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Statl and Stat3 are two members of the ligand-activated transcription factor family that serve the dual 
functions of signal transducers and activators of transcription. Whereas the two proteins select very similar 

(not identical) optimum binding sites from random oligonucleotides, differences in their binding affinity were 
readily apparent with natural STAT-binding sites. To take advantage of these different affinities, chimeric 
Statl:Stat3 molecules were used to locate the amino acids that could discriminate a general binding site from 

a specific binding site. The amino acids between residues -400 and -500 of these -750-amino-acid-long 

proteins determine the DNA-binding site specificity. Mutations within this region result in Stat proteins that 

are activated normally by tyrosine phosphorylation and that dimerize but have greatly reduced DNA-binding 
affinities. 
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The STAT (signal transducers and activators if transcrip- 

tion) proteins have the dual purpose of, first, signal trans- 
duction from ligand-activated receptor kinase com- 

plexes, followed by nuclear translocation and DNA bind- 

ing to activate transcription (Darnell et al. 1994). To 

function as specific transcriptional activators, STAT pro- 
teins by themselves or in combination with other pro- 

teins must have the ability to recognize specific DNA 

sequence elements in the promoters of their target genes. 

The binding of the STATs to DNA occurs only after 

tyrosine phosphorylation when the proteins form either 
homodimers (Shuai et al. 1994) or heterodimers (Schin- 
dler et al. 1992b; Zhong et al. 1994a, b) that bind DNA 
either alone or in combination with other proteins (Fu et 

al. 1990; Schindler et al. 1992b). Because a number of 

mutations in the STAT proteins block phosphorylation 

and thus dimerization (Shuai et al. 1993a; Improta et al. 

1994), and none of the STAT sequences resembles pre- 
viously well defined DNA-binding domains in other pro- 
teins, it has not been possible to define the DNA-binding 
domains of the STATs quickly and easily. 

This paper reports an alternative approach to locating 

the DNA-binding domain. First, we sought DNA-bind- 

ing sites that would distinguish Statl from Stat3 bind- 
ing. Optimum binding sites (Pollock and Triesman 1990) 
were defined for Statl and Stat3 by determining the se- 

quences each protein selected from a random deoxyoli- 
gonucleotide pool. Only minor differences in base pref- 

erence were found for the two proteins outside a com- 

mon identical core sequence TTCC[C or G]GGAA. 

Whereas oligonucleotides representing these selected se- 

quences exhibited slight binding preferences, the con- 

sensus sites overlapped sufficiently to be recognized by 
both factors. However, by screening different natural 

sites for affinity to the two proteins, Stat3 was shown 

not to bind to some sequences that occur in 7 interferon 

(IFN-~)-activated genes that were recognized well by 
Statl, which is preferentially activated by IFN-7 (Shuai 
et al. 1992). Because both activated Statl and Stat3 

bound strongly to synthetic sites we could score both 

general and specific binding. We then substituted parts 

of Statl into Stat3 or Stat3 into Statl and located a seg- 
ment of amino acids between residues 400 and 500 that 
controlled the specificity of DNA binding. Mutations in- 

troduced into Stat3 within this region allowed phospho- 

rylation and dimerization of protein but prevented bind- 

ing to the general DNA site. Comparison of the se- 
quences of STAT family members in this region revealed 
a potential helical region and some highly conserved res- 

idues in five different family members but did not reveal 
any obvious similarities with other DNA-binding do- 

mains, suggesting the STAT DNA-binding domains may 
be a newly recognized class of contact regions. 

Results 

In vitro binding site selection for Statl and Stat3 

To determine whether Statl and Stat3 homodimers pre- 

ferred different high-affinity oligonucleotide-binding 
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sites we carried out  synthes is  of a set of deoxyolignucle- 

otides 76 bases long: a r andom s t re tch  of 26 bases was 

sandwiched  be tween  two cons tant  25 ol igonucleotide re- 

gions tha t  could be used as PCR primers.  Sta t l  o p t i m u m  

binding sites were  de te rmined  first. S ta t l  ac t iva t ion was 

carried out  by IFN-~ t r e a t m e n t  of Bud-8 fibroblast  cells, 

and total  cell ext racts  were  exposed to the random de- 

oxyol igonucleot ide  mix ture .  Sta t l  carboxy- terminal  an- 

t i se rum (Schindler et al. 1992b} was  used to immunopre -  

cipitate the p r o t e i n / D N A  complexes  followed by PCR 

ampl i f ica t ion  of the D N A  in the precipi tate  (Pollock and 

Tr i e sman  1990). Five such cycles were  carried out, and 

individual  D N A  segments  were  cloned after the  final 

amplif icat ion.  Sequencing of 55 individual  clones dem- 

ons t ra ted  a clear consensus  binding site wi th  s t rong sim- 

i lari ty to the earlier identif ied GAS e lement s  (Fig. 1A; 

