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Interferon-Dependent Tyrosine Phosphorylation of 
a Latent Cytoplasmic Transcription Factor 

Chris Schindler, Ke Shuai, Vincent R. Prezioso, 
James E. Darnell, Jr.* 

The interferon-a (IFN-a)-stimulated gene factor 3 (ISGF3), a transcriptional activator, 
contains three proteins, termed ISGF3a proteins, that reside in the cell cytoplasm until they 
are activated in response to IFN-a. Treatment of cells with IFN-a caused these three 
proteins to be phosphorylated on tyrosine and to translocate to the cell nucleus where they 
stimulate transcription through binding to IFN-a-stimulated response elements in DNA. 
IFN-y, which activates transcription through a different receptor and different DNA binding 
sites, also caused tyrosine phosphorylation of one of these proteins. The ISGF3a proteins 
may be substrates for one or more kinases activated by ligand binding to the cell surface 
and may link occupation of a specific polypeptide receptor with activation of transcription 
of a set of specific genes. 

M a n y  polypeptide growth factors and cy- 
tokines induce the transcription of largely 
nonoverlapping sets of genes (1-5). The 
basis for this high degree of specificity in 
gene activation by particular polypeptide 
ligands is not known. Many cell surface 
receptors have intrinsic biochemical activ- 
ities that transmit signals to the cell interior 
(6-8). For example the internal domains of 
the receptors for platelet-derived growth 
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factor and epidermal growth factor (6, 8) 
have tyrosine kinase activity that is re- 
quired for their biologic function. Howev- 
er, the receptors for many ligands such as 
growth hormone, tumor necrosis factor, 
interleukin-1, IFN-a, and IFN-y do not 
have known enzvme activities associated 
with them (1 -5). However some of these 
receptors could have associated kinases 
such as p56"k, which associates with the 
CD4 portion of the T cell receptor complex 
(9). A number of tyrosine kinase substrates, 
particularly serine threonine kinases, are 
targets of cell surface-associated enzymes 

(10-13). However, no substrate has been 
described that serves to link tyrosine kinase 
activity at the cell surface to stimulation of 
transcription in the nucleus (14). 

We have studied genes whose transcrip- 
tion is stimulated by binding of IFN-a and 
IFN-y to their specific cell surface receptors 
(1, 15, 16). In the case of IFN-a, the factor 
responsible for the transcriptional activa- 
tion is a complex of four proteins termed 
ISGF3 (interferon-stimulated gene factor 3) 
(1 7-1 9). Three of these proteins, collec- 
tively termed ISGF3a proteins, reside in 
the cytoplasm in unstimulated cells (18). In 
cells stimulated with IFN-a, these proteins, 
which are 113, 91, and 84 kD in size (19), 
are translocated to the nucleus where, to- 
gether with a 48-kD DNA binding protein 
(19, 20), they form the ISGF3 complex. 
ISGF3 binds tightly to a specific DNA 
sequence, the ISRE, or interferon stimulat- 
ed response element (1 7, 21) and directs 
IFN-a-dependent gene transcription in the 
nucleus. We have cloned cDNAs that en- 
code the 48-kD DNA binding protein (22) 
and the 113-, 91-, and 84-kD ISGF3a 
proteins (23, 24) and prepared several dif- 
ferent antisera to portions of these proteins. 

The NH,-terminal 701 amino acids of 
the 91- and 84-kD proteins are identical, 
and the 91-kD protein contains 38 addi- 
tional amino acids at its COOH-terminus 
(23). The 113-kD protein is a member of 
the same gene family as the 91- and 84-kD 
proteins and shares about 40% amino acid 
identity with the 91- and 84-kD proteins, 
but can be distinguished by specific antisera 
(24). Three rabbit antisera were prepared to 
bacterial fusion proteins and used to exam- 
ine IFN-induced changes in the abundance 
of the proteins: antiserum to amino acids 
671 to 806 of the 113-kD protein (anti- 
113), antiserum to amino acids 598 to 705 
of the 91-kD protein (anti-91), and antise- 
rum to the COOH-terminal36 amino acids 
of the 91-kD protein (anti-91T). Protein 
extracts from untreated [35S]methionine- 
labeled cells were used to test each antise- 
rum. Anti-113 precipitated only the 113- 
kD protein (Fig. 1A). Anti-91 precipitated 
both the 91- and 84-kD proteins (Fig. 1B) 
and anti-91T precipitated only the 91-kD 
protein (Fig. 1B). Thus, in untreated cells 
the three proteins appear not to be associ- 
ated with one another. 

