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Interaction of interferon a (IFNa) with its cell sur- 
face  receptor  rapidly activates the  formation  of  the 
transcription  complex  ISGF3,  which  subsequently 
translocates  to  the  nucleus  and  stimulates  the expres- 
sion  of  a variety of early response  genes. We have 
recently  developed  a cell-free system  where  IFNa  can 
activate the  formation  of  ISGF3 in uitro. This system 
has  enabled us to  demonstrate  that  the  component  of 
the  ISGF3  transcription  complex  which is modified  by 
IFNa  treatment  (ISGF3a) is membrane-associated  and 
that its activation involves a  protein kinase. Using  a 
combination  of specific tyrosine kinase and  phospha- 
tase  inhibitors and  monoclonal  anti-phosphotyrosine 
antibodies we now  are  able  to  demonstrate  that  IFNa- 
activated  transcription involves at least a two-step 
process  where  a  membrane-associated  tyrosine  phos- 
phatase  and  a tyrosine kinase lead to modification of 
ISGF3a  and  subsequent  formation  of  the  complete  com- 
plex. Furthermore,  formation  of  the  ISGF3  complex is 
specifically disrupted  by  protein tyrosine phosphatase 
and  can  be  reversibly  dissociated by the  phosphotyro- 
sine analogue  phenylphosphate.  The latter observation 
suggested  that  SH2  and/or  SH3  domains may  be re- 
quired for the  stable  formation  of this transcription 
complex. 

The diverse biological actions of interferons include protec- 
tion against viral infection, inhibition of cell growth, and 
modulation of immune responses (1). In a  manner similar to 
other cytokines and biological modifiers, interferons rapidly 
induce the expression of a set of early response genes, which 
presumably result  in IFN’s’  biological effects. Cellular genes, 
which are activated by type  I  interferons (IFNa  and p), 
contain within their  promoters an interferon-stimulated re- 
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sponse element (ISRE), which is necessary and sufficient to 
stimulate the transcription of these genes (2). Several proteins 
specifically interact with the ISRE, some of which display 
increased binding after  treatment of cells with IFNa (2-4). 
One of these, ISGF3, is a  multisubunit  protein complex that 
is formed in the cytoplasm within minutes  after  treatment 
with IFNa. After translocating to  the nucleus, it specifically 
binds to  the ISRE  and  stimulates the transcription of IFNa- 
activated genes (2-4). The ISGF3 complex consists of four 
subunits,  a 48-kDa protein  (ISGF3y), which binds to  the 
ISRE alone, and  three  additional  proteins of 84, 91, and 113 
kDa (ISGF3a), which interact with ISGF3y (5, 6). IFNa 
treatment of cells induces a modification of the ISGF3a 
proteins  such that they  can form a  stable complex with 
ISGF3y. 

Although the  IFNa receptor has been cloned (7), the signal 
transduction mechanisms by  which IFNa activates gene 
expression or  any of its  other biologic activities still remains 
unclear. A number of reports have suggested that  IFNa acti- 
vates  a  protein kinase C, which subsequently can induce the 
expression of interferon-stimulated genes (ISGs) (8). How- 
ever, other evidence suggests that  this is not the case (9-11). 
In  an  attempt  to elucidate the signaling mechanisms of these 
cytokines, we have recently developed a cell-free system where 
IFNa activates the formation of ISGF3 in HeLa cell homog- 
enates (12). Activation of the ISGF3a  proteins requires only 
a membrane-enriched fraction of HeLa cells. In addition, 
IFNa activation of ISGF3a requires ATP,  but  not guanine 
nucleotides or calcium, and is inhibited by high concentra- 
tions of staurosporin (12). These  results implied that  the 
signal transduction mechanism for activation of this  tran- 
scription factor involves a  protein kinase, but does not involve 
a  G-protein-mediated coupling event  or  a calcium-dependent 
reaction. Based on these  initial observations we have used 
this in vitro system to define a membrane-associated signaling 
cascade that is required for IFNa  to activate  this  transcription 
factor. 

MATERIALS AND  METHODS 

Preparation and Fractionation of HeLa Cell Homogenates-HeLa 
S3 cells from ATCC  were  grown in minimal essential spinner medium 
with 10%  calf serum. To increase the endogenous concentration of 
ISGF37, HeLa cells (approximately 3 X loe) were incubated with 
recombinant  human IFNy (2.0 ng/ml)  (Genentech) for 16 h. Cells 
were collected by centrifugation, washed with phosphate-buffered 
saline, and resuspended in 1.5  ml of reaction buffer (20 mM MgC12, 
200 p M  CaCl,, 100 mM NaF, 100 mM Hepes (pH 7.9), 200 pM sodium 
ascorbate, 12 mM phosphoenolpyruvate, 4 mM ATP, 30 pg/ml pyru- 
vate kinase, and 600 p~ PMSF). Cells were  homogenized, and por- 
tions (50 pl) of the lysate were incubated without or with recombinant 
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human IFNa-2a (Hoffmann LaRoche, 2 X 10' units) for the indicated 
times at 30 "C. Incubation was terminated by addition of 10 volumes 
of ice-cold stop solution (1 mM MgC12, 10 mM KCl, 20 mM Hepes 
(pH 7.0), 20%  glycerol,  500 p~ dithiothreitol, 250 p M  PMSF, 0.1% 
Nonidet P-40). The mixture was vortexed and centrifuged at  18,000 
X g for 5 min, and  the  supernatant was assayed for ISGF3 by EMSA 
with the 32P-labeled oligonucleotide probe corresponding to  the  ISRE 
of ISG15. 