Decker  et al. 1991, 1994; Lew et al. 19911. The  mos t  

p rominen t  feature of the selected sequence was  a 9-bp 

inverted repeat  wi th  T T C C C / G  as the  half-si te consen- 

sus, a feature  consis tent  wi th  the fact tha t  Sta t l  binds 

D N A  as a d imer  (Shuai et al. 1994). The  s y m m e t r y  

around the central  C or G [designated posi t ion 0 (zero)] is 

also reflected in the f lanking sequence by a s t rong pref- 

erence for A at posi t ion - 6 and T at + 6. There  was also 

Figure 1. (A) Binding site selection for Statl and Stat3. Graphic representation of the nucleotide frequency in 55 independent binding 
sites selected by Statl (top) and Stat3 (bottom) in vitro from a pool of random oligodeoxynucleotides. Sequences were aligned to fit the 
TTNNNNNAA consensus previously recognized to be present in natural GAS elements (Table 11. The common core consensus is 
underlined, with the central nucleotide assigned position zero(0). The optimum consensus sequence and base preference in the 
flanking region is written beneath the graphs in International Union of Biochemists (I.U.B.) code. (N) G, C, A, T; (D) G, A, T; (H) A, 
C, T; (S) G, C; (K) G, T; (B) G, C, T; (V) G, A, C; {R) G, A. (B) EMSA with labeled Statl and Stat3 consensus site oligonucleotides. A 
radiolabeled probe that corresponds either to the Statl (S1) or Stat3 ($3) consensus sites was incubated with HepG2 nuclear extracts 
of cells that were untreated ( - ) or treated ( + ) with IL-6. Positions of SIF A, SIF B, and SIF C complexes are marked. Supershifting of 
the IL-6-induced complexes with Statl (1C)-or Stat3 (3C)-specific antisera is indicated above the lanes. (Top) Probes are identified. (') 

The position of the constitutive comigrating band described in the text. 
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a preference at position + 7 for a G, but position - 7 did 
not show a preference, suggesting that the flanking se- 

quences surrounding the core sequence may contribute 
to optimum binding. 

A double-stranded deoxyoligonucleotide of 22 bp, con- 

taining in its center the consensus core sequence (TTC- 
CCGGAA), was synthesized and used as probe in the 
electrophoretic mobility shift assay (EMSA) (Fig. 1B; 

Fried and Crothers 1981; Levy et al. 1989). Extracts were 

used from both IFN-7-treated HepG2 cells and HepG2 

cells treated with a high dose of interleukin-6 (IL-6), 
which induces three well-recognized bands (Sadowski et 

al. 1993) described as SIF A, SIF B, and SIF C because 
there are three DNA-binding complexes inducible by 

medium from cells expressing the sis oncogene [(SIE) sis- 

inducible element; (SIF) sis-inducible factor] (Wagner et 

al., EMBO, 1990). The SIF C complex is identical in mo- 
bility and protein content to the IFN-~/-induced complex 

(Sadowski et al. 1993) and is therefore a Statl ho- 
modimer. This complex reacts with Statl-specific an- 

tiserum. The SIF A complex, which migrates more 
slowly ]most likely because of a greater number of pos- 

itively charged amino acids in addition to a slightly 

longer polypeptide chain) reacts with the Stat3 antise- 
rum (Zhong et al. 1994b) and is considered to contain a 

Stat3 homodimer. The SIF B complex that migrates be- 
tween complex A and C and reacts with both Statl and 
Stat3 antisera is considered a Statl:3 heterodimer. 

[These earlier conclusions are supported by results in 

Fig. 1B, lanes 1-4, with the synthetic oligonucleotide 

M67 (Wagner et al. 1990) as the labeled DNA probe.] The 

Statl-selected consensus oligonucleotide bound weakly 
to some protein in untreated cells (Fig. 1B, lane 5) but 

also bound strongly to the induced STAT proteins that 

form SIF A, B, and C. Thus, it seemed possible there 
would be overlap of the Statl optimum binding site and 
any Stat3 response element. 

To determine the optimum binding site for Stat3, ex- 
tracts were used that contained high levels of activated 
Stat3 with much less Statl. This was achieved by pre- 

paring extracts of epidermal growth factor (EGF)-treated, 

Stat3-transfected COS cells as the source of binding ac- 

tivity (Zhong et al. 1994b); the activated Stat3 ho- 
modimer bound to the random 76-bp probe (correspond- 

ing to the SIF A band) was identified by electrophoretic 

separation. The position of SIF A was marked using one 
of the Statl-selected 76-nucleotide high-affinity sites 

that binds to Stat3 as shown in Figure lB. The gel elec- 
trophoretic band was excised and DNA amplified, and 
five cycles of gel shifts and amplification were carried 

out before cloning of individual examples of DNA from 
the SIF A complex. Sequencing of 55 individual clones 
with Stat3-selected sequences also revealed a clear con- 

sensus sequence that was identical in the core sequence 
TTCC[C or G]GGAA to that selected by the Statl (Fig. 

1A). Just as did the Statl site, the Stat3-selected site con- 
tained an A or T at positions + 6 and - 6 ,  respectively, 
but in addition the Stat3 site also showed a strong pref- 
erence for A and T at positions + 5 and - 5  making a 
13-nucleotide palindrome the favored Stat3 site. As with 

Statl, a preference for G at position + 7 was not matched 
by a C at position - 7. Also, position - 9 was G in -60% 

of cases. As with Statl, these flanking sequence prefer- 

ences may contribute to the optimum site. 

