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Stat4 is activated by the cytokines interleukin 12 and alpha interferon (IFN-a) and plays a significant role
in directing development of naı̈ve CD41 T cells to the Th1 phenotype. Signal transducers and activators of
transcription (STAT) proteins undergo phosphorylation on a conserved tyrosine residue, resulting in homo-
and heterodimerization, nuclear translocation, and DNA binding. Stat4 can bind to single IFN-g-activated
sites (GASs) as a dimer or bind two tandem GASs as a pair of STAT dimers, or tetramer, stabilized through
N-terminal domain (N domain) interactions between dimers. We uncovered an unexpected effect of the Stat4
N domain in controlling the proximal activation of Stat4 by tyrosine phosphorylation at activated receptor
complexes. Mutation of the N domain at tryptophan residue W37, predicted to interrupt N domain dimer
formation, unexpectedly prevented IFN-a-induced tyrosine phosphorylation of the Stat4 monomer, blocking
dimer formation and nuclear translocation. Furthermore, N domains appear to exert private STAT functions,
since interchanging the N domains between Stat1 and Stat4 prevented receptor-mediated tyrosine phosphor-
ylation in one case and interrupted STAT-specific gene activation in another. Finally, replacement of the N
domain of Stat1 with that of Stat4 abrogated the normal Stat2 dependence of Stat1 phosphorylation, again
suggesting the domains are not equivalent. Thus, in addition to its role in STAT tetramerization, the conserved
STAT N domain appears to participate in very proximal steps of receptor-mediated ligand-induced tyrosine
phosphorylation.

The STAT (signal transducers and activators of transcrip-
tion) family of transcription factors reside as latent cytoplasmic
monomers which are phosphorylated on a conserved tyrosine
residue in response to ligand-induced receptor activation (5,
15, 38). Following tyrosine phosphorylation, STAT proteins
undergo homo- and heterodimerization via reciprocal interac-
tions involving their conserved SH2 domains, followed by
STAT dimer nuclear translocation and participation in tran-
scriptional regulation of various cytokine responsive genes.
STAT dimers bind the palindromic gamma interferon (IFN-
g)-activated sequence (GAS) TTCNmGAA, where m equals 3
for all STAT proteins except Stat6 (6, 7, 14, 19). STAT-specific
binding site preferences have been identified involving both
the central nucleotide core and sequences flanking the core
palindrome (10, 25, 33, 34). Furthermore, higher-order inter-
actions between STAT dimers, in which a tetrameric complex
of two STAT dimers cooperatively binds two adjacent GAS
elements, have been described for Stat1, Stat4, and Stat5 (42,
43, 47). It has been suggested that such tetramer formation is
facilitated through interactions between the highly conserved
N-terminal domain (N domain), facilitating STAT dimer bind-
ing to low-affinity, nonconsensus STAT binding sites (47).
Other functions for the N domain have also been suggested,
including roles in nuclear localization and binding to CREB-
binding protein, or p300 (39, 48).

The specificity of STAT activation by cytokines is in part
mediated by the selective interaction of their SH2 domains
with distinct tyrosine-containing motifs located within the cy-
toplasmic domains of specific cytokine receptors. In addition,

each STAT protein has private physiologic functions exerted
presumably by selective activation of distinct target genes. One
important STAT-dependent biologic function involves T
helper differentiation. In particular, Stat4 activation plays a
significant role in directing development of T helper type 1
(Th1) T cells from naive CD41 precursors (16, 18, 41). Control
of Th1 differentiation is exerted both by the tissue-restricted
expression of Stat4 and by the limited activation of Stat4 by
only certain cytokines. Stat4 is activated by interleukin 12 (IL-
12) (1, 16), a cytokine which potently induces Th1 develop-
ment (13, 22) through recruitment to a tyrosine-based motif in
the IL-12 receptor b2 (IL-12Rb2) subunit via the Stat4 SH2
domain (26). IL-12 activates Stat4 in all species examined, and
the requirement for Stat4 in Th1 development has been con-
firmed by targeted deletion of Stat4 in mice (18, 41). IFN-a
also activates Stat4 and induces Th1 development in human T
cells (1, 32), but not mouse T cells (32, 46). Stat4 activation by
IFN-a, however, does not involve direct binding to the cyto-
plasmic domain of the IFN-a receptor (IFN-aR), but instead
occurs through an intermediate step (8). First, IFN-a signaling
leads to phosphorylation of a conserved tyrosine in the recep-
tor cytoplasmic domain that acts to recruit Stat2, which is
subsequently phosphorylated on a conserved tyrosine 690.
Stat2 serves as an adapter that binds the SH2 domains of both
Stat1 and Stat4. Stat1 binds to tyrosine 690 of Stat2; however,
Stat4 binds to a distinct region of Stat2, specifically to the most
carboxy-terminal regions of Stat2. In summary, IL-12 and
IFN-a each induce Th1 development and activate Stat4, but
the Stat4 SH2 domain interaction differs between these recep-
tor pathways.

How Stat4 promotes Th1 development is unclear. Stat4
could directly regulate activity of the IFN-g gene. Recombi-
nant Stat4 produces a footprint on specific sites within the
IFN-g gene promoter and first intron, sites which are low
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affinity and nonconsensus. The cooperative interaction of ad-
jacent sites with Stat4 dimers binding as a tetramer via adjacent
amino termini was suggested as a mechanism for augmenting
IFN-g gene expression (47), although the requirement for
these sites in regulation of the native IFN-g gene has not been
established. Alternately, Stat4 may regulate expression of
other signaling molecules or transcription factors that act in
Th1 development. For example, Stat4 is required for the Th1-
specific expression of the Ets transcription family member
ERM (28), although a role for ERM in IFN-g gene expression
has not been demonstrated.

In addressing potential Stat4 tetramer interactions for
IFN-g regulation, we became interested in the role of the Stat4
N domain in mediating STAT dimer-dimer interactions. The
structure of the STAT N domain was determined from the
isolated N domain from Stat4, which was found to naturally
pack as a dimer in the crystal (43). In the Stat4 N domain,
composed of eight alpha helices which form a hook-like struc-
ture, a conserved tryptophan residue, W37, was shown to be
engaged in critical internal polar interactions between inter-
acting helices of reciprocal N domain subunits (43). For func-
tional analysis, the role of this tryptophan was evaluated in
Stat1 rather than Stat4; however, mutation of this tryptophan
prevented tetramer formation of recombinant Stat1 protein
and caused the loss of an IFN-g augmentation of a synthetic
promoter composed of multimerized GAS elements. Further-
more, mutation of this conserved tryptophan in Stat5 was re-
cently shown to prevent the ability of Stat5 to undergo tet-
ramer formation on the adjacent STAT sites present in the
IL-2Ra chain promoter (17). So far, the role of this trypto-
phan-mediated N domain dimerization had not been evaluated
for Stat4 nor evaluated in a system where native physiologic
responses to Stat4 activation could be observed. To this end,
we have carried out a mutational analysis of the Stat4 N do-
main for IFN-a- and IL-12-induced Stat4 activation using cell
lines that lack Stat4 expression and primary T cells derived
from Stat4-deficient mice. Surprisingly, our results point to
additional roles of the Stat4 N domain beyond mediating tet-
ramer formation on DNA. Our results indicate that the Stat4
N domain also can influence the ability of STAT proteins to
undergo successful interactions with cytokine receptor com-
plexes. Importantly, the W37A mutation within the N domain
of Stat4 interferes with IFN-a-induced tyrosine phosphoryla-
tion of the Stat4 monomer, interrupting Stat4 activation before
formation of the Stat4 dimer. This result precludes any con-
clusions regarding functional tetramer activity based on this
mutation for Stat4. Finally, the data suggest that N-domains
may be involved in targeting certain STATs to receptors, in-
fluencing their suitability as substrates for receptor-dependent
kinases.

