to elicit common responses 
from their target cells in certain instances. 
Yet different signaling molecules can have 
distinct biological activities as well. We 
have observed at least two potential sources 
of specificity in our experiments. First, dif- 
ferent ligands preferentially induced differ- 
ent SIF complexes. IFN-y induced primar- 
ily SIF-C, whereas IL-6 and growth factors 
preferentially induced SIF-A (20). Thus, 
different Stat family members may be acti- 
vated to different degrees to produce the 
various SIF complexes. Second, the differ- 
ent activated complexes have distinct 
DNA-binding specificities and preferential- 
ly bind different sites. Thus IFN-y, because 
it induces primarily SIF-C, preferentially 
activates GAS sites. Growth factors and 
IL-6, which preferentially induce SIF-A, 
should activate a distinct set of genes. 
Composite sites like the high-affinity m67 
SIE, and to a lesser extent the natural SIE 
from the human c-fos promoter, bind all 
three forms of SIF and should respond to 
both types of stimuli. Indeed, the c-fos gene 
responds to both growth factors and inter- 
ferons in NIH 3T3 cells (34). In cases 
where all three SIF complexes are induced, 
for example, in the presence of high con- 
centrations of ligand or receptor, all three 
classes of sites should respond. 
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Specificity at the level of subunit activa- 
tion mav result from the differential activa- 
tion of the tyrosine kinases that regulate 
DNA-binding activity. These signaling 
pathways appear to involve a family of large 
nonreceptor tyrosine kinases that include 
Tyk2, Jakl, and Jak2 (35). Different mem- 
bers of this kinase family may selectively 
target unique Stat proteins. 
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A Single Phosphotyrosine Residue of Stat91 
Required for Gene Activation by lnterferon-7 

Ke Shuai, George R. Stark, Ian M. Kerr, James E. Darnell Jr.* 
lnterferon-7 (IFN-7) stimulates transcription of specific genes by inducing tyrosine phos­
phorylation of a 91 -kilodalton cytoplasmic protein (termed STAT for signal transducer and 
activator of transcription). Stat91 was phosphorylated on a single site (Tyr701), and phos­
phorylation of this site was required for nuclear translocation, DNA binding, and gene 
activation. Stat84, a differentially spliced product of the same gene that lacks the 38 
carboxyl-terminal amino acids of Stat91, did not activate transcription, although it was 
phosphorylated and translocated to the nucleus and bound DNA. Thus, Stat91 mediates 
activation of transcription in response to IFN-7. 

bignaling from a ligand-bound cell surface 
receptor to the nucleus can be accom­
plished by tyrosine phosphorylation of la­
tent cytoplasmic transcriptional factors that 
are transported to the nucleus (I, 2). In 
cells treated with IFN-a, a 113-kD protein 
and two closely related proteins of 91 and 
84 kD become phosphorylated on tyrosine, 
whereas after IFN-7 treatment the 91- and 
84-kD proteins but not the 113-kD protein 
become phosphorylated on tyrosine. After 
activation the proteins are translocated to 
the nucleus where they take part in tran­
scriptional activation (I, 2). We refer to 
this group of tyrosine kinase substrates as 
STAT proteins. 

The Stat91 phosphoprotein can, by it­
self, recognize the IFN-7-activated site 
(GAS), a DNA element required for imme­
diate gene induction by IFN-7 (2-5). We 
identified the single tyrosine in Stat91 that is 
phosphorylated in response to IFN-7 and 
found that this residue is required for the 
Stat91-dependent gene activation by co-
transfection assays. The protein Stat84, a 
product of differential splicing that lacks the 
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Thermolysin digestion of 32P-labeled 
Stat91 from IFN-7-treated cells yielded a 
single peptide labeled on tyrosine (2). The 
Stat91 protein contains 19 tyrosines (6), and 
to determine the location of the phosphoryl­
ated residue or residues, we examined a tryp-
tic digest of 32P-labeled Stat91 from IFN-7-
treated cells (Fig. 1A). IFN-7 induced phos­
phorylation of a single tryptic peptide (X) on 
tyrosine. Peptide X was recovered and step­
wise Edman degradation done. The labeled 
phosphotyrosine was released in the fourth 
degradative cycle (Fig. IB). Computer align­
ment of all the potential tryptic peptides 
showed a single peptide [amino acids 698 to 
703 (7)] in which tyrosine was the fourth 
amino acid, revealing this peptide as the 
major candidate for IFN-7-stimulated tyro­
sine kinase action (Fig. 1C). The putative 
phosphorylated peptide contained a single 
tyrosine at residue 701. 

We prepared a synthetic peptide corre­
sponding to amino acids 693 to 707. This 
peptide was exposed to purified p43v_aW 

CO C1 C2 C3 C4 C5 

PTH-P-Tyr 

Ori-H 

COOH-terminal 38 amino acids of Stat91 
(6), became phosphorylated on the same 
site, was translocated to the nucleus, and 
bound to GAS, but did not activate tran­
scription. We conclude that phosphorylated 
Stat91 acts as the primary positive-acting 
transcription factor in response to IFN-7. 

Fig. 1 . Identification of the phosphotyrosine 
residue in Stat91. (A) Tryptic phosphopeptide 
map of 32P-Stat91 from IFN-7-treated FS2 cells 
(16). Phosphoamino acid analysis indicated 
that only peptide X contains phosphotyrosine 
(2). (B) Edman degradation of peptide X (14). 
The position of the PTH-P-Tyr marker detected 
by ultraviolet light is indicatecj. (C) Schematic 
diagram showing the site of the phosphoty­
rosine residue in Stat91. HR, heptapeptide re­
peat; SH2, Src homology domain 2; and SH3, 
Src homology domain 3. (D) The synthetic 
peptide LDGPKGTGYIKTELI which was phos­
phorylated with 32P-labeled tyrosine was di­
gested with trypsin and analyzed by two-di­
mensional peptide mapping either alone (left 
panel) or mixed with the same amount of 3 2P-
labeled peptide X (right panel). Ori, origin. The 
synthetic peptide (10 \LQ) (obtained from Ge­
netics) was incubated with 1 U of p43v~ab/ 

(Oncogene Science), in 50 mM Hepes (pH 7.4), 
0.1 mM EDTA, 0.015% Brij 35, 0.1 mM ATP, 10 
mM MgCI2 , and 2 ^Ci of [7-32P]ATP for 30 min 
at 30°C. The 32P-labeled peptide was subject­
ed to electrophoresis at pH 3.5 on a thin-layer 
chromatography plate and purified. Tryptic di­
gestion of 32P-labeled peptide was done as described (14, 15). L: Leu; D: Asp; G: Gly; P: Pro; K: 
Lys; T: Thr; Y: Tyr; I: lie; E: Glu. 

GYIKTELI 

1744 SCIENCE • VOL. 261 • 24 SEPTEMBER 1993 