An oligonucleotide probe was synthesized to represent 

the Stat3 optimal site (position - 9 to + 9) and used in a 
gel shift experiment (Fig. 1B, lanes 9-13). Because the 

Statl optimum site core is contained within the Stat3 
probe, it was not surprising that, like the selected Statl 

probe, the Stat3 probe bound well to all of the SIF com- 

plexes. Unfortunately, the Stat3 consensus probe used 
also bound even more strongly to a constitutively active 

protein (marked by the asterisk in Fig. 1B) that comi- 
grates closely with SIF B, obscuring the center section of 

the gel shift pattern. It was noted that the Stat3 consen- 
sus probe bound somewhat better in the SIF A complex 

from which it had been selected than did the Statl opti- 

mum probe, but this was estimated by competition ex- 

periments to be only a three- to fivefold difference. Al- 
though it is clear that such relatively minor differences 

might be important at individual sites in genomic DNA, 

we could not use these "consensus" probes to easily dis- 
tinguish the binding affinities of Statl from Stat3. 

Stat protein binding to natural sites 

We then examined previously identified Stat protein- 

binding elements to determine whether any sites gave 
sufficient specificity to distinguish easily Statl from 

Stat3 binding. Oligonucleotide probes representing GAS 

[IFN-~/-activated sites [Decker et al. 1991; Lew et al. 
1991)] from the murine surface antigen Ly6E ]Khan et al. 

1993), IFN-~/ response region [the GRR) of the Fc~/R1 
gene [Pearse et al. 1993), the c-los SIE and its high-affin- 
ity mutated form, M67 (Wagner et al. 1990; Sadowski et 

al. 1993), and the optimum Statl core sequence were 
surveyed by EMSA for their effectiveness as Statl- or 

Stat3-binding sites [Fig. 2). Using extracts from HepG2 
cells treated with IL-6 that contain SIF A-, SIF B-, and SIF 
C-binding activity, differences were clearly observed 

among these probes. The M67 SIE probe bound to form 
in near equimolar amounts the SIFA, SIFB, and SIFC 

complexes, whereas the natural c-fos site gave a very 
weak signal with STAT proteins. The Statl opt imum 

core sequence was also bound by all of the SIF species 

but with overall lower affinity as judged by the intensity 
of the binding signal. Thus, the M67 probe binds well to 
both Statl or Stat3 but cannot distinguish between 
them. In contrast, the GRR and Ly6e probes were both 
bound by the SIF C protein (Statl homodimer), with the 

GRR probe giving two- to threefold more binding than 
the Ly6E probe. Both probes were bound poorly by the 
SIF B complex, the heterodimer of Stat3 and Stat 1. Most 

significantly, the SIF A complex that represents Stat3 

homodimer binding, was not observed with the GRR or 

Ly6E probes unless the autoradiographs were overex- 
posed. Thus, the two closely related proteins Star3 and 
Statl differ in their ability to recognize these two natural 
GAS elements. Other GAS elements tested [from the 
IRF1 gene, the a-2 macroglobulin gene, the guanylate- 
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Figure 2. Binding of Statl and Stat3 to known GAS elements 
reveals differential binding patterns. Nuclear extracts from un- 
treated ( - ), IFN-~#treated (~), and IL-6-treated HepG2 cells were 
incubated with the indicated probes and DNA protein com- 
plexes detected by EMSA. Positions of SIF A, SIF B, and SIF C are 
marked. (S1) Statl-selected consensus sequence; (SIE) c-los pro- 
moter sis-inducible element; (M67) hyperactive mutated form 
of SIE; (Ly6E) GAS element from the Ly6E gene promoter; 
(GRR) Fc~IR1 promoter IFN-~ response element. 

binding protein gene, and the B-casein gene) displayed 

intermediate binding properties wi th  respect to Statl 

and Stat3 binding and were not useful for this analysis 

(data not shown). 

Localization of specific DNA-binding region 

of Stat proteins 

We proceeded to use the differential binding affinities of 

Statl and Stat3 to the GRR compared wi th  uniform bind- 

ing to the M67 SIE probe in determining the STAT pro- 

tein region that discriminates between the probes. The 

Statl SH2 group lies between amino acids 573 and 700 

(residues -600-700) (Fu  1992; Schindler et al. 1992a, b), 

and the Y that becomes phosphorylated is at residue 701. 

Mutations at the Y701 and in R602 in the pocket of Statl  

SH2 have proved the necessity of these regions in STAT 

tyrosine phosphorylation and subsequent activation as a 

DNA-binding protein (Shuai et al. 1993a, b; 1994). More- 

over the SH2 region of Statl has been shown to confer 

IFN-~/inducibil i ty on Stat2 (Heim et al. 1994). Thus, a 

chimeric protein with the Statl carboxyl terminus  can 

be activated by IFN-% Stat3 also contains an SH2 region 

from -600 -700  and a Y in a position comparable to Statl  

at residue 705, but Stat3 is not activated by IFN-~ (Zhong 

et al. 1994a). [Mutations of the Stat3 Y residue at 705 to 

phenylalanine likewise blocks phosphorylation of Stat3 

(Z. Wen and J.E. Darnell, unpubl.)] 

As the segment of STAT proteins from - 6 0 0  to - 7 5 0  

appears to function in activation and dimerization, we 

focused on the amino-terminal  regions as a possible 

source of DNA-binding specificity. Gene fusions were 

constructed that code for chimeric  Star proteins contain- 

ing regions of Statl fused to Stat3 or vice versa (Fig. 3). 

The chimeras are named to specify the source of the 

fused Stat protein from the amino to the carboxyl termi- 

nus with the amino acid number  of the joint in subscript. 