MATERIALS AND METHODS

Cytokines, antibodies, and reagents. Recombinant human IFN-a A/D was a
gift from U. Gubler (Hoffman-LaRoche, Nutley, N.J.). Recombinant human
IFN-g was a gift from R. Schreiber (Washington University School of Medicine).
Polyclonal antisera specific for murine and human Stat1 and Stat4 were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif.). The peroxidase-
conjugated antiphosphotyrosine antibody RC20 was purchased from Trans-
duction Laboratories (Lexington, Ky.). The phycoerythrin (PE)-conjugated
anti-human CD4 (anti-hCD4-PE) antibody used for cell sorting was purchased
from Caltag (Burlingame, Calif.). DNA restriction and modifying enzymes used
in molecular cloning were purchased from New England Biolabs (Beverly,
Mass.). Oligonucleotides were purchased from Integrated DNA Technologies,
Inc. (Coralville, Iowa). The measurement of cytokines by enzyme-linked immu-
nosorbent assay has been described previously (12).

Mutants and retroviral constructs. We analyzed the interface between the two
interacting subunits of the N domain dimer (43) by using LigPlot (45) to identify
residues involved in dimer formation. This analysis indicated that residues Q36,

W37, T40, and E66 made contacts at the interface, which were also noted in the
first description of the N domain structure reported by Vinkemeier et al. (43).

The green fluorescent protein (GFP) retroviral vector GFP-RV has been
described previously (31). The complete murine Stat4 cDNA was placed into
GFP-RV by using the oligonucleotides (59339) mST4 59 (CAGCTGAGCCTG
GACGGAGAGAGAG) and mST4 39 (CGACAGTCGACTTCCTTCTTTAAA
GTGTCC). Stat1 was cloned likewise by using mST1 59 (CCGCTCGAGGATG
TCACAGTGGTTCG) and mST1 39 (CCGCTCGAGTGTCGCCAGAGAGAA
ATTC).

These oligonucleotides were used to generate a PCR product with Vent
polymerase and the murine Stat1 and Stat4 cDNA as a template, digested with
XhoI and SalI, and cloned into the unique XhoI site of GFP-RV.

For site-directed mutagenesis of Stat4, the QuickChange PCR-based strategy
(Stratagene) was used with the following oligonucleotide sets (59339): Q36A top
(TCCGGCATCTGCTAGCTGCGTGGATTGAGACTCAAG) and Q36A bot
(CTTGAGTCTCAATCCACGCAGCTAGCAGATGCCGGA), W37A top (CT
GCTAGCTCAGGCGATTGAGACTCAAGAC) and W37A bot (GTCTTGAG
TCTCAATCGCCTGAGCTAGCAG), T40A top (GCTCAGTGGATTGAGG
CTCAAGACTGGGAAG) and T40A bot (CTTCCCAGTCTTGAGCCTCAA
TCCACTGAGC), and E66A top (CTAATACAATTGGATGCACAGTTGGG
GCGGGTTT) and E66A bot (AAACCCGCCCCAACTGTGCATCCAATTGT
ATTAG), and K84A/R85A top (CACAATCTAGCGGCAATTAGAAAAGTT
CTTCAGGGC) and K84A/R85A bot (CTAATTGCCGCTAGATTGTGAATC
AATAGCAGA).

For mutation of murine Stat1, the following oligonucleotides were used
(59339): mSt1W37A top (TGGCCCAGGCGCTGGAAAAGCAAGACTGGG
AG) and mSt1W37A bot (TTTTCCAGCGCCTGGGCCAGGTACTGTCTG).

To interchange the N domains of Stat1 and Stat4, we used site-directed
mutagenesis by overlap extension. The Stat1 and Stat4 N domains were gener-
ated first as Vent polymerase PCR products by using the following oligonucle-
otides. For the Stat1 N domain, we used MST1 59 (same as above) and S1S4 A8
bot (CTTCCCTTAAGCAGTTGTAGATGATCATGGACATC). For the Stat4
N domain, we used MST4 59 (same as above) and S4S1 A8 bot (CTTCCTTCA
GACAATTTGAAATTACCACAGCTAC).

The Stat1 and Stat4 carboxy domains were generated with Vent polymerase by
using the following oligonucleotides. For the Stat1 carboxy domain, we used
S4S1 A8 top (TAATTTCAAATTGTCTGAAGGAAGAAAGGAAG) and
MST1 39 (same as above). For the Stat4 carboxy domain, we used S1S4 A8 top
(CATCTACAACTGCTTAAGGGAAGAGAGGAG) and MST4 39 (same as
above).

These PCR products were isolated and mixed in equimolar amounts and
reamplified with MST1 59 and MST4 39 for the N1-C4 chimera and MST4 59 and
MST1 39 for the N4-C1 chimera. These PCR products were digested with SalI
and XhoI and cloned into the unique XhoI site of GFP-RV. All mutations were
confirmed by direct sequencing.

T-cell culture and retroviral transduction. Methods for activation and passage
of DO11.10 T cells have been described previously (11–13). The Phoenix-Ampho
or Phoenix-Eco packaging cell lines were transfected with the retroviral vectors
described above by calcium phosphate precipitation (29). Twenty-four hours
following transfection, the medium was replaced, and the retroviral supernatant
was generated by culturing the cells at 32°C for 24 h. The Stat2-deficient U6A
(20) and the Stat1-deficient U3A (23) cell lines were maintained in complete
Iscove’s minimal essential medium as previously described (23). The U3A and
U6A cell lines were infected by spinning retroviral culture supernatants contain-
ing 4 mg of Polybrene (1,5-dimethyl-1,5-diazaundecamethylene polymethobro-
mide; Sigma) per ml onto monolayers at 1,800 rpm for 30 min, followed by
overnight culture. Infected cells were purified by fluorescence-activated cell
sorting for GFP and/or hCD4 expression with anti-hCD4-PE secondary antibody.
Sorted cells were expanded, were .90% pure, and stably expressed the retroviral
marker by postsort analysis. T cells were infected as described previously (29).

