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We report experiments that infer a radical reorientation of tyrosine-phosphorylated parallel STAT1 dimers
to an antiparallel form. Such a change in structure allows easy access to a phosphatase. With differentially
epitope-tagged molecules, we show that the two monomers of a dimer remain together during
dephosphorylation although they most likely undergo spatial reorientation. Extensive single amino acid
mutagenesis within crystallographically established domains, manipulation of amino acids in an unstructured
tether that connects the N-terminal domain (ND) to the core of the protein, and the demonstration that
overexpressed ND can facilitate dephosphorylation of a core molecule lacking an ND all support this model:
When the tyrosine-phosphorylated STAT1 disengages from DNA, the ND dimerizes and somehow assists in
freeing the reciprocal pY–SH2 binding between the monomers of the dimer while ND � ND dimerization
persists. The core of the monomers rotate allowing reciprocal association of the coiled:coil and DNA-binding
domains to present pY at the two ends of an antiparallel dimer for ready dephosphorylation.
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The STAT proteins are one of several different families
of latent cytoplasmic transcription factors that are acti-
vated in response to polypeptide ligands binding to their
cognate cell surface receptors (Brivanlou and Darnell
2002). When these protein families were first discovered,
it was natural that attention focused on the details of
their activation and nuclear accumulation, their DNA
binding, and their target genes. However, the extent and
duration of activation of these factors and how their ac-
tivity is restrained and therefore balanced are crucially
important to understanding their physiologic function.
In the case of the seven STAT proteins, all of which are
activated by phosphorylation on a single tyrosine by a
very wide array of cytokines and growth factors (Levy
and Darnell 2002), several different classes of pro-
teins that restrain STAT activity have been documented.
(1) Cytoplasmic phosphatases can dephosphorylate acti-
vated receptors (for review, see Levy and Darnell 2002).
(2) Suppressors of cytokine signaling proteins, SOCS,
themselves induced by activated STATs, bind to recep-
tors to prohibit further activation of STATs (for review,
see Alexander and Hilton 2004). (3) Proteins termed PIAS

(proteins that inhibit active STATs) can block activated
STATs from binding to DNA (for review, see Shuai and
Liu 2005). The physiologic importance of these several
classes of inhibitors is proven because genetic loss of
these proteins, induced in mice and naturally occurring
in human tumors (for review, see Darnell 2002), results
in heightened STAT function that leads to disease.

The final event in inactivation of activated STATs is
tyrosine dephosphorylation, and much less is known
about this crucial step. Much of what is known pertains
to STAT1. First, in the interferon (IFN)-� dependent
cycle of phosphorylation–dephosphorylation, there is no
loss of STAT1 protein (Haspel et al. 1996). Blockage of
STAT1 dephosphorylation by phosphatase inhibition
leads to nuclear accumulation of all the tyrosine-phos-
phorylated STAT1 and its subsequent persistence
(Haspel and Darnell 1999). A nuclear tyrosine phospha-
tase, TC45 (one of two proteins encoded by the TCPTP
gene), is capable of dephosphorylating STAT1 (and also
STAT3), and cells lacking TC45 exhibit persis-
tent STAT1 phosphorylation after IFN-� treatment (ten
Hoeve et al. 2002). Restoration of TC45 restores the in-
activation of STAT1.

Crystallographic structures have provided many of the
details of the activation–inactivation of the STATs
(Becker et al. 1998; Chen et al. 1998; Mao et al. 2005;
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Neculai et al. 2005). The tyrosine-phosphorylated core
(residues ∼130–712) of STAT1 and STAT3 bind DNA as
dimers held together through reciprocal phospho-
tyrosine–SH2 (pY–SH2) interactions with no other pro-
tein contacts between the DNA-bound dimers. The
structure of the N-terminal domains (ND; amino acids
1–130) of STAT1 and STAT4 were solved separately
(Vinkemeier et al. 1998; Mao et al. 2005) and are compact
structures of a series of helical segments. The ND is
attached to the core of a monomer molecule by ∼20 flex-
ible (∼12 unstructured) amino acids we refer to as a
tether. The domains in the core from the N to C termi-
nus are a coiled:coil domain (CCD), a DNA-binding do-
main (DBD), a structural linker domain (LD), and an SH2
domain (see Fig. 1). An unstructured transcription acti-
vation domain of 38 amino acids at the C terminus com-
pletes the molecule. Because the SH2 domains are at the
same end of the tyrosine-phosphorylated, DNA-bound
structure, we refer to it as “parallel.” How a phosphatase
gains access to the two tyrosine phosphates each buried
in an –SH2 pocket is not clear.