STATI[ SH3 SH2 Y I 

STAT 3 

5O8 515 
150831 

514 509 

296 293 

3,1293-508 3 

3,1403-508 3 

Mutants 

EE VVV 

AA AAA 

M67 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

GRR 

+ 

m 

+ 

m 

+ 

+ 

+ 

+ 

i 

+ 

Figure 3. Diagrammatic representation of 
the Stat 1/Stat3 chimeras used in this study. 
(Open box) The Statl molecule; (solid box) 
Stat3. The numbers above the boxes refer to 
the amino acid residues of Statl or Stat3 
before and after the chimeric junction. Po- 
sitions of the src homology domains (SH3, 
SH2) and activating tyrosine (Y) are indi- 
cated for Statl. Binding properties for the 
M67 and GRR oligodeoxynucleotides, as 
determined in this study (see Fig. 4), are in- 

dicated at right. {Bottom) The box depicts 
the postions of the two mutations made in 

Stat3 {see Fig. 5), drawn to approximate 
scale. 
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For example, lsoo3 means Statl amino acids 1-500 
joined to Stat3 at amino acid 500. The cDNAs were 
transfected into U3A cells, and permanent cell lines ex- 

pressing the recombinant proteins were selected. U3A 

cells lack expression of Statl protein but contain active 

receptors for IFN-~ or IFN-~ (Pellegrini et al. 1989; Mull- 
er et al. 1993). Statl (and chimeric proteins containing 

the Statl carboxy-terminal activation regions) intro- 
duced into this cell line can be activated by IFN-~ or 

IFN-~ (Fig. 4; Muller et al. 1993; Improta et al. 1994). 
Star3 can be activated by IFN-oL in the U3A precursor cell 

line, 2FTGH (I. Kerr, pets. comm.; C.M. Horvath, Z. 

Zhong, and J.E. Darnell Jr., unpubl.), but we found that 

the U3A cells derived from 2FTGH by extensive mu- 

tagenesis (Pellegrini et al. 1989) did not respond by acti- 
vating the endogenous Stat3. However, the wild-type 
Stat3 permanently introduced into U3A cells was acti- 

vated by IFN-e~ (Fig. 4A, last lane) (C.M. Horvath and J.E. 

Figure 4. (See facing page for C and legend.) 
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Damell Jr., unpubl.). Therefore, we used IFN-a to acti- 

vate in U3A-derived cells lines the chimeric proteins 

containing the Stat3 carboxy-terminal activation re- 
gions. 

Consistent with the the results using IL-6-treated 

HepG2 extracts {Fig. 1B), extracts of U3A cells perma- 

nently transfected with either Statl and treated with 

IFN-7 or transfected with Stat3 and treated with IFN-~, 

displayed the same differential DNA-binding properties 

as did the same proteins activated in HepG2 cells (Fig. 4]. 

Activated Statl  binds well to both M67 and GRR probes, 

whereas activated $tat3 binds to M67 but not (or very 

poorly) to the GRR probe (Fig. 4A, B, lanes 4 and 26). 

Chimeric junctions in the first -500  amino acids were 

chosen based on regions of amino acid sequence identity 

between Statl  and Stat3 so as not to disrupt potentially 

important domains of the resulting hybrid proteins. As 

mentioned earlier, a greater number of charged amino 

acid residues plus a slightly greater length in Star3 com- 

pared with Statl is the cause for the slower migration of 

Stat3 homodimers compared with Statl homodimers. In 

chimeric proteins, these differences were reflected in 

protein/DNA complexes that migrated at intermediate 

rates. A chimeric Stat protein containing the first 508 

amino acids of Statl and the carboxyl terminus of Stat3 

exhibited the general binding property of Statl in that 

the chimeric protein, designated l sos3 , bound well to 

both test probes and migrated just slightly slower than 

Statl (Fig. 4A, B, lane 6}. The complementary chimera, 

35141 , with the amino-terminal 514 amino acids of Stat3 

fused to the carboxyl terminus of Stat l, had the recog- 

nition property of Stat3, that is, it bound well to M67 

probe, but not to GRR (Fig. 4A, B, lane 8). Thus, the 

STAT DNA recognition capacity was localized to the 

amino-terminal 508 amino acids of Statl or 514 amino 

acids of Star3 and was not influenced by the putative 

SH3 domain (-500-600), the SH2 domain (-600--700), or 

other sequences in the carboxy-terminal third of the 

molecule, which itself can utilize different ligand-recep- 

tot complexes for activation (IFN-7 for Statl and IFN-R 

for Stat3). 
To further dissect the STAT DNA recognition region, 

additional chimeras were constructed containing the 

amino-terminal 111 or 296 amino acids of Star3 substi- 

tuted into Stat l. Both recombinant molecules, 31x~1 or 

32961 , retained the binding characteristic of Statl (Fig. 