Immunoprecipitation and immunoblotting. Analysis of phosphotyrosine-con-
taining STAT proteins was performed as described previously (16). Briefly,
monolayers of fibroblasts were incubated with IFN-a A/D (1,000 U/ml) or IFN-g
(1,000 U/ml) for 20 min at 37°C. Whole-cell lysates were prepared, and STAT
molecules were precipitated with specific polyclonal antibodies and protein G-
Sepharose (Pharmacia, Piscataway, N.J.). Immunoprecipitates were resolved by
denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were
transferred to nitrocellulose. Phosphotyrosine-containing proteins were detected
by blotting with the peroxidase-conjugated RC20 antibody followed by enhanced
chemiluminescence with the ECL system (Amersham, Arlington Heights, Ill.).
The membranes were then stripped and reprobed with anti-Stat polyclonal
antibodies followed by detection with peroxidase-conjugated goat anti-rabbit
immunoglobulin (Jackson Immuno Research, West Grove, Pa.).

EMSA. Electrophoretic mobility shift analysis (EMSA) was performed as
follows. Nuclear extracts were prepared from cytokine-treated cells as previously
described (16). Binding reactions consisted of 3 mg of nuclear extract, 1 mg of
poly(dI-dC) (Pharmacia), 10 mM Tris-Cl (pH 7.5), 50 mM NaCl, 1 mM dithio-
threitol, 1 mM EDTA, 5% (vol/vol) glycerol, and 2.5 3 104 cpm of Klenow-
labeled probe in 20-ml reaction volumes. Reaction mixtures were incubated at
room temperature for 30 min. DNA-binding complexes were resolved by non-
denaturing 4.5% polyacrylamide gel electrophoresis for 2 h at 150 V followed by
autoradiography. The following DNA probes were used in this study: M67SIE
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(44) (GTCGACATTTCCCGTAAATCGTCGA), Site 213 (47) (CGCGAAAA
TTTTAAGTGAATTTTTTGAGTTTCTTTTAAAATTTT), GAS c1n (24)
(GTGCAGTTTCTTCTGAGAAGTACCAGACATTTCTGATAAGAGAG), Ea
Y-box (40) (TCGACATTTTTCTGATTGGTTAAAAGTC), GAS c*1n (24) (GT
GCAGTTTCTTCGTCTAAGTACCAGACATTTCTGATAAGAGAG [mutated
bases are underlined]), and GAS c1n* (24) (GTGCAGTTTCTTCTGAGAAGTA
CCAGACATGGAGTCGCCGAGAG [mutated bases are underlined]).

RESULTS

Selective N domain mutations interfere with IFN-a-recep-
tor-mediated Stat4 DNA binding. Functional data supporting
formation of STAT tetramers was based on mutation of an
invariant tryptophan residue, W37, which contacts the paired
N domain residues E66 and Q63 (43). However, this mutation
was made in Stat1 and Stat5 (17), but not Stat4, which was used
for N domain structure analysis. To test functional activity in
Stat4, we generated a larger series of mutations within the
Stat4 N domain based on the predicted participation of resi-
dues in contacts at the interacting faces between the two N
domain dimer subunits (Fig. 1A). In addition to the invariant
tryptophan residue W37, residues Q36, T40, and E66 make
contacts between the interacting N domain alpha helices sur-
rounding W37. Thus, we made a series of single and double

residue mutations of these residues in the context of full-length
Stat4 and expressed these mutants by retroviral transduction to
determine their functional effects on ligand-induced Stat4 ac-
tivation and DNA binding (Fig. 1B).

Wild-type and Stat4 mutants were expressed in U3A cells, a
cell line that lacks expression of Stat1 due to a mutation (23)
and which also lacks expression of endogenous Stat4. IFN-a-
induced Stat4 activation was first analyzed by EMSA analysis
with several STAT-specific DNA binding probes (Fig. 1B). The
M67SIE probe contains a single high-affinity consensus STAT
site (44) whose STAT binding should be unaffected by N do-
main-mediated tetramerization. Two additional probes were
used to analyze potential tetramer interactions. The second
probe, Site 213, is from the human IFN-g first intron and
contains two adjacent STAT sites, one of which is a STAT
consensus and the second of which is a nonconsensus STAT
site (47). The third probe, GAS c1n, from the murine IL-2Ra
enhancer, was recently shown to contain two adjacent STAT
complexes that could interact with Stat5 as a tetramer (17, 24).
Probe EaY-box was used as a positive control for the nuclear
extracts.

IFN-a treatment of U3A cells expressing Stat4 induced the

FIG. 1. Selective loss of Stat4 DNA binding from mutations in the alpha 4 and alpha 6 N-domain helices. (A) Location of selected Stat4 N domain mutations. The
schematic shows the sequence of the Stat4 N domain with the helical domains shown above the sequence. Underlined residues were selected for mutation to alanine.
The numbers above the residue indicate its position relative to the initiation methionine. (B) EMSA activities of selected N domain mutations. U3A cells were left
uninfected (uninfected) or infected with retrovirus expressing wild-type Stat4 (wt) or the indicated Stat4 mutants (Stat4 mut). Retrovirally infected cells were purified
by cell sorting to .95%. Cells were treated with IFN-a, nuclear extracts were prepared, and EMSA was performed with the indicated probes. Arrowheads are
positioned to indicate the relative migration positions between gels: solid arrowheads indicate lower mobility, and open arrowheads indicate higher mobility. Similar
data were obtained in three independent experiments. (C) U3A cells infected with retrovirus expressing wild-type Stat4 were treated with IFN-a, nuclear extracts were
prepared, and EMSA was performed with the indicated probes in the presence of 1 mg of normal rabbit serum (NRS) or the indicated anti-STAT antibody. (D) U3A
cells infected with retrovirus expressing wild-type Stat4 or Stat4 containing a double mutation, T40A E66A, were treated with IFN-a, nuclear extracts were prepared,
and EMSA was performed with the indicated wild-type probes (M67SIE, Site 213, and GAS c1n) or the GAS c1n probe mutated at either the consensus (GAS c*1n)
or nonconsensus (GAS c1n*) site.
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formation of EMSA complexes using each of the STAT probes
(Fig. 1B, lane 2). These complexes were not present in extracts
of IFN-a-treated control U3A cells, which do not express Stat1
or Stat4 (Fig. 1B, lane 1), implying the complexes are specific
to Stat4-expressing cells. Furthermore, supershift analysis re-
vealed that the complexes were shifted only by Stat4 antibody
(Fig. 1C, lane 5) and not by any other antibody to STATs
potentially activated by IFN-a in these cells (Fig. 1C, lanes 1 to
4). Thus, these complexes are composed either exclusively of
Stat4 or of Stat4 associated with other factors, but not factors
entirely excluding Stat4. Stat4 binds the M67SIE probe as both
a more rapidly migrating complex (Fig. 1D, top panel, lane 1),
presumably the Stat4 dimer, and a more slowly migrating com-
plex, consistent with Stat4 tetramers described earlier (47).
Using the Site 213 and the GAS c1n probes (Fig. 1D, top
panel, lanes 2 and 3), Stat4 binds only as the more slowly
migrating complex, consistent with exclusive tetramer binding
to these probes as described previously (17, 47). Mutation of
either the nonconsensus (Fig. 1D, top panel, lane 4) or con-
sensus (Fig. 1D, top panel, lane 5) site within the GAS c1n
probe abrogated binding of Stat4. This confirms that both
STAT sites are necessary for Stat4 binding and strongly sug-
gests that the low-mobility complex represents a tetramer.
Identical results were obtained with the Stat4 T40 E66A mu-
tant (Fig. 1D, lower panel, lanes 1 to 5), suggesting that mu-
tation of these residues at the N domain dimer interface is not
sufficient to disrupt tetramer formation.