For fractionation, homogenates from 3 X 10' cells were layered 
over a 39% sucrose solution and centrifuged for 5 min at  3000 X g. 
The upper phase was collected and centrifuged again at  18,000 X g 
for 5 min. The  supernatant  (SUP) was placed on ice, and  the sedi- 
mented material was washed in 8 mi of  20 mM MgC12, 100 mM Hepes 
(pH 7.9), 200 pM sodium ascorbate, 600 p~ PMSF, centrifuged again 
at  18,000 X g and resuspended in 2 ml of reaction buffer. Aliquots (50 
pl) of membrane fraction were incubated with lo3 units of IFNa  at 
30 "C,  placed on ice, and Nonidet P-40 was added to a final concen- 
tration of 0.1%. The membrane fractions were vortexed and centri- 
fuged at  18,000 X g for 5 min. The  supernatant (10 pi) was mixed 
with 10 pl of SUP (diluted 1 : lO  with stop solution). The mixture was 
then assayed by EMSA. 

Electrophoretic Mobility Shift Assays-Gel shift assays were per- 
formed essentially as described (3) using a 32P-end-labeled synthetic 
oligonucleotide (1.0 ng) with the sequence (double-stranded)  5'- 

Treatment of ISGF 3 from HeLa Cell Homogenates with Tyrosine 
Phosphatase-HeLa cell homogenates were incubated with IFNa for 
30 min as described. Recombinant tyrosine phosphatase isolated from 
Yersiniu was expressed and purified as described (13): Native or 
mutated forms of the enzyme (1 pg) were incubated 15 min at  30 "C 
with homogenates containing ISGF3 (50 pi) prior to EMSA using the 
ISRE probe. 

Anti-phosphotyrosine Immunoprecipitation-Immunoprecipita- 
tions were performed using a monoclonal anti-phosphotyrosine anti- 
body from Upstate Biotechnology. HeLa cell homogenates containing 
ISGF3 were incubated with 5 pg  of antibody at  4 "C for 3-5  h. ISGF3 
was then assayed by EMSA using the  ISRE probe. 

Anti-phosphotyrosine Immunoblotting-Immunoblotting was per- 
formed using a membrane-enriched fraction incubated with or with- 
out  IFNa for 30 min at  30  "C. Nonidet P-40 was then added to 0.1%, 
and  the membrane fractions were sedimented a t  18,000 X g for 5 min. 
The  supernatant was added to SDS sample buffer, and proteins were 
resolved  by electrophoresis on 7% SDS-polyacrylamide gels and 
transferred to nitrocellulose. Western  blotting was performed using 
a monoclonal anti-phosphotyrosine antibody from Upstate Biotech- 
nology and a horseradish peroxidase-coupled secondary antibody (14). 
Immunoreactivity was detected by enhanced chemiluminescence 
(Amersham Corp). 

GATCCATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC-3'. 