4A, B, lanes 10 and 14}, recognizing both M67 and GRR 

probes. These results suggest that the amino-terminal 

296 amino acids do not determine the specificity of DNA 

sequence recognition. It seemed reasonable to infer from 

this set of chimeras that the region from amino acid 297 

to 514 of Stat3 (or 508 of Statl} imparted the ability to 

discriminate between DNA elements. To test this sug- 

gestion directly, the region of Statl between amino acids 

292 and 509 was replaced with the Stat3 amino acids 

297-514 (chimera 1,3297_s~4.11 and a corresponding Stat3 

with a Statl insertion, chimera 3,1293_5o8,3 was  made. 
The differential binding to the test sequences of the 

1,3297_s14 1 molecule showed that although the amino 
acid sequence was primarily Stat 1, the recombinant mol- 

ecule now bound M67 but failed to bind the GRR show- 

ing that recognition capacity of Stat3 was transferred to 

Statl. Reciprocally, when chimera 3,1293_so83 was 
tested, the recombinant, largely Stat3 sequence could 

now bind well to both the M67 and GRR probes, trans- 

ferring the DNA-binding property of Statl (cf. Fig. 4 A 

and B, lanes 18 and 26). We conclude that the portion of 

the STAT protein that recognizes the DNA response el- 

Figure 4. Differential binding of the chimeric STAT proteins. (A) Nu- 

clear extracts from untreated { - ) and IFN-treated { + ) U3A cells express- 
ing the chimeric STAT proteins were incubated with M67 probe to reveal 
all DNA-binding complexes. Positions of SIF A, SIF B, and SIF C are 
marked as determined from IL-6-treated HepG2 cell nuclear extracts. (B) 
The same extracts incubated with GRR probe. The position of SIF C from 
IL-6-treated HepG2 cell nuclear extracts is marked, and the positions 
where SIF A and SIF B would migrate (in parentheses) are marked. {C) 
Nuclear extracts from U3A cells expressing chimera 3,14oa_soa 3 were in- 
cubated with M67 (left} or GRR (right} probes. 
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ement  lies between amino acids 297 and 514 of Stat3 and 

between amino acids 293 and 508 of Statl.  A final set of 

chimeric  molecules that positioned the Stat3 recogni- 

tion capacity more accurately were then constructed. 

The 200-amino-acid region was divided into two -100-  

amino-acid insert ions of Stat3 into Statl.  These chime- 

ras showed that amino acids 297-406 left Statl recogni- 

tion intact, whereas insert ions of amino acids 406-514 

resulted in the transfer of Stat3 recognition (Fig. 4A, B, 

lanes 22, 24). The complementary  substitution, amino 

acids 403-508 of Statl inserted into Stat3, binds well to 

both the M67 and GRR probes, restoring the site-specific 

recognition property of Statl  (Fig. 4C). We conclude that 

the amino acids that detemine DNA-binding specificity 

lie in this -108-amino-ac id  segment between residues 

406 and 514 of Stat3 and 403 and 508 of Statl.  

Point mutations alter DNA-binding affinity 

The proposed DNA recognition domain (-400--500) en- 

compasses one of the most  highly conserved regions of 

the STAT protein family, although no function had been 

assigned previously to this region either from experi- 

ment  or from sequence comparison with other proteins 

in the data banks. To ascertain whether  specific amino 

acids wi th in  the conserved amino acid stretches were 

important  for binding to DNA, mutat ions  were made 

in two of the highly conserved regions of Stat3 in the 

region of amino acids -400-500 .  The sequence VTEEL 

(residues 432-436) was changed to VTAAL (mutant 

EE --~ AA), or the conserved sequence SLPVVVISN (resi- 

dues 458--466) was changed to SLPAAAISN (mutant 

VVV ~ AAA). Each mutan t  protein was expressed tran- 

siently in COS-1 cells [which have low endogenous Stat3 

protein levels (Zhong et al. 1994b)] and nuclear extracts 

prepared following activation with EGF. Nei ther  of the 

two mutants  produced STAT proteins capable of binding 

the M67 e lement  to the same extent as wild-type STAT 

3, suggesting that both muta t ions  influenced DNA rec- 

ognition. Mutant  EE--* AA had a more severe effect on 

DNA binding {nearly undetectable) than mutan t  

VVV--~ AAA, which  exhibited a dist inctly reduced but 

still  detectable binding (Fig. 5A). To determine whether  

these mutat ions  blocked activation of the protein, Star3 

ant iserum was used to precipitate proteins from the 

same COS cell extracts, and the precipitates were tested 

by immunoblo t t ing  wi th  antiphosphotyrosine antibody. 

Both mutan t  proteins were phosphorylated as well as the 

wild-type protein (Fig. 5B). To determine whether  the 

mutan t  STAT proteins were capable of dimerization, the 

mutan t  EE--* AA or mutan t  VVV ~ AAA were tagged 

wi th  a FLAG epitope (Hopp et al. 1988) so that they 

could be dist inguished from endogenous Stat 3 and trans- 

fected into COS cells along wi th  nontagged Statl cDNA. 

Extracts of the COS cells treated wi th  EGF were then 

precipitated wi th  monoclonal  antibody to the FLAG 

epitope (M2). If dimerizat ion occurred, the FLAG-tagged 

protein should carry along both endogenous and trans- 

fected activated Statl  protein in heterodimers into the 

precipitate. Figure 5C shows clearly that this was the 

Figure 5. Mutations in Stat3 influence DNA-binding affinity. 
{A) EMSA analysis of DNA-protein complexes. Nuclear ex- 
tracts from EGF-treated COS cells transfected with Stat3, mu- 
tant EE --~ AA or mutant VVV --~ AAA (see Materials and meth- 
ods) were incubated with labeled M67 probe to reveal DNA- 
binding complexes. The position of SIF A is marked. (B) 
Phosphotyrosine immunoblotting. Extracts from the cells in A 
were immunoprecipitated with Stat3-specific antiserum, sepa- 
rated by SDS-PAGE, transferred to nitrocellulose, and probed 
with monoclonal antibody PY20. (C) Coimmunoprecipitation 
of Statl and Stat3 mutants. COS cells were transfected with 
FLAG-tagged Stat3 or mutants along with untagged Statl and 
treated ( + ) or not treated (-) with EGF. FLAG immunoprecip- 
itates were separated by SDS-PAGE, transferred to nitrocellu- 
lose, and probed with Statl-specific antiserum (top). STAT1 re- 
fers to transfection with Statl alone. (Bottom) An immunoblot 
with FLAG-specific monoclonal antibody to demonstrate sim- 
ilar expression levels in the transfected cells. 