Extracts of HeLa cells treated with IFN- 
a ,  IFN-y alone, or IFN-a after prior treat- 
ment with IFN-y were examined. IFN- 
a alone activates ISGF3, but IFN-y alone 
does not (18, 19). However, treatment of 
HeLa cells with IFN-y for 16 to 18 hours 
renders them ten times more responsive to 
IFN-a than untreated cells and ten times 
more ISGF3 is formed (25). This enhanced 
response of HeLa cells is due at least 
in part to an increased amount of the 
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48-kD DNA-binding protein, ISGF3y. Im- 
munoprecipitation of extracts from [35S]me- 
thionine-labeled cells showed that pro- 
longed treatment with IFN-), also increased 
the amounts of the 113-, 91- and 84-kD 
proteins (Fig. 1, A and B). Thus, superin- 
duction of ISGF3 in these cells results from 
an increase in the abundance of all four 
components of ISGF3. Treatment with 
IFN-.y alone left each protein unassociated 
with the other proteins; the anti-1 13 pre- 
cipitated only the 113-kD protein and anti- 
91 precipitated only the 91-kD protein 
(Fig. 1A). 

After treatment of HeLa cells with 
IFNa (6 min) the three ISGFa proteins 
appeared to form a complex. In extracts 
from cells treated with IFN-a alone, anti- 
113 precipitated both the 91- and 84-kD 
proteins as well as the 113-kD protein (Fig. 
1A). When the three proteins were immu- 
noprecipitated from cells that had been 
treated with IFNy for 18 hours, the effect 
of the brief IFNa treatment on apparent 
complex formation was clearer. Under 
these conditions anti-1 13 precipitated more 
of the labeled 113-kD protein and more of 
the 91- and 84-kD proteins as well (Fig. 
1A). A similar amount of immunoprecipi- 
table complex was recovered from cells 
treated with IFNa for 6 or 25 min (Fig. 
1A). We have not been able to precipitate 
all three proteins with the available antisera 
to the 91-kD protein. The epitopes of the 
91-kD protein might be inaccessible within 
a protein complex. These results suggest 
that the 113-, 91-, and 84-kD proteins are 
separate in the cytoplasm before activation 
and that during cytoplasmic activation a 
change in saucture of the individual ISGFa 
proteins occurs that allows anti-1 13 to pre- 
cipitate all three proteins. This probably 
indicates association between the proteins. 

We examined the intracellular distribu- 
tion of the antibody-reactive ISGFa pro- 
teins before and after IFNa treatment by 
analysis of immunofluorescence (Fig, 2) 
(26). Untreated HeLa cells or human 
blasts showed a ditruse cytoplasmic reactiv- 
ity of the 113- and 91-kD antigens whereas 
the nuclei appeared to lack any reactivity. 
In cells that had been treated with IFNa, 
however, both the 113- and 91-kD proteins 
were detected in the nudeus with apparent- 
ly less protein remaining in the cytoplasm. 
To facilitate distinction between the nude- 
us and cytoplasm, we also performed the 
immunofluorescence experiments on hu- 
man hblas ts ,  which have abundant, 
well-spread cytoplasm. The IFNdependent 
translocation of the 113- and 91-kD pro- 
teins (and presumably the 84-kD protein) 
was more easily visible in these cells. NaF 
blocks the nuclear translocation but not the 
cytoplasmic formation of ISGF3 (1 8). and 
NaF also blocked the IFNdependent a p  

81 0 

pearance of nuclear antigen detected by 
anti-1 13 or anti-91 (27). 