RESULTS 

ZFNa Activation of ISGF3a in Membranes Is Inhibited by 
Genistein-We had previously determined that  the  ISGF3a 
proteins are membrane-associated and  that  their activation 
by IFNa requires ATP (12). We therefore decided to examine 
the effect of kinase inhibitors on activation of these proteins 
in  a  membrane-enriched  fraction  prepared from HeLa cells. 
These cells contain little of the DNA-binding protein ISGF37, 
which is necessary to form ISGF3. Because IFNy increases 
the concentration of this protein (3), cells were incubated for 
16 h with IFNy prior to harvesting and preparation of a 
membrane-enriched  fraction and a  postnuclear supernatant. 
As shown previously (12),  HeLa cells homogenized in  reaction 
buffer and incubated for 30 min at  30 "C with IFNa displayed 
formation of ISGF3 when assayed by electrophoretic mobility 
shift using an  ISRE probe (Fig. lA, compare lanes 1 and 2). 
Neither the membrane  nor supernatant fractions  alone 
formed ISGF3 (lanes 4-7). When the membranes were first 
incubated with IFNa (30 "C for 30 min) and  then mixed with 
supernatant (4 "C for 5 min), ISGF3 was reconstituted (com- 
pare lanes 9 and 10). ISGF3a, in contrast  to ISGF37, is N- 
ethylmaleimide (NEM)-resistant. Membranes  incubated  with 
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FIG. 1. A, activation of ISGF3 by IFNa in whole  cell homogenates 
and after fractionation. Homogenates of HeLa cells were prepared as 
described under "Materials and Methods" and were incubated for 30 
min at 30  "C without or with IFNa (lanes 1 and 2). The specificity of 
the ISGF3 complex  was confirmed by competition with 50-fold molar 
excess of unlabeled probe (lane 3 ) .  After fractionation, the postnu- 
clear supernatant (SUP) (lanes 4 and 5), and  the sedimented mem- 
branes (MB) (lanes 6-8), were incubated separately without or  with 
IFNa for 30 min at  30 'C ,  The membrane fraction was also treated 
with NEM after incubation with IFNa (lane 11 ). Addition of the 
supernatant fraction to  the incubated membranes at 4 "C resulted in 
reconstitution of the ISGF3 complex only after IFNa activation of 
the membranes (compare lanes 9 and IO). NEM treatment of mem- 
branes  after treatment with IFNa did not effect ISGF3 formation 
(lane 11). B, activation of ISGF3 in a membrane-enriched fraction 
by IFNa is inhibited by the tyrosine kinase inhibitor, genistein. A 
HeLa cell membrane fraction (MB) was incubated without (lane I) 
or with IFNa (lane 2) for 30 min at 30 "C followed  by addition of the 
supernatant fraction (SUP) at  4 "C. Incubation of the membranes 
with genistein (30 pg/ml) 10 min before IFNa was added inhibited 
the formation of ISGF3 (lane 3 ) .  

IFNa  and subsequently treated with NEM and  then mixed 
with supernatant at  4 "C also formed ISGF3 ( l a n e  11 ). These 
results implied that: 1) activation of ISGF3 required incuba- 
tion of only a membrane fraction with IFNa, 2) the superna- 
tant fraction served as a source of ISGF37, and 3) some or all 
of the ISGF3a  proteins (which are  NEM-resistant) are mem- 
brane-associated and  are modified such that they can interact 
with ISGF3y. 

The formation of ISGF3 was prevented both in uiuo and in 
vitro by high concentrations of staurosporin, but  at low con- 
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centrations of the drug, which specifically inhibit protein 
kinase C, no effect was seen (8, 9, 12). Since growth factors 
that  act via tyrosine  kinase-mediated  signaling  mechanisms 
often interact with  plasma  membrane-associated substrates 
(15), we used this cell-free system to examine the effects of 
genistein, a specific inhibitor of tyrosine kinases, on IFNa 
activation of ISGF3 (Fig. 1B). Incubation of a  plasma mem- 
brane-enriched  fraction  prepared from HeLa cells with this 
agent 10 min prior to  the addition of IFNa prevented forma- 
tion of ISGF3 (Fig. lB, compare lanes 2 and 3) .  However, 
addition of genistein after incubation of membranes with 
IFNa,  but before mixing with the  supernatant,  had no effect 
(data not  shown). 

Assembly of the Subunits of the ISGF3 Transcription Com- 
plex Requires Phosphorylated Tyrosine-The results  pre- 
sented  in Fig. 1 suggested that  an  IFNa-activated tyrosine 
kinase  in  a  membrane-enriched  fraction might be necessary 
to modify the ISGF3a protein(s) such that  they can  associate 
with each other  and/or form a  stable complex with  ISGF3y. 
If this hypothesis is correct, then it would  be expected that 
anti-phosphotyrosine  antibodies would interact with ISGF3. 
To examine this possibility, a monoclonal phosphotyrosine 
antibody was incubated  with IFNa-treated lysates (Fig. 2.4). 
After incubation of extracts with either phosphotyrosine- 
specific or nonspecific antibodies, gel shift assays were per- 
formed using an  ISRE probe. The monoclonal anti-phospho- 
tyrosine  antibody specifically prevented the formation of the 
ISGF3 complex in  a  concentration-dependent  manner, 
whereas incubation with control myeloma IgG2b immuno- 
globulin had little or no affect (lanes 1 and 2 versus 3 ) .  The 
binding of other proteins to  the  ISRE such as  ISGFl  and 
ISGFZ, which do not participate  in the initial  activation of 
ISGs by IFNa, was not affected by the anti-phosphotyrosine 
antibody. ISGF3-y binding to  the  ISRE in the absence of 
ISGF3a was also not disrupted by this antibody. Addition of 
the  ISRE probe prior to  the antibody  prevented  immunopre- 
cipitation of ISGF3, suggesting that its interaction with DNA 
masked the phosphotyrosine residues recognized by the  anti- 
body ( l a n e  6). Similar  results to  those shown in Fig. 2A were 
also seen with nuclear extracts prepared from human fibro- 
blasts, and when other anti-phosphotyrosine  antibodies were 
used (data  not shown). 