case; Stat 1 was detected in all FLAG-containing extracts 

but not in control cells transfected wi th  Statl  alone. A 

small  amount  of Statl coprecipitated wi th  FLAG-Stat3 

from untreated COS cells, reflecting a low basal level of 

Stat3 activation. The amount  of Statl  from the treated 

cells was about fivefold greater than from the untreated 

cells, indicating a ligand-induced heterodimerization. 

These data support the conclusion that the mutan t  

EE -o AA and VVV -o AAA proteins become phosphory- 

lated in response to ligand and dimerize but cannot bind 
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DNA as well as wild-type Stat3. These results greatly 
strengthen the conclusion that this highly conserved re- 

gion of the STAT proteins between 406 and 514 partici- 
pate in recognition of and binding to GAS-like DNA re- 
sponse elements. 

Discuss ion 

In the past 2 years a large number of reports have indi- 

cated that sequences of the general motif TTNCNN- 
NAA, the originally defined GAS consensus, can be used 

to detect activated STAT DNA binding (Khan et al. 

1993; Lew et al. 1989; Pearse et al. 1993; Wegenka et al. 

1993). We sought to determine first whether two specific 
STAT members that are activated by different ligands 

would select individual binding sites. However, opti- 
mum site selection experiments showed that both Statl 
and Stat3 preferred very similar 9-bp core elements and 

only minor differences in flanking sequences. The selec- 

tion of highly similar optimum sites is characteristic of 
other DNA-binding protein families such as homeo box 

protein (Wilson et al. 1993), yet it is clear that specific 
biologic events are controlled by different family mem- 
bers. It is generally believed therefore that optimum 

binding sites may be used less commonly in evolution 

but that chromosomal binding sites evolved that are dif- 
ferentially distinguished by particular members of pro- 
tein families. In line with this conjecture we found that 

two sites from genes known to be activated by IFN-~/, the 

GRR of the Fc~/R1 gene, and the GAS site in the pro- 

moter of the Ly6E gene are bound by Statl homodimers 

but not by Stat3 homodimers. The high-affinity syn- 
thetic derivative of the cfos promoter M67, in contrast, is 
bound by both proteins and served to monitor the bind- 

ing of either protein. It is interesting to note that the 
GRR sequence differs from the selected core sequence 
only at position + 1, where A replaces G. Similarly, the 

Ly6E sequence differs from the M67 probe at only one 

position within the core (T replaces C at the zero posi- 

tion). Thus, these central nucleotides within the 9 bp are 
important for Stat3 binding, whereas Statl binding is 
less demanding at these sites. 

Most of the genomic DNA sites (Table 1) that presum- 

ably function to bind STAT proteins do not contain the 

perfect 9-base palindrome selected by the optimum site 

selection techniques. Considerable additional work will 
be required to determine the in vivo binding specificity 
of chromosomal GAS sites for particular STAT proteins, 
especially as few experiments have yet been reported on 

the influence of adjacent binding sites for additional 
transcription factors that may bind coordinately with 
STAT proteins. 

The high amino acid sequence identity between Statl 
and Stat3, coupled with the inherent ability of Stat3 to 
distinguish between M67 and GRR elements, made it 

possible to define the DNA-binding domain of the STAT 

proteins by exchanging regions between two proteins 
and assaying the substituted proteins for DNA site-bind- 
ing preference. This technique resulted in the identifica- 

tion of residues 406-514 as capable of the transfer of 

Table 1. Comparison of GAS-like promoter elements 

Source Core element Reference 

$3 TTCCGGGAA this study 
S1 TTCCGGGAA this study 
M67 SIE TTCCCGTAA Wagner et al. (1990) 
cFOS SIE TTCCCGTCA Wagner et al. (1990) 
L y 6 E / A  TTCCTGTAA Khan et al. (1993) 
Fc~R1 TTCCCAGAA Pearse et al. (1993} 
GBP TTACTCTAA Decker et al. {1989) 
MIG TTACTATAA Wong et al. {1994) 
IFP53 TTCTCAGAA Strehlow et al. {1993) 
I C A M - 1  TTCCCGGAA Yuan et al. {1994) 
IRF1 TTCCCCGAA Yuan et al. (1994) 
ICSBP TTCTCGGAA Kanno et al. (1993) 
~2-macroglobulin TTCCCGTAA Wegenka et al. (1993) 
Acid glycoprotein TTCCCAGAA Wegenka et al. (1993) 

binding specificity, as an activated Statl molecule con- 
taining residues 406-514 of Stat3 could bind only to the 

M67 probe and not the GRR probe while activated Statl 
itself and a Stat3 with amino acids 403-508 of Statl binds 
to both probes. Within these 108 amino acids, Statl and 