Because staurosporine, a broad spectrum 
inhibitor of protein kinases including both 
tyrosine kinases and protein kinase C (28), 
inhibits transcriptional induction by IFNa 
and inhibits ISGF3 formation, we tested 
whether the ISGF3a proteins were phos- 

phorylated. The ISGF3a proteins were im- 
munoprecipitated from extracts of HeLa 
cells that had been incubated with 
[32P]orthoph~phate. The immunoprecipi- 
tates from cells not treated with IFN-a 
contained little or no 32P-labeled 113-, 91-, 
or 84-kD protein, whereas after IFNa 
treatment, the precipitates contained 32P- 

Flg. 1. lmmunoprecipitation of 
ISGF3a proteins. (A) rj5SIme- . 
thionine-labeled HeLa cells [I 
x 1 O7 cells in methionine-free 
DME (Dulbecco modified Ea- 
gle's medium), incubated with 
FSImethiiine (100 mCiml; 
1.2 Cikmol) for 4 hours] were 
lysed with NP-40 (36) after in- 
cubation with or without IFN 
(IFNq, 5 nglml for 18 hours, . . 
resupplied during labeling; :+ 
IFN-a. 1000 Ulml for the times 
indi&ted). Proteins in extracts were precipitated (29) with anti-1 13 (lanes 3 to 7). Lane 1, 
I%-labeled protein size markers (Amersharn); lane 2, no IFN treatment, proteins immunoprecipi- 
tated with preimmune serum; lane 3, no IFN treatment; lane 4, l F N q  for 18 hours; lane 5, IFN-a for 
25 min; lane 6, l F N q  for 18 hours and then IFNa for 6 min; lane 7, IFNq for 18 hours and then I F N a  
for 25 min. Photo to right shows a longer autoradiographic exposure of lanes 5 and 4. (B) Same as 
(A), but cells were labeled for 3 hours with rj5Slmethionine (150 mCiml) and extracts were 
precipitated with anti-91 and anti-91T. Lane 1, I%-labeled markers. Proteins from untreated cells 
(lanes 2 and 3) or from cells treated with l F N q  (16 hours) (lanes 4 and 5) were immunoprecipitated 
with anti-91 (lanes 2 and 4) or anti-91T (lanes 3 and 5). 

Flg. 2. Transport of the 91- and 113-kD proteins to the nucleus after treatment of cells with IFN-a. 
HeLa cells (A, C, E, and 0) and human FS2 cells (B, D, F, and H) were left untreated (A, 6, E, and 
F) or treated with IFN-a (500 U/ml; 30 min) (C, D, G, and H) and were examined by immunofluo- 
rescence (26) with anti-1 13 or anti-91T (indicated below figure). 
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labeled 113- and 91-kD proteins (Fig. 3A). 
Proteins were also precipitated from extracts 
of  cells that had been treated with IFN-y to 
enhance the amount of ISGF-3 formed. The 
overnight treatment with IFN-y alone did 
not result in immunoprecipitation of 32P- 
labeled proteins with anti-113. However, 
IFNa treatment of cells that had already 
been treated with 1FN-y increased the 
amount of  the 32P-labeled 1 13- and 91-kD 
proteins that was precipitated with the anti- 
bodies. Moreover, 32P-labe1ed 84-kD pro- 
tein was observed in immunoprecipitates 
from cells that had been treated with IFN-y 
and then IFN-a (Fig. 3A). 

We also examined the effect of  stauro- 
sporine on the 1FN-a-induced phosphoryl- 

ation of the ISGF3 proteins. The inhibitor 
virtually eliminated the incorporation of 
32P into the 113-, 91-, and 84-kD proteins 
(Fig. 3B). Because staurosporine prevents 
activation of ISGF3a in the cytoplasm, this 
result suggests that the phosphorylation 
event might be necessary for IFN-a-depen- 
dent formation of ISGF3 and subsequent 
transcrivtional induction. Also. immuno- 
fluorescence studies showed that staurospo- 
rine-treated cells had no increased nuclear 
fluorescence from ISGF3 after IFN-a treat- 
ment (27). The protein kinase inhibitors 
H7 and 6-aminopurine, which don't affect 
IFN-a-dependent transcriptional s t imuk 
tion (16), did not affect the phosphoryl- 
ation of the ISGF3a proteins (Fig. 3). 