The use of anti-phosphotyrosine  antibodies allowed us  to 
determine that ISGF3a  contained  phosphorylated  tyrosine 
residue(s). In order to evaluate if these  residue(s) were nec- 
essary for assembly of this multisubunit complex, homoge- 
nates containing  ISGF3 were incubated  with purified recom- 
binant protein  tyrosine  phosphatase from Yersinia enteroco- 
litica (13).' This phosphatase has been found to specifically 
catalyze the removal of phosphate from tyrosine residues (13). 
It appears that protein  tyrosine  phosphatases require a cata- 
lytically essential  cysteine residue for hydrolysis. Studies  on 
the  rat protein  tyrosine  phosphatase PTPl have shown that 
this enzyme proceeds through  a thiol  phosphate intermediate 
(16). Incubation of IFNa-treated homogenates with this  ty- 
rosine phosphatase  resulted  in the loss of ISGF3  activity (Fig. 
2B, compare lanes I and 3 ) .  As with the phosphotyrosine 
antibodies,  incubation of extracts with purified tyrosine  phos- 
phatase did not significantly disrupt  the binding of ISGF1/ 
ISGF2 or ISGF3-y to  the  ISRE  (these complexes are indicated 
in the figures). If extracts were incubated  with the phospha- 
tase in the presence of vanadate  (a specific tyrosine  phospha- 
tase  inhibitor),  then ISGF3  activity was only slightly lost 
( l a n e  4 ) .  A  recombinant  phosphatase, which contains a cys- 
teine  to serine mutation in its active site  and  has no  enzymatic 
activity (13);  was without effect on  ISGF3 (lane 2). 
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FIG. 2. Phosphorylated  tyrosine is necessary  for  assembly 
of the ISGFB transcription  complex. A, anti-phosphotyrosine 
antibodies immunoprecipitated ISGF3. HeLa cell homogenates were 
prepared as described and were incubated with IFNa for 30 min as 
in  Fig. 1B. Anti-phosphotyrosine antibodies were incubated  with 
homogenates for 3 h at 4 "C, and products  were assayed by  gel shift. 
Lane I, no addition; lane 2, incubation with a nonspecific antibody; 
lanes 3-5, as lane 2, but different concentrations of a monoclonal 
phosphotyrosine antibody were  used; lane 6, as lane 3, but the probe 
was added  before the antibody. B, recombinant tyrosine phosphatase 
prevents ISGW formation. ISGF3 formed  in  HeLa  homogenates 
prepared as in A were incubated 30 "C for 15 min with nothing ( l a n e  
I ), the mutant phosphatase (1 pg) ( l a n e  2), the native enzyme ( l a n e  
3), or the native enzyme in the presence of 1 mM vanadate (lane 4 ) .  
After incubation samples were  subjected to EMSA using the ISRE 
probe. C, phenylphosphate reversibly dissociates ISGF3. HeLa cell 
homogenates were  prepared as described  above  and  subjected to 
EMSA (3). No addition ( l a n e  1 ); 100 mM sodium  phosphate ( l a n e  2 )  
or 50 mM phenylphosphate ( l a n e  3 )  was  added to the EMSA  binding 
reaction which included the ISRE probe. Lane 4 was the same as lane 
3 except the mixture was centrifuged over a Sephadex G50 spin 
column prior to loading on the gel. 

The results  obtained  using the anti-phosphotyrosine anti- 
bodies and purified tyrosine  phosphatase indicated that phos- 
phorylated  tyrosine  in  ISGF3a was  needed  for formation of 
the complex. To examine this possibility in greater detail, 
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experiments were performed to reversibly dissociate the com- 
plex with the phosphotyrosine analogue phenylphosphate. 
This compound has been widely used to  disrupt associations 
between anti-phosphotyrosine  antibodies and tyrosine-phos- 
phorylated proteins. Lysates were prepared from HeLa cells, 
treated with IFNa,  and gel shift assays were performed using 
the  ISRE probe (Fig. 2C). IFGF3 from lysates was incubated 
with  nothing (lane 1 ), phenylphosphate (lane 3),  or sodium 
phosphate (lane 2 )  to control for any effects of salt concen- 
tration on  ISGF3  formation.  Phenylphosphate not only spe- 
cifically disrupted ISGF3 (compare lanes 1 and 3),  its removal 
from the binding  reaction using a  Sephadex G50 column 
permitted the ISGF3 complex to reassociate (lane 4 ) .  