Stat3 have only 43 amino acid differences. Counting con- 

servative amino acid changes the sequences are even 

more similar. Consistent with the observations of basic 
residues within DNA-binding domains there are three 

positively charged amino acids conserved in the first 20 
amino acids of this segment in Statl, Stat3, Stat4, Stat5, 

and Star6. Mutations targeted to the most conserved se- 

quences in this domain have no effect on phosphoryla- 
tion or dimerization of the STAT proteins but reduce 
DNA binding. We conclude that this region of the Statl 

and Stat3 proteins between 406 and 514 controls DNA- 
binding specificity and is likely to be part of the DNA- 
binding domain. Because the region between 400 and 500 

is highly conserved in all of the other reported STATs it 
seems likely that this region will function for all family 

members. 
No clear homologies to known DNA-binding proteins 

have been found at the level of primary sequence com- 
parison. Recently, the structure of NF-KB was solved. As 

opposed to short recognition helices, the 38 DNA con- 
tacts of this dimeric transcription factor are distributed 

over a 300-amino-acid region with multiple loops mak- 
ing phosphate contacts (Ghosh et al. 1995; Muller et al. 

1995). It is not unreasonable to think the STAT DNA- 
binding domain might also be composed of multiple con- 

tact regions and that we have identified one important 

specificity-determining region. 
To suggest any possible folding motifs in the putative 

DNA-binding regions, amino acids in the 293--467 region 
of all the presently cloned STATs (1-6) were analyzed by 
computer comparison, predicting secondary structure 
motifs by the algorithm of Chou and Fasman (Fig. 6; 

Genetics Computer Group 1991). The consensus predic- 
tion suggests a helical domain surrounding the VTEEL 
sequence, which extends to the SLPVVV sequence; this 

sequence is at the beginning of a predicted J-sheet. Corn- 
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400 508 

i- SLA AEFRHLQLKE QK. .NAGTRTNEGPLIVTEE LHSLSFETQL CQPG. .LVID LETTSLPVVV ISNVSQLPSGWASILWYNM LVAEPRNLSF FLTPPCARWA QLSEVLSWQF SS 

3- SLS AEFKHLTLRE QRCGNGGRANCDASLIVTEE LHLITFETEV YHQG. .LKID LETHSLPVVV ISNICQMPNAWASILWYNM LTNNPKNVNF FTKPPIGTWD QVAEVLSWQF SS 

4- SLS VEFRHLQPKE MKC.STGSKGNEGCHMVTEE LHSITFETQI CLYG. .LTIN LETSSLPVVM ISNVSQLPNAWASIIWYNV STNDSQNLVF FNNPPSVTLG QLLEVMSWQF SS 

5- TLS AHFRNMSLKR IK ..... RADRRGAESVTEE KFTVLFESQF SVGSNELVFQ VKTLSLPVVV IVHGSQDHNATATVLWDNA FAEPGRVP.. FAVPDKVLWP QLCEALNMKF KA 

6- CCS ALFKNLLLKK IK ..... RCERKGTESVTEE KCAVLFSASF TLGPGKLPIQ LQALSLPLVV IVHGNQDNNAKATILWDNA FSEMDRVP.. FVVAERVPWE KMCETLNLKF MA 

2- .LI WDFGYLTLVE QRSGGSGKGSNKGPLGVTEE LHIISFTVKY TYQG. .LKQE LKTDTLPVVI ISNMNQLSIAWASVLWFNL LSPNLQNQQF FSNPPKAPWS LLGPALSWQF SS 

i-< ....... H ........... > < ......... h ....... > h < . . . . . .  B ....... > < ......... B ........ > < ..... h ..... > 

3-< ....... H ....... > < ..... H ...... >< ............... >< ..... B ...... > <--h--><---B---> <--B--> < ..... h .... > 

4-< ....... H ...... i> < ..... h .... >< .... B ........ > < ..... B ...... > <--- h--><--B--> <--B--> < .... H---> 

5-< ....... h .................. ><---H---><--B-> <-h-> <---B---> <---B---> ,---,--,,--,--,,--,--, < ...... h ..... > 

6-< ....... h .................. ><---h---><--B-> < ...... - B . . . . . . . . .  > < ....... H ....... > <---B -> < ...... h ...... > 

2-< ..... B ..... > < .... h---><---B .... > <--H---> < ............ B ........... > < ..... B ..... > < ..... h ..... > 

Figure 6. Alignment of STAT family members in the putative DNA-binding region. Broken lines indicate boundaries of putative 

helices (H,h) and 13-sheets (B,b) predicted by the algorithms of Chou and Fasman for each of the family members. Numbers above the 

alignment refer to the Statl sequence. The conserved amino acids mutated in this study are overlined. Sequences were aligned using 

the GCG PILEUP program, and secondary structure was predicted using the GCG peptide structure program (Genetics Computer 

Group 1991 ). 

parison of the possible DNA-binding region that we 
define here to known DNA-binding domains does not 
reveal any similarity. Perhaps the STAT protein DNA- 

binding domain will represent an unusual class of DNA- 

binding domain. It is interesting also that this domain 
lies between the SH3 homology, which binds proline- 

rich sequences (Cicchetti et al. 1992), and the conserved 
STAT sequence PCMPXXPXXP. If these two sequences 

interacted within a STAT molecule prior to phosphory- 
lation of the protein, the DNA-binding domain might be 

shielded in the nonphosphorylated protein or, con- 

versely, such an interaction after phosphorylation might 
present the putative DNA-binding domain. 