Flg. 3. IFNadependent A B I Z 3 4 5 6 7  
phosphorylation of 1 13-, 91 -, - m e w - - - -  

and 84-kD proteins. Hela 2- 200- 
cells (1 x 103 were labeled in 
phosphate-free DME (supple- 
mented with dialyzed serum) 97- 97- 
containing [32P]orthophos- 
phate (400 pCiml) for 1 hour. 69- 69- 
After various treatments, pro- 
teins from cell extracts were 
immunoprecipitated with anti- 46- 
1 13 or preimmune serum as in 4& 

Fig. 1. Phosphatase inhibitors 
(50 mM NaF, 30 mM pyro- 
phosphate, and 0.1 mM Na,VO,) were added during extract preparation. (A) IFNU-dependent 
phosphocylation of lSGF3 proteins. Proteins were immunoprecipitated with preimmune serum (lanes 
1 and 2) or anti-1 13 (lanes 4 to 7). IFN treatments were: lanes 1 and 6, lFNy alone (16 hours); lane 
5, IFNu alone (7 min); lanes 2 and 7, lFNy followed by IFNU; lane 4, proteins from untreated cells; 
and lane 3, protein size markers. (B) Inhibition by staurosporine of phosphocylation of ISGF3a 
proteins. Lane 1, protein size markers. Proteins were precipitated with preimmune serum (lane 2) or 
anti-1 13 (lanes 3 to 7). Cells were left untreated (lane 3) or treated with IFNy for 16 hours and IFNU 
for 7 min (lanes 4 to 7). Cells were treated with the protein kinase inhibitors 2-arninopurine (9 mM) 
(lane 5), staurosporine (500 pM, Biomol) (lane 6), and H7 (50 mM, Biomol) (lane 7) for 20 min. 

Flg. 4. Phosphoamino acid and 
phosphopeptide analysis of 1 13-, m s  T Y  

91-, and 84 -k~  proteins. (A) 3 2 ~ -  r a 84 

labeled, immunoprecipitated 84-, 
91-, and 113-kD protein bands 
obtained as in Fig. 3 were eluted, 
acid-hydrolyzed, and analyzed 
for the presence of phospho- 

1 9 (  

serine (S), phosphothreonine (T), 
and phosphotyfosine (Y) (36). (B 
to D) Two-dimensional phospho- 1 113 

peptide analysis of 32P-labded + 
immunoprecipitated (6) 84-, (C) 
91 -, and (D) 1 13-kD proteins di- 
gested with thermolysin. Phos- 
phopeptide analysis was per- 
formed essentially as described 
(37). The polarity of electrophore- 
sis was as indicated; " X  marks 
the origin, and the dashed oval 
shows the migration of bromphe- 
no1 red marker. The predominant 
phosphopeptide is indicated by 
an arrow, and phosphoamino + 

. 
acid determinations for these re- 84 

covered proteins are shown in the 
insets. 

To  determine the cellular compartment 
in which phosphorylation of the ISGF3a 
proteins occurred, we exposed 32P-labeled 
cells to 1FN-a for 3 or 30 min. Separate 
testing of nuclear and cytoplasmic extracts 
for phosphorylated ISGF3a proteins dem- 
onstrated that most of  the immunoprecipi- 
table 32P-labeled 113- or 91-kD protein was 
in the cytoplasm after 3 min and that the 
proteins were equally divided between the 
two compartments after 30 min (27). Also, 
NaF, which allows active ISGF3 to form 
but prevents its movement to the nucleus, 
did not block phosphorylation of the 
ISGF3a proteins (23,  supporting the con- 
clusion that phosphorylation and activation 
of ISGF3 are cytoplasmic events. 