Recently the solution of the nonphosphorylated
STAT1 (Mao et al. 2005) and STAT5 (Neculai et al. 2005)
structures revealed the same core structure within each
monomer as in the phosphorylated STAT1 and STAT3,
and the nonphosphorylated core monomers were dimer-
ized but oriented oppositely in space leaving the SH2
domains at opposite ends of an “antiparallel” dimer
(Fig. 1). The monomers in this antiparallel configuration

were aligned such that a reciprocal interaction, CCD to
DBD, was seen between the two monomers.

Prior to the solution of the nonphosphorylated dimeric
STAT structures, accumulation from several laborato-
ries of data using biophysical measurements and copre-
cipitation of epitope-tagged molecules (Lackmann et al.
1998; Novak et al. 1998; Ndubuisi et al. 1999; Braunstein
et al. 2003) showed that full-length nonphosphorylated
STAT1 and STAT3 were mostly dimeric. Furthermore,
Murphy and colleagues (Ota et al. 2004) found that in-
teraction between the NDs of each monomer in a dimer
was necessary for dimerization of nonphosphorylated,
full-length molecules of STAT1, STAT3, STAT4, STAT5,
and STAT6. The same residues in the ND interface that
were known from crystallography and mutagenesis
to be important for dimerization of the isolated NDs
(Vinkemeier et al. 1998; Chen et al. 2003) were also im-
portant for the ND-mediated dimerization of full-length
molecules (Ota et al. 2004).

Thus, three protein interfaces have been recognized
between portions of STAT molecules: reciprocal pY–SH2
in the parallel, pY molecules, and ND:ND and reciprocal
DBD:CCD in the antiparallel, unphosphorylated dimers.
We tested by limited mutagenesis the importance of
these latter two interfaces in the dimerization of non-
phosphorylated STAT1 and in the activation–inactiva-
tion cycle of STAT1 in IFN-�-treated cells (Zhong et al.
2005). STAT1 protein bearing mutations that disrupt the
ND:ND dimer (F77A and/or L78A) or a mutation in a
residue (F172W) that appeared in the crystal structure to
be involved in the coiled:coil/DBD interactions no
longer formed nonphosphorylated dimers. In addition,
these mutants in two different domains exhibited the
same surprising phenotype-persistent phosphorylation
in IFN-treated cells and resistance as pure protein to in
vitro dephosphorylation by TC45 tyrosine phosphatase.
Strehlow and Schindler (1998) had earlier found that sub-
stituting the ND of STAT2 or STAT5 for the ND of
STAT1 also gave the persistent phosphorylation pheno-
type of the STAT1 chimera. And Shuai et al. (1996) found
that deletion of the first 60 residues of the ND of STAT1
led to persistent phosphorylation. On the basis of all of
these observations, we proposed (Zhong et al. 2005) that
after leaving DNA, a phosphoSTAT1 dimer still held to-
gether by ND:ND interaction even after pY–SH2 dis-
junction might undergo a reorientation in space from
parallel to antiparallel thus exposing the pY as a better
target of a phosphatase. Here we test several predictions
of this model by extensive further mutagenesis and bio-
chemical experiments, all of which suggest that spatial
mobility of the ND on its tether is required for parallel-
to-antiparallel reorientation of the phosphorylated core
to allow efficient dephosphorylation and that the ND
has a necessary role in promoting the dephosphorylation.

Results

Predictions of model

The model of dephosphorylation of the phosphoSTAT1
dimer dependent on reorientation from the parallel to