The exchange of this 108-amino-acid domain can sub- 
stitute the DNA recognition properties of these two 

STAT proteins. A more direct demonstration that this 

region is the DNA contact domain would be to tranfer 

this domain to another class of dimeric transcription fac- 

tors. We have attempted to reconstitute specific DNA 
recognition by grafting these sequences onto an unre- 
lated dimerization domain from the heterologous basic 

leucine zipper (bZIP) or helix-loop--helix (HLH)families. 

STAT amino acids -300--500 were joined to the 
CCAAT/enhancer-binding protein (c/EBP) leucine zip- 

per and the E47 HLH domains, but demonstration of 

specific DNA binding by these fusion proteins has been 
unsuccessful so far. One reason might be that specific 

structural properties inherent in the STAT family of 
transcription factors are not provided simply by the 

dimerization motifs of these other factors. For example, 
the primary dimerization of the STAT proteins is medi- 

ated by intermolecular SH2/phosphotyrosyl interactions 

(-600-710), which predicts an antiparallel interaction of 
the two chains in this dimeric region (Shuai et al. 1994). 
Perhaps this orientation requires compensation as the 

chains emerge from the dimer to present the residues of 
the 400-500 region to DNA. bZIP and HLH dimerization 

domains are parallel with a short hinge region that al- 

lows the short DNA contact helices of those proteins to 
rotate correctly to form "induced sites" on the DNA 
(Burley 1994). Because the potential STAT DNA contact 
region has only a limited helical content, it is possible 
that the domain must make a protein fold that has not 

yet been described in other DNA-binding proteins. 

Materials and methods 

Cell culture, cytokines, and antisera 

Human U3A cells [generously provided by Drs. George Stark 

(Cleveland Clinic Foundation Research Institute, OH) and Ian 

Kerr (Imperial Cancer Research Foundation)], HepG2 cells, and 

COS-1 cells were maintained in Dulbecco's modified Eagle me- 

dium (DMEM) supplemented with 10% bovine calf serum. 

Transfection of cells and selection of stable cell lines were car- 

ried out by standard procedures (Shuai et al. 1993a). Treatment 

of cells with cytokines was for 15 min unless otherwise noted. 

IFN-7 (a gift from Amgen) was used at a concentration of 5 

ng/ml; IFN-c~ (a gift from Hoffman LaRoche) was used at a con- 

centration of 500 IU/ml. IL-6 (UBI) was used at a concentration 

of 30 ng/ml. EGF (a generous gift of Dr. S. Cohen; Vanderbilt 

University School of Medicine, Nashville, TN) was used at 50 

ng/ml. Cytoplasmic and nuclear extracts were prepared as de- 

scribed (Sadowski and Gilman 1993). For immunoprecipitation 

of cell extracts, Statl or Star3 carboxy-terminal antiserum was 

used at a 1:200 dilution. Immobilized FLAG-specific monoclo- 

nal anibody was used for precipitiation according to the manu- 

facturer's instructions (Kodak). Phosphotyrosine-specific mono- 

clonal antbody PY20 was used at a dilution of 1:2000 according 

to the manufacturer's instructions (Transduction Laboratories). 

Plasmid Construction 

Expression plasmid pRcCMV (Invitrogen) carrying Statl or 

Star3 eDNA (Improta et al. 1994; Zhong et al. 1994b) was used 

for all cell lines. All of the recombinant STAT proteins were 

constructed by polymerase chain reaction (PCR) amplification 

using Vent polymerase (NEB) and verified by DNA sequencing. 

The chimeric Statl and Stat3 cDNAs included the FLAG 

epitope [Kodak IBI (Hopp et al. 1988/] to easily identify the re- 

combinant proteins. 

EMSA 

Gel moblity shift assays were carried out as described (Levy et 

al. 1989). Double-stranded oligonucleotide probes were synthe- 

sized for use as the probe with 5'-GATC protruding ends. Probe 

sequences used in this study are SIE, 5'-CAGTTCCCGTCAAT- 

CAT-3'; M67, 5'-CATT'TCCCGTAAATCAT-3'; Ly6E, 5'-ATAT- 

TCCTGTAAGTGAT-3'; GRR, 5'-GTATTTCCCAG~uKAAGG- 

3'; S1, 5'-GTTGTTCCGGGAAAATT-3'; and $3, 5'-TATTTCC- 

GGGAAATCCC-3'. 

Binding site selection 

In vitro binding site selection for Statl was carried out essen- 

992 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


DNA recognition by STAT proteins 

tially according to the method of Pollock and Triesman (1990). 
IFN-~/-treated BUD 8 fibroblast nuclear extracts were mixed 
with a double-stranded random 76-base oligomer and immuno- 

precipitated with antiserum specific for Statl and protein 
A-agarose. The copurifying DNA was isolated, amplified by 
PCR, and analyzed for binding by EMSA. Following five rounds 
of selection, a Stat-specific complex was observed, eluted from 
the gel, and subcloned. To obtain the Stat3 optimum site, nu- 
clear extracts from EGF-treated COS-1 cells transfected with 

Stat3 expression vector were bound to the random oligomer and 
applied to an EMSA gel. The region corresponding to the mo- 
bility of the Star3 gel shift on one of the 76-bp Statl-selected 
sites was excised, and the DNA was amplified by PCR. Follow- 
ing five rounds of selection from the gel, the resulting complex 
was supershifted by Stat3-specific antiserum and the DNA iso- 
lated from the supershifted complex was eluted from the gel, 
amplified, and subcloned. 
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