Incubation of Only a  Membrane Fraction with  IFNa Induces 
Tyrosine Phosphorylation of Proteins with Molecular Sizes 
Corresponding to the ISGF3a Proteins-The results presented 
in Fig. 2 indicated that phosphorylated  tyrosines are necessary 
to form the ISGF3 complex, and  that dephosphorylation of 
these  tyrosine residues did not affect the interaction of the 
ISGF3-y component  with the ISRE.  Genistein  inhibited  acti- 
vation of the ISGF3a  proteins (see Fig. lB) ,  suggesting that 
the IFNa-induced  tyrosine  phosphorylation of the  ISGF3a 
protein(s) was necessary for their association  with ISGF3-y. 
To examine which of the  ISGF3a proteins were tyrosine- 
phosphorylated,  Western  blots were done  using an  anti-phos- 
photyrosine  antibody as a probe. A  membrane-enriched  frac- 
tion was incubated with or without IFNa for 30 min. The 
membranes were then solubilized with the detergent  Nonidet 
P-40 such that  the ISGF3a proteins were extracted. Extracts 
were resolved on SDS-polyacrylamide gels and  transferred  to 
nitrocellulose, and blots were probed with  anti-phosphotyro- 
sine antibody (Fig. 3). The  same solubilized material was 
analyzed by  gel shift  to ensure that  the membranes were 
IFNa-responsive  in terms of activation of ISGF3 (data  not 
shown). Two proteins were tyrosine-phosphorylated upon 
IFNa  treatment of the membrane  fraction (lane 2).  These 
proteins corresponded in size to two of the  ISGF3a  proteins 
(113 and 91 kDa), which have been previously purified (5). 

Evidence for an  IFNa-stimulated Tyrosine Phosphatase Ac- 
tivity Required for ISGF3 Formation-Since it  is becoming 
increasingly clear that cell surface  receptor-activated signal- 
ing pathways that  are coupled to tyrosine  kinases may also 
require a  tyrosine  phosphatase  activity, we examined the 
potential role of tyrosine  phosphatases  in  activation of the 
ISGF3a proteins in vitro. Membrane-enriched  fractions were 
incubated with the tyrosine phosphatase  inhibitor  vanadate 5 
min before addition of IFNa for 30 min. After the incubation 
the membranes were mixed with the  supernatant  at 4 "C (Fig. 
4A). Vanadate  inhibited the formation of ISGF3 when added 
to  the membranes before IFNa  treatment (Fig. 4A, lanes 1 
versus 2 and 4 versus 5 ) ,  whereas addition of the serine/ 
threonine phosphatase inhibitors okadaic acid or calyculin A 
had no effect (data  not shown). However, if vanadate was 
added 5 min after  IFNa,  it was without effect (Fig. 4A, lanes 
1 versus 3 and 4 versus 6). Since  phenylphosphate reversibly 
dissociated ISGF3 (Fig. ZC), experiments were also done to 
determine  whether it might have an inhibitory effect on 
activation of ISGF3. In a manner similar to vanadate, phen- 
ylphosphate  prevented IFNa activation of ISGF3 when added 
5 min prior to  the cytokine (Fig. 4B, compare lanes 3 and 5 ) ,  
but  not when it was added 5 min after  IFNa (compare lanes 
3 and 7). Removal of phenylphosphate from the reaction 
preincubated  with the agent (lane 5 )  with the use of a G50 
Sephadex column did not reconstitute  ISGF3  binding (data 
not shown). Interestingly, it  required only 10 mM phenyl- 
phosphate to  inhibit  the signaling in membranes, whereas it 
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69-kDa -b 

1 2 
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FIG. 3. Incubation of a plasma membrane-enriched fraction 
of HeLa cells  with IFNa induces the phosphorylation of tyro- 
sine in proteins of 113 and 94 kDa. A membrane fraction of 
HeLa cells was prepared as in Fig. 1B was incubated 30 "C for 30 min 
without ( l u n e  1 )  or with IFNa ( l a n e  2). Nonidet P-40 (0.1%) was 
added to  the reaction, the membranes were vortexed and sedimented, 
and  SDS sample buffer was added to  the supernatant.  Proteins were 
resolved on 7% SDS-polyacrylamide gels, transferred to nitrocellu- 
lose, and probed with an anti-phosphotyrosine antibody. The molec- 
ular size standards  are indicated by the arrows on the left. The specific 
tyrosine phosphorylated species and their molecular sizes are shown 
by the arrows on the right. 

required 50 mM of this agent to dissociate ISGF3 (see Fig. 
2C). Thus  the addition of 10 mM phenylphosphate after 30 
min of IFNa  treatment of membranes had no effect on the 
transcription complex (compare lanes 8 and 9). This time- 
dependent effect of vanadate and phenylphosphate  on  inhi- 
bition of ISGF3a production contrasts with the inhibitory 
effects of genistein, which blocked further activation of 
ISGF3a a t  any time that  it was added. Fig. 5 shows the results 
of addition of either vanadate (Fig. 5A) or genistein (Fig. 5B) 
to membranes before or  after  the addition of IFNa. ISGF3 
formation as analyzed by gel shift was then  quantitated di- 
rectly by counting. These results not only implicated a  tyro- 
sine kinase in  this signaling mechanism, but also suggested 
that  an  IFNa-stimulated tyrosine  phosphatase was activated 
prior to  the kinase since the phosphatase activity was not 
needed for the continued  activation of ISGF3a by IFNa. 