We determined the amino acid phos- 
phorylated in response to IFNa in the 
113-, 91-, or 84-kD proteins (29). In each 
case the great majority of  the 32P was 
contained in phosphotyrosine (Fig. 4A). 
The ISGF3a proteins from cells not treated 
with IFN-a, but incubated with [32P]ortho- 
phosphate for longer periods of time, con- 
tained phosphoserine (or phosphoserine 
and a small amount of phosphothreonine) 
but no phosphotyrosine. In this experiment 
(Fig. 4) cells were treated with IFN-y for 16 
hours and IFN-a for 7 min. Similar results 
were obtained for the 113- and 91-kD 
proteins from cells treated with IFN-a 
alone (27). In fibroblasts, 1FN-a alone 
caused tyrosine phosphorylation of these 
proteins (30). 

We digested 32P-labeled 113-, 91-, and 
84-kD immunoprecipitated proteins with 

Flg. 5. Phosphorylation on tyrosine of the 91 -kD 
t rote in in fibroblasts after treatment of cells with 
IFNy. (A) Fibroblasts (FS2 cells) were grown in 
DME and labeled with [32P]orthophosphate as 
in Fig. 3. The labeled 91-kD protein was immu- 
noprecipitated with anti-91T and subjected to 
gel electrophoresis. Cells were treated with 
lFNy (5 ng/ml) for 7 min (lane 1) or left untreat- 
ed (lane 2). (B) The darkest bands in the 91-kD 
region from IFNy-treated (lane 1) and untreat- 
ed cells (lane 2) were recovered and subjected 
to hydrolysis for phosphoarnino acid analysis 
as in Fig. 4 (Y, phosphdyrosine; T, phospho- 
threonine; and S, phosphoserine). 
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Fig. 6. Diagram of proposed mechanism of activation of ISGF3 by IFN-a. The three ISGF3a proteins 
of 113, 91, and 84 kD are shown as tyrosine kinase substrates that interact to form a complex. The 
complex translocates to the nucleus and binds the ISRE. The protein tyrosine kinase (PTK) is shown 
reversibly associating with the receptor, being present when the receptor is occupied, but its nature 
and location within the cell are not known. 

thermolysin to produce small peptides and 
then separated the resulting peptides by 
electrophoresis and chromatography. Auto- 
radiography identified a single major la- 
beled phosphopeptide in each protein (Fig. 
4, B through D). The migration of the 
peptide from the 91- and 84-kD proteins 
was identical, whereas that from the 113- 
kD protein differed. Phosphotyrosine was 
the only labeled amino acid in these pep- 
tides (Fig. 4, C and D). These results 
suggest that a single site in each of the pro- 
teins is the target for tyrosine phosphoryl- 
ation. 

We have also studied the transcriptional 
induction by IFN-y of the guanylate bind- 
ing protein (GBP) gene in both fibroblasts 
and HeLa cells (1 6, 3 1, 32). The transcrip- 
tional response to IFN-y is sluggish in HeLa 
cells (10 to 15 hours to reach a maximum) 
and requires new protein synthesis. Howev- 
er, the response to IFN-y is prompt in 
fibroblasts reaching a maximum in less than 
an hour, and no new protein synthesis is 
required. The immediate induction of tran- 
scription in fibroblasts in response to IFN-y 
requires activation of latent cytoplasmic 
proteins. The protein kinase inhibitors H7 
(16) and staurosporine also block IFN-)I- 
dependent transcription (30). 

Therefore we tested whether IFN-Y 
treatment also led to tyrosine phosphoryla- 
tion of the ISGF3 proteins. Proteins in 
extracts of 32P-labeled fibroblasts treated 
with IFN-y for 15 min were immunoprecip- 
itated with anti-113 or anti-91. No IFN-y- 
dependent 32P-labeled protein was precipi- 
tated by anti-113 (33) but anti-91 immu- 
noprecipitated a 3ZP-labeled 91-kD protein. 
The 32P was incorporated primarily into 
phosphotyrosine (Fig. 5). Thus, both 
IFN-a and IFN-y stimulated tyrosine phos- 
phorylation of one of the ISGF3 proteins. 