Surprisingly, mutation of the invariant tryptophan to alanine
(W37A) caused the loss of all DNA binding (Fig. 1B, lane 4),
inhibiting formation of complexes not only with the Site 213
and GAS c1n probes, but also with M67SIE, which contains
only one high-affinity STAT binding site. In contrast, muta-
tions of other residues at the dimer-dimer contact face (Q36A,
T40A, E66A, and T40A E66A) did not block DNA binding,
but appeared similar to wild-type Stat4 for each probe tested
(Fig. 1B, lanes 3, 5, 6, and 7). Furthermore, mutation of the
lysine and arginine residues K84A R85A present on the outer
face of the alpha 8 helix of the N domain blocked IFN-a-
induced EMSA complexes, similar to the W37A mutation (Fig.
1B, lane 8). Selective interruption of N domain-mediated tet-
ramer formation would predict the loss of tetramer binding to
the Site 213 and GAS c1n probes, but not necessarily that of
dimers to the M67SIE probe. However, we surprisingly ob-
served that mutations W37A and K84A R85A produced a
more general inactivation of STAT DNA binding.

Selective N domain mutations interfere with IFN-a-recep-
tor-mediated Stat4 tyrosine phosphorylation. Conceivably, the
general inhibition of DNA binding of the W37A Stat4 muta-
tion resulted from a more general STAT inactivation, and not
the selective loss of N domain-mediated tetramer formation.
To test this hypothesis, we reexamined these mutants for early
steps in STAT activation, beginning with tyrosine phosphory-
lation induced by the IFN-a receptor (Fig. 2). Wild-type U3A
cells or U3A cells stably expressing wild-type or mutant Stat4
proteins were left untreated (Fig. 2A) or were treated with
IFN-a for 20 min (Fig. 2B). Whole-cell extracts were prepared
and immunoprecipitated with an antibody to the mouse Stat4
carboxy terminus, and Western blots were developed for phos-
photyrosine. Wild-type Stat4 undergoes strong tyrosine phos-
phorylation in response to IFN-a (Fig. 2A, lane 0), as ex-
pected, migrating as a closely spaced doublet, possibly due to
phosphoserine content. No Stat4 mutation tested here resulted
in constitutive phosphorylation in unstimulated cells (Fig. 2A,
lanes 2 to 8). This implies that these mutations did not inter-
fere with potential phosphatase interactions, as was observed
for the R31A mutation of Stat1 (35). In addition, Stat4 mu-

tants Q36A, T40A, E66A, and T40A E66A (Fig. 2B, lanes 3, 5,
6, and 7) undergo tyrosine phosphorylation in response to
IFN-a treatment, indicating successful receptor recruitment.
Minor differences in the level of phosphorylation of these Stat4
mutants are likely due to slight differences in the level of purity
of the sorted reconstituted cells, resulting in slight differences
in Stat4 mutant input into the immunoprecipitation. Unexpect-
edly, the W37A Stat4 mutant completely lacked IFN-a-in-
duced tyrosine phosphorylation (Fig. 2B, lane 4), indicating a
block at this earliest point in STAT activation. Furthermore,
the K84A R85A mutant, inactive in the DNA binding men-
tioned above, also lacked tyrosine phosphorylation (Fig. 2B,
lane 8). These results indicate that the loss of DNA binding by
the W37A and K84 R85 Stat4 mutants stems from their inabil-
ity to undergo IFN-a-induced tyrosine phosphorylation, caus-
ing failure to even form STAT dimers.

N domains of Stat1 and Stat4 are not functionally inter-
changeable. Reliable application of functional results of N
domain mutations in Stat1 (43) or Stat5 (17) to Stat4 presumes
some functional equivalence between the N domains of these
proteins. To directly test this, we interchanged the N domains
of Stat1 and Stat4, either placing the Stat4 N domain into Stat1
(Fig. 3A, N4-C1) or placing the Stat1 N domain into Stat4 (Fig.
3A, N1-C4). The chimeric splice was made in the alpha 8 helix
of the N domain, since this region is highly conserved between

FIG. 2. Loss of IFN-a-induced Stat4 tyrosine phosphorylation from selective
mutations in the Stat4 N domain. (A) U3A cells prepared with the retroviruses
described in the legend to Fig. 1 were treated with IFN-a for 20 min (1) or left
untreated (2), and whole-cell extracts were prepared and immunoprecipitated
(IP) with 2 mg of antibody specific to the C terminus of murine Stat4. Phospho-
tyrosine (p-tyr) incorporation was determined with the antiphosphotyrosine an-
tibody RC20, and blots were stripped and probed with an antimurine Stat4
antibody. (B) U3A cells prepared with the retroviruses described in the legend to
Fig. 1 were treated with IFN-a for 20 min, and whole-cell extracts were prepared.
Phosphotyrosine incorporation into Stat4 was determined as described for panel
A.
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Stat1 and Stat4 and is positioned on the opposite side of the
structure from the dimer interaction face (43).

Wild-type Stat1, Stat4, and both chimeric STAT proteins
were stably expressed in U3A cells and activated by IFN-a, and
their DNA binding was analyzed by EMSA with probes de-
scribed in Fig. 1. Wild-type Stat1 and Stat4 bind with clearly
distinguishable characteristics to these three probes. First, with
the M67SIE probe, Stat4 forms complexes of both low and
high mobility (Fig. 3B, upper panel, lane 1), whereas Stat1
forms only complexes of high mobility (lane 2). The high-
mobility Stat4 complexes have been shown to represent
dimers, and the low-mobility complexes represent tetramers

(43). Furthermore, with the Site 213 and GAS c1n probes,
Stat4 forms only low-mobility complexes, consistent with ex-
clusive tetramer formation, whereas Stat1 does not form com-
plexes at all with these probes (Fig. 3B). Notably, replacement
of the Stat1 N domain with the Stat4 N domain (N4-C1) does
not generate the lower-mobility complexes seen with wild-type
Stat4 (Fig. 3B, lane 4), as would be predicted by strict inter-
changeability of the N domains. Rather, using the M67SIE
probe, the N4-C1 chimera forms only high-mobility complexes
migrating as a doublet, perhaps due to heterodimer formation
(Fig. 3B, lane 4), and fails to form any complexes with the Site
213 or GAS c1n probes. Identical results were obtained when