DISCUSSION 

Elucidation of the mechanisms involved in interferon a 
signaling of cells has been hampered by the absence of a 
system capable of yielding conclusive results. Although several 
investigators have taken advantage of the ability of IFNa  to 
rapidly induce the formation of ISGF3 in vivo, these  studies 
have the shortcomings of any investigation utilizing toxic 
inhibitors in an  intact cell (8, 17, 18). To circumvent this 
problem, as well as  to begin purification of the signaling 
components necessary for IFNa-induced gene expression, we 
have recently designed a cell-free system where IFNa can 
activate the formation of ISGF3  in  a  manner similar to  that 
seen in vivo (12). Using this in vitro system, it has been 
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FIG. 4. Activation of ISGF3 by IFNa in plasma membranes 
is inhibited by vanadate or phenylphosphate. A ,  a plasma mem- 
brane-enriched fraction of HeLa cells was incubated a t  30 "C with 
IFNa for either 10  min (lanes 1-3) or 30 min (lanes 4-6). Vanadate 
(1 mM) was added  to some samples for 5 min before addition of IFNa 
(lanes 2 and 5 )  or 5 min  after IFNa (lanes 3 and 6 ) .  After incubation 
the  membrane  fractions (MB) were mixed  with the  supernatant 
(SUP)  fraction  as  in Fig. lB,  and  analyzed by EMSA. B, essentially 
the  same  experiment  as  in A was performed, except that  phenylphos- 
phate was used. Lane I ,  IFNa 0 min; lane 2, IFNa 5 min; lane 3, 
IFNa 30 min; lane 4, sodium phosphate (10 mM, pH 7.4) added 5 min 
prior to  the  addition of IFNa for 30 min; lane 5 ,  same as lane 4 except 
that  phenylphosphate (10 mM) was used; lane 6,  same as lane 3 but 
sodium phosphate was added 5 min  after IFNa; lane 7, same as lane 
5 except that  phenylphosphate was added 5 min  after IFNa; lane 8, 
same  as lane 3 but sodium phosphate was added  after  incubation  with 
IFNa for 30 min; lane 9, same as lane 5 but  phenylphosphate was 
added  after  incubation  with IFNa for 30 min. 
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MINUTES 

i y  
0 1 . '  
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-20 -10 o 10 20 30 4 0  
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FIG. 5. Quantitation of ISGF3 production in membrane 
fractions  incubated  with  either  genistein or vanadate. Aliquots 
of a membrane-enriched  fraction of HeLa cells were incubated  with 
either  vanadate (1 mM) (A)  or genistein (30 pg/ml) ( B ) .  These 
inhibitors were added either 10 min before or 10 min after IFNa. 
Incubation  with IFNa was terminated  after 10 or 30 min, and ISGF3 
was reconstituted  using  the  supernatant fraction as described in Fig. 
1B. After EMSA using the  ISRE probe, ISGF3 formation was deter- 
mined by direct  counting (Ambis Systems).  The ordinate in each 
graph represents  total  counts incorporated into  the  ISGF3 complex 
after a 12-h  scan. 

determined  that  the  ISGF3a  proteins, which are directly 
modified by IFNa,  are probably  associated with  the plasma 
membrane (see Figs. 1 and  3). Activation of these  proteins by 
IFNa occurs on  the  membrane followed by a release step  that 
as  yet  remains  to be  defined. Genistein, a highly specific 
inhibitor of tyrosine kinases (19) blocked IFNa activation of 
ISGF3a in  a membrane  fraction (Fig. IC). Addition of geni- 
stein  after  incubation of membranes with IFNa,  but before 
reconstitution of ISGF3 with the  supernatant was without 
effect. To confirm that  ISGF3  contained phosphotyrosine, the 
transcription complex was  immunoprecipitated  with anti- 
phosphotyrosine antibodies.  Although it  has been previously 
shown that  ISGF3 could be disrupted by treatment with 
alkaline  phosphatase (20), which removes phosphate from 
serine,  threonine,  and  tyrosine residues, we were able to 
extend  this  observation  to show that tyrosine  phosphatase 
specifically dissociated the complex (Fig. 2 B ) .  Furthermore, 
the  phosphotyrosine analogue phenylphosphate could revers- 
ible dissociate ISGF3 (Fig. 2C). Since  neither  the anti-phos- 
photyrosine  antibodies,  tyrosine  phosphatase, nor phenyl- 
phosphate  disrupted  the  binding of ISGF3-y to  the ISRE, it 
appeared  that  the  ISGF3a  proteins require tyrosine phos- 
phorylation  to  either associate  with  themselves  and/or  inte- 
ract  with ISGF3-y. Whether all the  ISGF3a proteins become 
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FIG. 6. Representation of IFNa activation of ISGF3. Binding of IFNa to its plasma  membrane  receptor directly or  indirectly  activates 
a protein  tyrosine  phosphatase,  which leads to  the  activation of a tyrosine  kinase.  The  tyrosine  kinase  catalyzes  the  tyrosine  phosphorylation 
of some  or  all of the  ISGF3a  proteins.  ISGF3u  is  then  released from the  plasma  membrane  into  the  cytosol, where it can  interact  with 
ISGF3y  and form ISGF3. 