The three ISGF3a proteins of 113, 91, 
and 84 kD are all tyrosine kinase substrates 
in the cytoplasm of cells treated with IFN- 
a. Because the kinase inhibitor staurospo- 

rine blocks the tyrosine phosphorylation 
(Fig. 3) and because the drug also blocks 
IFN-dependent  transcription and 
ISGF-3 formation (28), it appears that the 
tyrosine phosphorylation is important in 
the activation of these proteins in the 
transcriptional induction by IFN-a. The 
present results provide insight into how 
specific ligand-receptor interactions at the 
cell surface might result in specific tran- 
scriptional responses in the cell nucleus 
(Fig. 6). Whereas IFN-a binding to cells 
(HeLa cells or fibroblasts) led to immediate 
phosphorylation of the 113-, 91-, and 84- 
kD proteins, IFN-y binding to fibroblasts 
led to phosphorylation of only the 91-kD 
protein. IFN-a (19) and IFN-y (31, 32) 
activate transcription from different DNA 
response elements, which is consonant with 
the different patterns of tyrosine phosphor- 
ylation induced by these polypeptides. Be- 
cause of the speed of cytoplasmic activation 
of ISGF3 proteins (18), it seems possible 
that the phosphorylation event might be 
catalyzed by a kinase on the inner surface of 
the plasma membrane (Fig. 6). Although 
neither the IFN-a nor the IFN-y receptors 
have intrinsic kinase activity (34, 35), they 
might have src family members (9) or other 
types of kinases (14) associated with them 
(9) that could recognize and phosphorylate 
specific substrates at the plasma membrane 
(Fig. 6). Alternatively, if a kinase becomes 
activated at the receptor and departs from 
the ~lasma membrane. it must carrv with it 
the bbserved specificity. That is, if a kinase 
were activated at the IFN-a receptor and 
departed from it, it would have to recognize 
and phosphorylate all three ISGF3a pro- 
teins, whereas a kinase liberated from the 
IFN-y receptor would only phosphorylate 
the 91-kD protein. 
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Activation of Transcription Factors by 
lnterferon-alpha in a Cell-Free System 

Michael David and Andrew C. Larner* 
The signal transduction mechanisms of interferons (IFNs) remain unclear partly because 
no effect of IFN has been reproducible in a cell-free system. IFN-a rapidly induces the 
transcription of a set of early response genes, and a multicomponent transcriptional 
activator, interferon stimulated gene factor 3 (ISGF3), is activated within minutes after 
binding of IFN-a to its receptor. A system was developed in which IFN-a activated ISGF3 
in homogenates of Hela cells. Subcellular fractionation revealed that incubation of a 
plasma membrane-enriched fraction with lFNa was sufficient to activate the regulatory 
subcomponent of ISGF3. 

Lterferons are polypeptides that exhibit outside of the nucleus (7). The three pro- 
diverse biological activities such as inhibi- teins are rapidly modified when IFN-a 
tion of cell growth and inhibition of viral binds to cells, and they then interact with 
infection. Transcription of cellular genes is ISGF3y to activate IFN-a-stimulated genes 
activated by type I interferons (IFN-a and (1, 7). 
IFN-B). The transcribed genes contain We prepared homogenates from HeLa 
within their Dromoters similar seauences. 

cells that had been exposed to IFN-y for 8 
to 12 hours to induce sufficient concentra- 
tions of ISGF3y so that IFN-a activation of 
ISGF3a could be detected by EMSA. IFN- 
a-induced ISGF3 formation in HeLa ho- 
mogenates exposed to IFN-a at 30°C was 
detectable within 5 min (Fig. 1) and the 
amounts of ISGF3 continued to increase for 
at least 30 min. Induction of ISGF3 was 
specific for IFN-a. Addition of IFN-y, 
which does not induce ISGF3 in vivo, did 
not result in the induction of ISGF3 in 
vitro (Fig. 1). To verify that the activation 
of ISGF3 in the homogenates was not due 
to the presence of residual cells that had not 
been lysed, adenosine triphosphate (ATP) 
was omitted from the reaction. Under these 
conditions, no ISGF3 was produced (Fig. 
1). The nonhydrolyzable ATP analogue 
adenylyl-(B, y-methy1ene)-diphosphonate 
(AMP-PCP) did not substitute for ATP 
(8). The ISGF3 complex co-migrated with 
ISGF3 formed in intact cells exposed to 
IFN-a (8). 