FIG. 3. Functional noninterchangeability of Stat1 and Stat4 N domains. (A) Schematic of STAT structure showing the general positions of several domains (3).
Below are diagrams of wild-type Stat4 (Stat4 wt) and Stat1 (Stat1 wt) and of two chimeras. In the N1-C4 chimera, the N domain of Stat1 (Stat1-N) is placed onto the
Stat4 carboxy terminus (Stat4-C); in the N4-C1 chimera, the N domain of Stat4 (Stat4-N) is placed onto the Stat1 carboxy terminus (Stat1-C). cDNAs encoding these
chimeras were placed into the retrovirus used for expression of the Stat4 mutants as described in Fig. 1. (B) U3A cells were infected with retroviruses expressing
wild-type Stat4 (Stat4 wt) or Stat1 (Stat1 wt) and the N1-C4 and N4-C1 chimeras as indicated. Retrovirally infected cells were purified by cell sorting, treated with
IFN-a, and nuclear extracts were prepared and analyzed by EMSA with the indicated probes as described in the legend to Fig. 1B. Arrowheads are positioned to
indicate the relative migration positions between gels: solid arrowheads indicate lower mobility, and open arrowheads indicate higher mobility. Similar data were
obtained in two other independent experiments. (C) The cells described for panel B were treated with IFN-a. Whole-cell extracts were prepared and immunopre-
cipitated with antibody to the Stat4 carboxy terminus (IP Stat4-C) or with antibody to the Stat1 carboxy terminus (IP Stat1-C) as indicated, and Western analysis was
done for phosphotyrosine incorporation with the antiphosphotyrosine antibody RC20 (p-Tyr) as described above. Blots were stripped and reprobed with antimurine
Stat4 antibody (Stat4-C) and antimurine Stat1 antibody (Stat1-C). (D) The cells described in the legend to panel B were treated with IFN-g (1,000 U/ml) for 20 min.
Nuclear extracts were prepared and analyzed by EMSA with the indicated probes.
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the chimeric junction was in the alpha 7 helix of the N domain
(data not shown).

Further analysis of the N1-C4 chimera suggests a role for the
Stat4 N domain in proximal receptor interactions regulating
tyrosine phosphorylation of STATs, as suggested in Fig. 2.
Placement of the Stat1 N domain into Stat4 (N1-C4) caused a
complete loss of DNA binding with all of these probes (Fig. 3B,
lane 3), potentially caused by loss of tyrosine phosphorylation
similar to the W37A mutation. To test this, we examined both
chimeras for IFN-a-induced tyrosine phosphorylation (Fig.
3C). As positive controls, Stat1 and Stat4 both undergo IFN-
a-induced tyrosine phosphorylation as expected (Fig. 3C, lanes
1 and 2). In addition, N4-C1 undergoes tyrosine phosphoryla-
tion, consistent with its ability to bind the M67SIE probe (Fig.
3C, lane 4). In contrast, however, the N1-C4 chimera does not
undergo IFN-a-induced tyrosine phosphorylation (Fig. 3C,
lane 3). As further positive controls, we carried out direct
Western analysis to ensure proper protein expression. The
N1-C4 chimera is detected at the expected position by antisera
to the C terminus of Stat4, and the N4-C1 chimera is detected
by antisera to the C terminus of Stat1 (Fig. 3C, middle and
lower panels). Thus, the N1-C4 chimera is properly expressed
at the level of protein, but fails to become tyrosine phosphor-
ylated, explaining its inability to bind all EMSA probes (Fig.
3B).

We next tested whether the Stat4 and Stat1 chimeras could
be activated by IFN-g (Fig. 3D) as measured by EMSA with
probe M67. As expected, wild-type Stat4 was not activated by
IFN-g, whereas Stat1 was activated and bound to M67 as a
high-mobility complex (Fig. 3D, lanes 1 and 2). Similar to
IFN-a stimulation, the N1-C4 chimera was not activated by
IFN-g stimulation, likely due to the inability of the Stat4 SH2
domain to interact with the IFN-g receptor. Surprisingly, the
N4-C1 chimera produced both the low-mobility and high-mo-
bility complexes on M67. This provides the first functional
evidence that the Stat4 N domain can participate in tetramer
formation in the context of N4-C1 homodimers induced by
IFN-g, but perhaps not in the context of N4-C1–Stat2–p48
complexes induced by IFN-a.

Transfer of the Stat4 N domain onto Stat1 (N4-C1) pro-
duced EMSA complexes with mobility similar to that of wild-
type Stat1 following IFN-a stimulation (Fig. 3B, compare lanes
2 and 4), but produced additional complexes with low mobility
similar to that of wild-type Stat4 following IFN-g stimulation
(Fig. 3D, compare lanes 2 and 4). To test for potential func-
tional changes in the N4-C1 chimera, we analyzed IFN-a- and
IFN-g-induced expression of major histocompatibility complex
(MHC) class I in U3A cells transfected to stably express Stat1,
Stat4, or the N4-C1 chimera (Fig. 4). Since U3A cells lack
Stat1, uninfected cells show no MHC class I induction by
IFN-a or IFN-g, as expected. Expression of Stat1, but not
Stat4, restores IFN-a- and IFN-g-induced expression of MHC
class I, showing that this effect is specific to Stat1. Surprisingly,
expression of the N4-C1 chimera in U3A cells failed to restore
IFN-a-induced MHC class I expression (Fig. 4, left panel),
despite the ability of this chimera to form EMSA complexes
similar to those of wild-type Stat1. However, the N4C1 chi-
mera was fully functional for IFN-g-induced MHC class I in-
duction (Fig. 4, right panel). This result suggests that the N
domains of Stat1 and Stat4 are not fully functionally inter-
changeable for gene-specific transactivation events.

Inhibition of tyrosine phosphatase does not rescue phos-
phorylation-defective mutants. We wondered whether tyrosine
phosphorylation of the W37A and K84A R85A Stat4 mutants
and the N1-C4 chimera could be achieved independently of
receptor signaling. Therefore, we treated U3A cells expressing

wild-type or mutant STATs with sodium pervanadate to inhibit
phosphatases (9). Nuclear extracts were prepared and analyzed
by EMSA (Fig. 5). Pervanadate treatment of U3A cells con-
taining wild-type Stat4 resulted in formation of a complex with
mobility equal to that of the high-mobility complex generated
by IFN-a treatment (Fig. 5, compare lanes 1 and 4), but did not
generate the low-mobility tetramer complex. A complex of
intermediate mobility was also observed, but it was not super-
shifted with an antibody to Stat4 (Fig. 5, lanes 4 and 5) and was
present in uninfected U3A cells (Fig. 5, lanes 6 and 7), indi-
cating that it does not contain Stat4. Neither the W37A nor the
K84A R85A mutations of Stat4 produced a Stat4-containing
complex after pervanadate treatment (Fig. 5, lanes 8 to 11). In
addition, pervanadate treatment of U3A cells containing wild-
type Stat1 produced a high-mobility complex (Fig. 5, lane 12),
while treatment of cells containing the N1-C4 chimera pro-
duced no complexes (Fig. 5, lane 13), and treatment of cells

FIG. 4. Functional nonequivalence of the Stat4 and Stat1 N domains. (Left
panels) Uninfected U3A cells (uninfected) or U3A cells expressing murine Stat1
(mStat1), the N4-C1 chimeric Stat protein (N4-C1), or wild-type Stat4 (mStat4)
as described in the legend to Fig. 3 were either left untreated (light lines) or were
treated with IFN-a (bold lines) for 48 h. (Right panels) Cells were left untreated
(light lines) or treated with IFN-g (bold lines) for 48 h. Results were analyzed by
flow cytometry with a Becton Dickinson FACScan for surface expression of
MHC class I by using a PE-conjugated anti-class I-specific antibody, clone Tu149
(Caltag).
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containing the N4-C1 chimera produced a very weak high-
mobility complex (Fig. 5, lane 14). Thus, the inability of various
mutants to be activated by receptor ligation cannot be over-
come by inhibition of phosphatase, suggesting a primary defect
in their ability to become tyrosine phosphorylated at all, per-
haps due to a lack of recognition by an appropriate kinase.