tyrosine-phosphorylated after IFNa treatment remains un- 
clear. Western blots using anti-phosphotyrosine antibodies as 
a probe  suggested that  at least the 113-kDa protein and, to a 
lesser  degree, the 91-kDa protein are probably tyrosine-phos- 
phorylated as a result of incubation of membranes with IFNa 
(Fig.  3). Recent reports (10,  21)  confirm these findings and 
indicated that all three ISGF3a proteins are tyrosine-phos- 
phorylated with treatment of cells with IFNa. 

Vanadate inhibition of activation of ISGF3 by IFNa sug- 
gested the role of a tyrosine phosphatase in the signaling 
process  (see  Figs. 4A and 5). This conclusion was reinforced 
by the specific kinetic patterns observed in  the presence of 
the inhibitor. Vanadate was effective  only  when incubated 
with membranes before the addition of IFNa, but addition of 
the inhibitor 5 min after the cytokine was without effect. 
Likewise the addition of phenylphosphate also inhibited ac- 
tivation of ISGF3a only  when added to  the membrane fraction 
prior to  the addition of IFNa (Fig. 4B).  This inhibitory effect 
of phenylphosphate should not be confused with disruption 
of the ISGF3 complex as  the  latter required a much higher 
concentration of the inhibitor (at least 3-fold greater). 

,The precise role in  this putative tyrosine phosphatase in 
the signaling process is not yet clear.  One  possible mechanism 
is  the activation of a specific tyrosine kinase by dephospho- 
rylation of one  or  more tyrosine residues, in a manner analo- 
gous to that described  for the activation of the T-cell mem- 
brane-associated tyrosine kinase pp56Ick  by the tyrosine phos- 
phatase CD45 (22,23). Like other members of the Src family 
of protein kinases, dephosphorylation of a single tyrosine 
residue  is  necessary  for pp56"' activity (24, 25). A second 
potential mechanism  involves the removal of specific tyrosine 
phosphateb) from ISGF3a followed  by phosphorylation of 
other residues on the proteins by a tyrosine kinase, which 

may  be either one of the ISGF3a proteins or a different 
species.  However, since no phosphorylated tyrosines were 
detected on proteins with  molecular  sizes similar to ISGF3a 
in membranes before  exposure to  IFNa, and  others have not 
observed constitutive phosphotyrosine in  the ISGF3a pro- 
teins (10, 21), this possibility is  unlikely  (Fig. 3). The simplest 
and most conservative mechanism to interpret our data  is 
shown in Fig. 6. IFNa is  proposed to activate a tyrosine 
phosphatase, which in turn stimulates a tyrosine kinase by 
dephosphorylation of specific tyrosine residues.  Once the ki- 
nase is activated, further phosphatase activity is not required. 
Following its activation by the tyrosine phosphatase, the 
putative kinase phosphorylates specific tyrosine residues on 
the ISGF3a peptides, which then can form a stable complex, 
leave the membrane, bind ISGF37, and translocate to  the 
nucleus. This hypothesis is  reinforced by the recent cloning 
of a tyrosine kinase (IFN-tyk) that complements a cell line 
that is unresponsive to  IFNa (11). IFN-tyk is a member of 
the  Src family of tyrosine kinases and, interestingly, contains 
a domain in  its carboxyl-terminal region that is highly 
analagous to pp60'". A phosphorylated tyrosine in  this region 
of Src maintains the enzyme in an inactive state (15,  26). 

The role of tyrosine phosphorylation has been well estab- 
lished in several signaling systems (15). The most  commonly 
found structural motifs in tyrosine kinase substrates are  the 
Src homology 2 and 3 (SH2  and  SH3) domains in proteins 
associated with signal transduction systems, such as phospho- 
lipase C-r, ras-GAP and  the phosphatidylinositol 3"kinase- 
associated pp85 (15). SH2 domains have also been recently 
described in tyrosine phosphatases (27). We have  demon- 
strated in this work that tyrosine phosphorylation is required 
for the formation of the active ISGF3 complex. It is thus 
tempting to speculate that these structural domains may 
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participate directly in the formation of the active complex. 
The fact that phenylphosphate  disrupted  both the formation 
of ISGF3 and  the activation of ISGF3a in membranes is 
supportive of this idea, and indeed a  recent  report  has  indi- 
cated that  the ISGF3a proteins  contain conserved SH2 and 
SH3 domains (10). However, whether the membrane-associ- 
ated tyrosine  phosphatase and kinase contain SH2 and/or 
SH3 domains and understanding the spatial relationship be- 
tween these enzymes and  the IFNa receptor will require 
purification of this multicomponent signaling complex. 