To obtain more information concerning 
IFN-a activation of ISGF3, HeLa cell ho- 
mogenates were fractionated. We took ad- 
vantage of the fact that ISGF3y, the DNA- 
binding component of ISGF3, is not mod- 
ified in cells treated with IFN-a and is 
present in both the cytoplasm and the 
nucleus (1, 6). Nuclei were separated from 
cytoplasm and membranes by centrifuga- 
tion through a layer of 39% sucrose at 
2500g. The remaining cellular material was 
then centrifuged at 18,000g. This yielded 
two components, which we refer to as the 
supernatant (Sup) and the sedirnented 
crude membrane (Mb) fraction. The Mb 
fraction was washed, centrifuged again, and 

termed interferon stimulated response ele- 
ments (ISREs), which are necessary and 
sufficient for IFN-a-induced expression ( I ,  
2). Two IFN-a-induced protein complexes 
(ISGF2 and ISGF3) and one constitutive 
protein complex (ISGF1) have been de- 
fined by means of electrophoretic mobility- 
shift gel assays (EMSAs) with ISRE probes 
(I ,  3, 4). ISGF3, a multisubunit protein 
complex, appears to be the primary positive 
regulator of IFN-a-induced gene transcrip- 
tion (1, 3, 4). The DNA binding compo- 
nent of the complex, ISGF3y, has a molec- 
ular size of 48 kD and interacts directly with 
the ISRE (5). The amount of this protein is 
increased by prolonged treatment of cells 
with IFN-y (5, 6), and the constitutive 
concentration of ISGF3y in the cell varies 
from one cell type to another. ISGF3a 
consists of three proteins of 84,91, and 113 
kD, which are present in a latent form 

Fig. 1. Activation by IFN-a of formation of lSGF3 lFNa lFNy 
in homogenized HeLa cells. Heb cells (ap- I I 1 

proximately 3 x lo8) were incubated with re- min 0 2 5 10 20 30 45 45 10 30 30 
combinant human IFN-7 (1 ng/ml) (Genentech) 
for 12 hours. Cells were collected by centrifu- ISGF3- 
gation, washed with phosphate-buffered saline, 
and resuspended in 1.5 ml of reaction buffer 
[20 mM MgCI,, 200 pM CaCI,, 100 mM NaF, 
100 mM Hepes (pH 7.9), 200 pM Na-ascor- 
bate, 12 mM phosphoenolpyruvate, 4 mM ATP, 
150 pM GTP-7-S, pyrwate kinase (30 pg/ml), 1SGF1-2- 

and 600 pM PMSF]. Cells were homogenized ISGFS/--, 
and portions (50 pI) of the lysate were incubat- 
ed without or with recombinant human IFN-a-2a 
(Hoffmann-La Roche, 2 x lo4 units) for the 
indicated times at 30°C. Incubation was termi- 
nated by addition of ice-cold stop solution [I 
mM MgCI,, 10 mM KCI, 20 mM Hepes (pH 7.0), 
20% glycerol, 500 pM dithiothreitol (DTT), 250 
pM PMSF, 0.1% NP-401. The mixture was cen- 1 2 3 4 5  6 7  8 9 1 0 1 1  

trifuged at 18,000~ and the supernatant was assayed for ISGF3 (3) by EMSA with a 32P-labeled 
oligonucleotide probe corresponding to the ISRE of ISG15 (5'-GATCCATGCCTCGGWGG- 
WCCWCTGAAGCC-3') and its comdement. Lanes 1 to 7, time course of IFN-a-induced 
lSGF3 formation; lane 8, same as lane 7 but'except that a 50-fold molar excess of unlabeled ISRE 

Division of Cytdtine Biology, Center for Biologics was added to the binding reaction; lanes 9 and 10, incubation of homogenates with IFN-a but 
Evaluation and Research, Bethesda, MD 20892. without ATP and pyrwate kinase (the band in lane 10 may form because there is endogenous ATP 
'To whom correspondence should be addressed. in the lysate); lane 11, incubation with IFN-7 (50 ng/ml) for 30 min. 
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