N domain mutations influence IL-12R-induced Stat4 ty-
rosine phosphorylation. Since the W37A mutation of the Stat4
N-domain blocked tyrosine phosphorylation induced by
IFN-a, we wondered whether this mutation would also block
activation induced by IL-12. For this, we used Stat4-deficient T
cells, which express IL-12Rs, but lack endogenous Stat4 (29,
41). Wild-type and Stat4-deficient DO11.10 T-cell receptor
(TCR) transgenic cells were infected with control retrovirus or
retrovirus expressing wild-type, W37A, or T40A E66A Stat4
proteins, purified by cell sorting, and analyzed for IL-12-in-
duced Stat4 nuclear translocation (Fig. 6A). Since relatively
small numbers of cells can be obtained in the infections of
primary T cells, we used nuclear translocation as a surrogate
assay for Stat4 tyrosine phosphorylation. As a further control,
we examined nuclear translocation of Stat1, which is also ac-
tivated by IL-12 (16). IL-12-treated wild-type T cells showed
strong nuclear translocation of Stat4 (Fig. 6A, lane 1). Stat4-
deficient T cells infected with control retrovirus (GFP-RV)
showed only Stat1 nuclear location, but no Stat4 nuclear lo-
calization (Fig. 6A, lane 2), as expected. Stat4-deficient T cells
infected with wild-type Stat4 showed IL-12-induced Stat4 nu-
clear translocation (Fig. 6A, lane 3), as expected, as did the
T40A E66A mutant (lane 5). In contrast, the W37A Stat4
mutant showed no IL-12-induced nuclear translocation, imply-
ing an inability to undergo tyrosine phosphorylation by IL-12.
Thus, these data suggest that the W37 mutation in the Stat4 N
domain also disrupts activation induced by IL-12 signaling, as
it did for IFN-a signaling.

IFN-g production induced by IL-12 or IL-18 in CD41 T cells
is a Stat4-dependent activity (2). N domain interactions be-
tween Stat4 dimers bound to adjacent low-affinity, nonconsen-
sus sites within the IFN-g gene promoter and first intron were
suggested as a mechanism for augmenting IFN-g gene expres-
sion (47). Thus, to check for functional consequences of the

W37A and T40A E66A mutations in IL-12-induced Stat4 ac-
tivation, we analyzed these T cells for IFN-g production (Fig.
6B). Stably infected T cells expressing the constructs shown in
Fig. 5A were harvested and treated with IL-12 and IL-18 for
48 h, and supernatants were analyzed for IFN-g production by
ELISA (Fig. 6B). Stat4-deficient T cells infected with empty
retrovirus failed to produce IFN-g in response to IL-12 and
IL-18 treatment (Fig. 6B), as expected, since Stat4 is required
for Th1 development (18, 41). Reconstitution of Stat4-defi-
cient T cells with wild-type Stat4 produced significantly higher
IFN-g at approximately 800 ng/ml following IL-12 and IL-18
treatment. In contrast, the W37A Stat4 mutant failed to re-
store IFN-g production, whereas the T40 E66 Stat4 mutation
reconstituted IFN-g production to levels similar to those of
wild-type Stat4 (Fig. 6B). Thus, the T40 E66 Stat4 mutation,
although predicted by the crystal structure to be likely to dis-
rupt N domain interactions, nonetheless functions normally for
IFN-g production. Thus, the W37A mutation in the Stat4 N
domain generated a functional deficit in a Stat4-dependent
response to IL-12 signaling, consistent with the observed loss
of IL-12-induced nuclear translocation.

FIG. 5. Inhibition of tyrosine phosphatase does not rescue phosphorylation-
defective mutants. U3A cells either uninfected or expressing the indicated pro-
teins were treated with IFN-a for 20 min (IFN-a), 500 mM H2O2 (mock), or 500
mM H2O2–500 mM NaVO4 (VO4) for 30 min as described previously (9). Nu-
clear extracts were prepared and analyzed by EMSA with the indicated probes in
the absence (2) or presence (1) of antibody to the Stat4 carboxy terminus. wt,
wild type; ND, not determined.

FIG. 6. Loss of IL-12-induced Stat4 nuclear translocation and Stat4-depen-
dent IFN-g production from mutations in the Stat4 N domain. (A) DO11.10
TCR transgenic T cells from wild-type (Stat41/1) or Stat4-deficient (Stat42/2)
mice were activated as described previously (29) and infected with empty
GFP-RV retrovirus (GFP-RV) or retrovirus expressing wild-type Stat4 (Stat4
wt) or W37A or T40A E66A N domain mutations as indicated. Cells were grown
in the presence of 10 U of IL-12 per ml and expanded for 7 days, and the infected
T cells were purified by positive cell sorting for expression of GFP and murine
CD4. Purified T cells were expanded by restimulation with irradiated BALB/c
splenocytes and ovalbumin and treated with IL-12, nuclear extracts were pre-
pared, and direct Western analysis was done for Stat4 and Stat1. Similar results
were obtained in two independent experiments. (B) T cells derived and purified
as for panel A were analyzed for the production of IFN-g in response to IL-12–
IL-18 combined treatment. T cells were placed at 106 cells per well of a 48-well
plate in 1 ml of medium and treated with IL-12 (10 U/ml) and IL-18 (100 U/ml)
for 48 h, supernatants were harvested, and IFN-g was measured by enzyme-
linked immunosorbent assay.
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The Stat4 N domain allows Stat2-independent Stat1 activa-
tion. The W37A and K84A R85A mutations in the Stat4 N
domain, as well as a Stat4 N domain-Stat1 chimera, are unable
to become phosphorylated in response to IFN-a (Fig. 2B and
3C). One possible explanation is that the Stat4 N domain is
involved in the presentation of Stat4 to the receptor before
ligand-mediated activation. In fact, a similar role for the Stat2
N domain has been suggested (21) based on the following
observations. In U6A cells, phosphorylation of Stat1 is very
weak, but can be restored by reintroducing Stat2. Furthermore,
replacement of the N-terminal third of Stat1 with that of Stat2
allowed Stat1 to preassociate with the IFN-aR2 chain and
become phosphorylated efficiently (21, 37). Therefore, we
wondered if the Stat4 N domain could perform a similar func-
tion to the Stat2 N domain in allowing Stat1 to preassociate
with the IFN-aR2 and become phosphorylated.