Acknowledgment-We thank D. Finbloom for critical reading of 
the manuscript. 

REFERENCES 
1. Pestka, S., Langer, J. A., Zoon,  K. C., and Samuel, C. E. (1987) Annu. Reu. 

2. Levy, D., and Darnell, J. E., Jr. (1990) New Biol. 2,923-928 
3. Levy, D. E., Kessler, D. S., Pine, R., and Damell, J. E., Jr. (1989) Genes & 

4. Dale, T. C., Ali Imam, A. M.. Kerr. I.  M.. and  Stark. G. R. (1989) Proc. 

Biochem 86, 727-777 

Deu. 3,1362-1371 

NatL Acad. Sci. U. S .  A. 86; 1203-1207 ' 

(1990) P m .  NatL Acad. SCL U. S. A. 87,85554559 

.~ ~ ,~ 

5. Fu, X.-Y., Kessler, D. S., Ve+, S. A., Levy, D. E., and Damell, J. E., Jr. 

6. Kessler, D. S., Veals, S. A., Fu, X.-Y., and Levy, D. E. (1990) Genes & Deu. 
A~ 1753-1 'IC5 

7. Uze, G., Lutfalla, G., and Gresser, I. (1990) Cell 60,225-234 
-,-.-I *."- 

8. Pfeffer, L.  M., Strulovici, B., and Saltiel, A. R. (1990) Proc. NatL Acad. Sci. 

9. Kessler, D. S., and Levy, D. E. (1991) J. Bbl. Chem. 266,23471-23476 
U. S. A. 87,6537-6541 

10. Fu, X.-Y. (1992) Cell 70,323-335 
11. Velazquez, L., Fellous, M., Stark, G. R., and Pellegrini, S. (1992) CeU 70, 

313-322 
12. 
13. 
14. 

15. 

16. 

18. 
17. 

19. 

20. 

David, M., and Lamer, A.  C. (1992) Science 267,813-815 
Guan, K. and Dixon, J. E. (1990) Science 249,553-556 
Luttrell, i., Kilgour, E., Lamer, J., and Romero, G. (1990) J. Biol. Chem. 

Cantley, L. C.,  Au er K. R., Carpenter C Duckworth, B., Graziani, A., 

Guan, K., and Dixon, J. E. (1991) J. Bwl. Chem. 266,17026-17030 

Pfeffer,  L. M.,.Eisenkraft, B.  L., e i c h ,  N.  C., Improta, 'f., Baxter, G., 
Hannigan, G. E., and Williams, B.  R. G. (1991) Science 261 204-207 

Danlel-Issakml, S., and Strulovlci, B. (1991) Proc. Natl. Acad. Sci. 

Akiyama, T.,  and Ogawara, H. (1991) Protein Phosphorylation (Hunter, T., 
U. S. A. 88,7988-7992 

Bandyopadhyay, S. K., and Sen, 8. C. (692) J.  BioL Chem. 267, 6389- 
and Sefton, B. M., eds) Vol. 201, p 362  370, Academic Press, New York 

62Q5 

266,16873-16879 

Kapeller, R., a n t  Shtoff, S. (1991) Ceil6k. 281-302 

21. Schinker, C., Shuai, K., Prezioso, V. R., and Darnell, J. E., Jr. (1992) 

22. Fischer, E. H., Charbonneau, H., and  Tonks, N. K. (1991) Science 263, 
Science 267,809-813 
An1 - A m  

23. Mustelin T. Co geshall K. M., and Altman, A. (1989) Proc. NatL Acad. 

24. Marth J .D Coo er J A King C. S Zie ler S.F. Tinker D.A. Overell 
Sci. U.'S. k 88,6302-b306 
R. W., Kihbs, 8. d., an2Perlnh.e;: R. h. (1988fMol. CdU. Bioi. 8,540-1 

25. Amretn, K.  E., and Sefton, B. M. (1988) Proc. Natl. Acad.  Sci. U. S. A. 86, 

26. Cooper, J. A., and King, C. S. (1986) MOL CeU Biol. 6,4467-4477 
27. Matthew?, R. J., Borne, D. B., Flores, E., and Thomas, M. L. (1992) Mol. 

_"I 7"" 

550 

4247-4251 

CeU. Baol. 12,2396-2405 

 at B
iom

edical Library, U
C

S
D

 on A
ugust 2, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org