To test this, we expressed Stat1 and the N4-C1 chimera into
U6A cells lacking Stat2 or into U6A cells reconstituted with
Stat2 (Fig. 7). We then examined the requirement for Stat2 in
Stat1 activation and in activation of the N4-C1 chimera. Cells
were treated with IFN-a, and phosphotyrosine incorporation
was assessed by immunoprecipitating cell lysates with antisera
specific to the Stat1 carboxy terminus (Fig. 7, lanes 1 to 4) or
the Stat4 amino terminus (lanes 5 to 8). IFN-a-induced Stat1
phosphorylation was very weak in U6A cells lacking Stat2 (Fig.
7, lane 1), as expected, but was significantly increased upon
coexpression of Stat2 (Fig. 7, lane 2), in agreement with earlier
reports (20, 30). In contrast, the N4-C1 chimera showed ty-
rosine phosphorylation that was independent of Stat2 expres-
sion (Fig. 7, lanes 7 and 8). As controls, direct Western blots
were done to show the expected expression of the Stat4 N
domain under only those conditions in which the N4-C1 chi-
mera was expressed (Fig. 7, middle panels) and to show the
expression of the Stat1 C terminus under the conditions ex-
pected (lower panels). Thus, the N domain of Stat4 conferred
to Stat1 an ability to undergo IFN-a-induced tyrosine phos-

phorylation in a manner independent of Stat2. Since Stat1 and
the N4-C1 chimera have identical SH2 domains, this suggests
that the Stat4 N domain may provide Stat1 with the ability to
preassociate with the receptor, a requirement normally pro-
vided by Stat2.

W37A mutation of the Stat1 N domain interferes with IFN-
a-mediated Stat1 DNA binding. Previously, the importance of
the invariant residue W37 in N domain dimers seen for Stat4
was tested by gel mobility shift assay with a W37A mutation of
Stat1 purified from baculovirus-infected insect cells and in
vitro phosphorylated by immunoprecipitated activated epider-
mal growth factor receptor kinase (43). To test the effect on
DNA binding of this Stat1 mutation in a more physiologic
system, we reconstituted U3A cells with the W37A Stat1 mu-
tation and determined IFN-a-induced Stat1 activation by
EMSA (Fig. 8). Wild-type Stat1 binds to probe M67SIE as a
high-mobility complex, consistent with exclusive dimer binding
to this single site probe (Fig. 8, lane 1), while the W37A mutant
does not produce an EMSA complex (Fig. 8, lane 2). Since
Stat1 appears to bind only as a dimer to this probe, the lack of
binding of the mutant is not due to loss of the tetramer, but
rather an earlier step in Stat1 activation. Thus, this role for the
N domain may be conserved between various STATs.

DISCUSSION

To test whether N domain-mediated tetramerization is im-
portant for the authentic physiologic actions of Stat4, we mu-
tated residues in the Stat4 N domain that were structurally
implicated in dimer formation and tested their activities by
expression in Stat4-deficient cells. We first generated a muta-
tion in Stat4 corresponding to one previously analyzed for
Stat1 (43) or Stat5 (17) and interpreted as disrupting Stat1
tetramer formation. In particular, mutation of the invariant
tryptophan residue W37 in Stat1 was found to block IFN-g-
induced activity of a synthetic luciferase reporter containing
tandem STAT-binding sites as an enhancer (43). The same
mutation in Stat5a and Stat5b led to significant reduction in

FIG. 7. N domain involvement in Stat2-dependent Stat1 activation. U6A
cells, which lack Stat2 expression, were infected (1) with bicistronic retrovirus
expressing human Stat2 (hStat2) and human CD4 with truncation of the cyto-
plasmic domain, infected (1) with a bicistronic retrovirus expressing the N4-C1
STAT chimera (Fig. 3A) and GFP, infected with both viruses, or left uninfected
(2) as indicated. Cells were purified to .95% by sorting of surface expression of
the human CD4 marker for the hStat2 construct with an anti-hCD4-PE-conju-
gated antibody or by sorting for GFP expression for the N4-C1 STAT chimera,
and doubly infected U6A cells were purified by sorting coexpression of both
markers. Purified cells were treated with IFN-a for 20 min, and whole-cell
extracts were prepared and immunoprecipitated with an antibody specific to the
carboxy terminus of Stat1 (IP: Stat1-C) or the N terminus of Stat4 (IP: Stat4-N).
Western analysis was done for phosphotyrosine with RC20 (p-tyr). Blots were
stripped and reprobed with an antibody specific for the N terminus of Stat4
(Stat4-N) or carboxy terminus of Stat1 (Stat1-C).

FIG. 8. W37A mutation of Stat1 causes loss of IFN-a-induced DNA binding.
U3A cells were infected with wild-type Stat1 (wt) or Stat1 with a W37A muta-
tion. Retrovirally infected cells were purified by cell sorting and treated with
IFN-a for 20 min. Nuclear extracts were prepared, and EMSA was performed
with the indicated probes. Arrowheads are positioned to indicate the relative
migration positions between gels: solid arrowheads indicate lower mobility and
open arrowheads indicate higher mobility.
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IL-2-induced activity of a luciferase reporter driven by the
PRRIII enhancer of the IL-2Ra chain (17). In addition to
mutating W37 of Stat4, we also mutated E66, which makes an
important water-mediated contact with W37 in the N domain
dimer interface and is spatially related to the K70A mutation
reported by John et al. (17) for Stat5. We also mutated residue
Q36, which makes reciprocal contacts with Q36 in the adjoin-
ing dimer, and T40 which contacts Q41, Q67, and R70 of the
paired N domain dimer. Finally, we mutated the pair of basic
residues K84 and R85 based on the slight similarity of this
region to nuclear localization sequences (4), not expecting this
mutation to influence tetramer formation. Surprisingly, the
analysis of these mutations in Stat4 revealed that the Stat4 N
domain likely plays an additional role beyond tetramer forma-
tion, acting in receptor-proximal interactions of Stat4 as a
substrate for receptor-associated kinases.

Since tetramer formation can be analyzed by EMSA (17,
47), we began by comparing the EMSA complexes generated
by wild-type and mutant Stat4 proteins. U3A cells were used,
since they lack expression of Stat1 by a mutation (23) and do
not express endogenous Stat4 (8). Wild-type Stat4 generated
complexes on a single high-affinity STAT site probe, M67SIE,
whose mobilities were consistent with the formation of both
dimers and tetramers, as previously described (17, 47). In con-
trast, with probes Site 213 and GAS c1n, each containing
adjacent STAT sites, wild-type Stat4 generated only the com-
plex whose mobility was consistent with the formation of a
tetramer. Several mutations that were predicted to disrupt
potential tetramer interactions based on the crystal structure
of the Stat4 N domain dimer had no effect on binding to any of
the three probes used in this study. For the W37A mutation,
however, we observed loss of binding to the Site 213 and GAS
c1n probes, consistent with the loss of tetramer formation.
However, we also unexpectedly observed loss of both the low-
er- and higher-mobility complexes using the M67SIE probe,
indicating loss of dimer formation as well.

Therefore, as a control, we examined the capacity for these
Stat4 mutants to undergo IFN-a-induced tyrosine phosphory-
lation (Fig. 2). Surprisingly, the W37A Stat4 mutation had lost
IFN-a-induced phosphotyrosine incorporation, suggesting a
much earlier defect in activation caused by this mutant, but
nonetheless explaining the loss of both tetramer and dimer
formation. Mutations of the other residues within the dimer
interface did not cause this loss of tyrosine phosphorylation.
Thus, the W37A mutation of the Stat4 N domain prevented the
STAT monomer from becoming a suitable substrate for the
receptor-associated kinase during STAT activation.

Leonard and colleagues examined similar mutations in the N
domain for Stat5 regulation of the IL-2Ra chain enhancer
(17). In Stat5, the W37A and K70A mutations, as well as the
W37A K70A double mutation, suggested a role for these res-
idues in IL-2 induction via Stat5 activation of enhancer activity.
The mutations were found to allow nuclear localization of
Stat5 and thus were presumably phosphorylated, since phos-
phorylation is thought to be a prerequisite for STAT nuclear
localization. However, that study did not explicitly examine
phosphorylation of Stat5 mutants by Western blotting. In con-
trast, the W37A mutation in Stat4 blocked activation induced
by both IL-12 and IFN-a.

We were surprised to find that mutation of Stat4 predicted
by the crystal structure to disrupt N domain dimerization (i.e.,
T40A E66A) still bound DNA as a tetramer and was fully
functional for Stat4-dependent IFN-g production in develop-
ing T cells. This indicates that other residues may contribute to
this apparently quite stable Stat4 tetramer. Interestingly, DNA
binding site selection of dimeric and tetrameric Stat5 revealed

that the most favorable inter-GAS spacing was 6 bp for Stat5a
(36). This spacing positions the two Stat5 dimers on opposite
sides of the DNA and allowed for additional stabilizing inter-
actions between Stat5a core sequences according to a model
based on the Stat1 structure. In our double site probes, the
spacing of 11 bp between GAS elements would be predicted to
position Stat4 dimers on the same side of the DNA and seem-
ingly too far apart to allow interaction between core sequences.
Optimal sites for Stat4 tetramer binding have not been deter-
mined, nor are examples of Stat4-dependent promoters cur-
rently known in which to carefully examine these issues. In
essence, the role of the N domain for STAT-tetramer forma-
tion is still uncertain, and tetramer formation may involve
interactions between other regions of the STAT molecule.

We noticed that in the alpha 7 helix of the Stat4 N domain,
outside the dimer interaction face, a series of residues,
KRIRKVL, exhibited some similarity to a monopartite nuclear
localization signal (4). This region of the N domain is not well
conserved between the STATs, and so may not be the location
of elements that are generally involved in STAT nuclear trans-
location. However, we found that mutating two basic residues
in this region, K84A and R85A, led to an unpredicted loss of
tyrosine phosphorylation in response to IFN-a. A recent study
(39) showed that deletion of the N domain of Stat1, as well as
swapping the Stat2 N domain into Stat1 (CH2/1), resulted in
defective nuclear translocation not attributed to lack of phos-
phorylation. Notably, in that study, the mutated STAT proteins
were activated to undergo tyrosine phosphorylation by using
an artificial receptor consisting of the extracellular domain of
the human granulocyte colony-stimulating factor receptor
fused to the transmembrane and intracellular domains of the
IFN-aR a chain, fused to the Stat1 recruitment site (“y” mo-
tif). The use of this artificial receptor, which is very different in
structure from the native IFN-aR used in our study, could
potentially produce differences in requirements for receptor-
induced tyrosine phosphorylation. Our chimeric protein, N4-
C1, appears to be functional for nuclear translocation, since
our EMSA studies were all performed with nuclear extracts.
However, using the native IFN-aR, we see differences in ty-
rosine phosphorylation in the simple swap of N domains be-
tween Stat1 and Stat4, suggesting that there may be subtle
interactions determining whether a molecule is a suitable sub-
strate for the receptor-associated kinase.

We observed that in nuclear extracts from cytokine-activated
cells, Stat4 binds to a high-affinity STAT site, M67SIE, as both
low- and high-mobility complexes, whereas Stat1 binds only as
a high-mobility complex. Furthermore, two probes containing
adjacent STAT sites bind Stat4, but not Stat1. Since the DNA
binding preference of Stat4 determined by random binding site
selection is identical to that for Stat1 (47), we wondered
whether the difference in probe binding could be explained by
tetramer formation in the case of Stat4 and lack of tetramer-
ization for Stat1. We found that a chimera containing the Stat4
N domain and Stat1 carboxy domain (N4-C1) still cannot bind
to adjacent site probes, nor produces the low-mobility complex
on M67SIE when activated by IFN-a treatment. However the
same chimera does produce tetrameric complexes when acti-
vated by IFN-g treatment. This suggests that tetramerization is
a possible explanation for the difference in Stat4 and Stat1
binding to these probes at least for homodimer formation in
the context of IFN-g stimulation. Interestingly, we found that
a chimera containing the Stat1 N domain and Stat4 carboxy
domain (N1-C4) was unable to be phosphorylated after IFN-a
or IFN-g treatment, demonstrating that the N domains of
STATs are not functionally interchangeable.

Since IL-12 as well as IFN-a activates Stat4, we asked
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whether N domain mutations would respond similarly to both
stimuli. For the IL-12R complex, the Stat4 SH2 domain is
directly recruited to a tyrosine motif Y800 (YLPSNID) in the
IL-12Rb2 subunit cytoplasmic domain (26). For the human
IFN-aR complex, the Stat4 SH2 domain binds to activated
Stat2 rather than to the receptor itself. We found that the
W37A mutation of Stat4 blocked activation by both IL-12 and
IFN-a, suggesting that although the SH2 domain interactions
with either IFN-a and IL-12R complexes are different, there
may be a preceding step in Stat4 activation common to both
receptor pathways. Stark and colleagues have shown that Stat1
and Stat2 may be preassociated with the R2 subunit of the
IFN-aR (IFNAR2) through the Stat2 amino terminus (21). No
evidence for preassociation of Stat4 with either the IFN-a or
IL-12R complex has yet been published. Our data showing that
phosphorylation of the N4-C1 chimera is independent of Stat2
suggest that the Stat4 N domain may allow the preassociation
of Stat1 with the IFNAR2, a role normally provided by Stat2.
Interestingly, Ndubuisi et al. (27) found that the cytoplasmic
pool of Stat3 resides in high-molecular-mass complexes termed
“statosomes,” in which Stat3 may associate with the chaperone
GRP58, rather than residing as a monomer. Conceivably, the
Stat4 N domain interacts directly with cytokine receptors be-
fore activation, similar to Stat2, or alternately, adapter proteins
may interact with the Stat4 N domain to regulate either pre-
association with cytokine receptors or its participation in sta-
tosomes.

In summary, this study demonstrates that mutations in the
Stat4 N domain can interrupt the proximal process of tyrosine
phosphorylation by activated receptors. For Stat4, the W37A
mutation prevents activation by interfering with the earliest
step, before the formation of STAT dimers, preventing an in
vivo analysis of tetramer formation. Studies of N domain in-
terchange further indicate that N domains may not be freely
interchangeable between different STATs for physiologic acti-
vation by cytokine receptors. Together, these results suggest
that private activities mediated by some STAT N domains
could influence association with the receptor or the ability to
become a substrate for receptor-associated kinases.
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