Figure 1. Schematic of salient features of STAT1 structure.
The domains are N-terminal domain (ND), coiled:coil domain
(CC), DNA-binding domain (DBD), linker domain (L), and SH2
domain (SH2). The ND is shown tied to the CC through a flex-
ible tether (not to scale), and the residues C-terminal to the
–SH2 include the Y701, which is phosphorylated (red dot) when
the molecule is activated. The C-terminal region is also flexible
as indicated by the wavy black line. At the bottom of the figure
are diagrams of the parallel and antiparallel structures sup-
ported by crystallographic results (Chen et al. 1998; Mao et al.
2005). Notable is the F172 residue that is important in the anti-
parallel structure.
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the antiparallel form before phosphatase action makes
several predictions and suggests several testable points.
(1) The two monomers of a STAT1 phosphodimer should
remain associated after dephosphorylation. (2) The ND is
attached to the CCD by a flexible ∼20-amino-acid tether
that is believed to be too short to allow the two NDs of
the dimer to interact when the phosphodimer is bound
to DNA (Chen et al. 1998). We hypothesize that upon
leaving the DNA, the phosphodimer might be flexible
enough to allow the two NDs, attached by their tethers
to the STAT1 core, to dimerize as the first step in the
pathway to dephosphorylation. We supposed it is the
length and not the sequence of the tether that matters
in this proposed ND contact. (A phosphorylated Dic-
tyostelium STAT not bound to DNA, but capable of
binding DNA, did in fact crystallize as an extended rod-
like structure, proving flexibility presumably in the
SH2 region of that molecule [Soler-Lopez et al. 2004].)
(3) The dissociation of the two reciprocal pY–SH2 bonds
of a phosphodimer occurs by an unknown means. The
possibility exists that the ND dimer binds to the core of
the two subunits of the phosphodimer to assist in pro-
moting dissociation of the pY–SH2 interaction. (4) If the
pY–SH2 interactions of a phosphodimer are simulta-
neously disrupted but the ND:ND dimers on their teth-
ers remain associated, the core of the two STAT subunits
might be free to rotate, allowing interaction between the
CCD:DBD motifs stabilizing the antiparallel form of the
still phosphorylated dimer. As earlier noted, this pro-
posed interaction requires F172, which appears to bind a
pocket involving Q340Q408G384. Mutations of the resi-
dues in this pocket should prevent stable spatial re-
orientation to the antiparallel form, thus causing persis-
tent phosphorylation as did the F172W mutation.

The monomers of a STAT1 phosphodimer remain
associated after dephosphorylation by TC45

In early experiments (Shuai et al. 1994) using artificially
long and wild-type STAT1, we found that phos-
phodimers of either type (long or wild type) did not ex-
change partners during incubation unless forced apart
with homologous phosphotyrosine-containing peptides.
To test whether dephosphorylation of a STAT1 phos-
phodimer in vitro led to dissociation of the monomeric
subunits so that partner interchange might occur, we
prepared differentially epitope-tagged STAT1 phospho-
protein (Myc · His on one construct and Flag on the
other). Cells (293T) were transfected with two vectors
expressing either STAT1 tagged with Flag epitope or the
Myc � His epitope and treated with interferon (IFN)-�.
Differentially tagged phosphodimers (Fig. 2A) were puri-
fied in three steps (a Ni++ column for Myc · His, an anti-
body column for Flag, and a substrate-bound oligo-
nucleotide containing a STAT1-binding sequence; see
Materials and Methods) to ensure the collection of only
phosphodimers containing one Myc · His-tagged and one
Flag-tagged monomer. The purified preparation (Fig. 2B)
complexed to DNA could be shifted in electrophoretic mo-
bility shift assay (EMSA) analysis by either a Myc or a Flag

antibody and could be “double shifted” with both anti-
bodies. Therefore all the DNA-binding dimers contained
both Myc · His and Flag epitopes. When this preparation,
capable of binding DNA, was dephosphorylated by
TC45, all the DNA-binding capacity was removed (be-
cause, of course, only STAT1 phosphodimers bind DNA)
(Fig. 2C,D, lanes 3,4, top panels). After dephosphoryla-
tion, the preparations were again selected by attachment
to and elution from Ni++ NTA agarose and subjected to
Western blot analysis with anti-Flag antibody to see if
the Myc · His and Flag epitopes remained together. The

Figure 2. Monomers of a STAT1 phosphodimer remain asso-
ciated during dephosphorylation. (A,B) Purification of STAT1-
Flag:STAT1-Myc phosphodimers. 293T cells were cotransfected
with expression constructs for Flag-tagged STAT1 and Myc-
tagged STAT1. After IFN-� induction, whole-cell extracts were
subjected to a three-step affinity-purification scheme (see Ma-
terials and Methods). Material was evaluated by EMSA with a
M67 probe before purification (A) and after purification (B) using
anti-Flag and anti-Myc antibodies for shifting STAT1–DNA
complexes. (C,D) Continued association of STAT1 monomers
in a dimer after in vitro dephosphorylation with GST-TC45.
Purified doubly tagged STAT1 phosphodimers alone (C,D, lanes
1,3) or as mixture with purified nontagged phospho STAT1�

(C,D, lanes 2,4) were incubated for 60 min with purified tyro-
sine phosphatase TC45. (Top panels) Tyrosine phosphorylation
of STAT1 proteins was monitored before and after TC45 treat-
ment by EMSA. (Bottom panels) The presence of Flag-Myc het-
erodimers before and after dephosphorylation was assayed by
pull-down with Ni-NTA agarose and immunoblot detection of
coimmunoprecipitated proteins with anti-Flag antibodies. Note
that in C approximately equal amounts of doubly tagged STAT1
(lane 2, upper band) and nontagged STAT1� (lane 2, lower band)
were used, whereas in D 10-fold as much nontagged STAT1�

was included to assay for a possible dissociation and reassocia-
tion of tagged dimers.
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dephosphorylation was carried out both with the tagged
purified STAT1 alone (Fig. 2C,D, lanes 3) or with added
nontagged STAT1� in approximately an equal amount
(Fig. 2C, lane 4) or a 10-fold excess to the tagged STAT1
(Fig. 2D, lane 4). If during dephosphorylation the mono-
mers of a phosphodimer dissociate, the Myc � His and
Flag epitopes that are on separate STAT1 monomers
should be momentarily separated before again forming
nonphosphorylated dimers. So about half would be lost
as mixed tagged molecules (presumably reassociating as
Myc � Myc or Flag � Flag dimers). If excess nontagged
molecules were present during a hypothetical dissocia-
tion, the number of mixed tagged nonphosphorylated
dimers should be drastically reduced. However, when
the dephosphorylated preparations were again selected
on the Ni++ column (the Myc � His affinity column), the
amount of Flag epitope recovered was the same as before
dephosphorylation (Fig. 2C,D, lanes 4, bottom panel).
This experiment strongly supports the conclusion that
during dephosphorylation there is no disruption of the
dimers into monomers and reassociation into nonphos-
phorylated dimers. Since crystallography shows that the
phosphodimer is a parallel structure and the nonphos-
phorylated molecule (at least the core) is antiparallel, the
experiment suggests a realignment in space during de-
phosphorylation leaving nonphosphorylated antiparallel
dimers.

Importance of the tether in dephosphorylation

In the crystal structures of the ND and of the core of
STAT1, the last hydrophobic anchor residue of the ND
is 116 and the first such residue of the core is 142. With-
in this flexible region, residues 123–135 are unstruc-
tured. Thus this region of the molecule can be consid-
ered a “tether” (Gokhale and Khosla 2000) connecting
the ND to the body of the molecule (Chen et al. 1998;
Vinkemeier et al. 1998). We explored the contribution
of this region to the STAT activation:inactivation cycle
by shortening the tether, or by changing the sequence
(Fig. 3A).

Vectors encoding wild-type or mutant protein were
transfected into U3A cells that lack STAT1 followed by
IFN-� treatment for 30 min and staurosporine treatment
for 45 min. This kinase inhibitor immediately blocks
further tyrosine phosphorylation, enabling a ready analy-
sis of the removal of pre-existing STAT pY (Haspel et al.
1996; Zhong et al. 2005). An antibody specific for STAT1
pY showed that pY disappeared from wild-type STAT1
virtually completely during staurosporine treatment
(Fig. 3B). We previously reported that the mutation
(F172W) that blocks nonphosphorylated STAT1 dimer-
ization has a persistent phosphorylation phenotype, and
this mutant was used as a control (Zhong et al. 2005).
Our assumption has been that the role of an unstruc-
tured tether might be to allow the ND of each monomer
of the phosphorylated STAT1 to bind to its opposite ND
when the phosphoSTAT1 is not bound to DNA. If this
were the first step in dephosphorylation, deletion of the
ND should block dephosphorylation. This is, indeed, the

case: The �135 mutant protein (lacking the first 135 resi-
dues of STAT1) is phosphorylated normally but resists
dephosphorylation after staurosporine treatment (Fig.
3B). When only seven amino acids (residues 136–142;
mutant �7T) were removed from the tether, phosphory-
lation and dephosphorylation were the same as in wild-
type protein (Fig. 3B). However, when 12 or 17 amino
acid residues (�12T or �17T) were removed, phosphory-

Figure 3. Persistent phosphorylation of STAT1 tether mu-
tants. (A) Amino acid sequence of STAT1 tether and tether mu-
tants. (B) Dephosphorylation of STAT1 and STAT1 mutants.
U3A cells that lack STAT1 were left untransfected (U3A) or
transfected for 24 h with vectors encoding wild-type STAT1
(WT), STAT1 lacking the first 135 amino acids (�135), or other
mutant STAT1 proteins: F172W, �17T, �12T, �7T; as indicated
in A. Parallel samples of cells were treated or not treated with
IFN-� for 30 min, and IFN-� for 30 min followed by the tyrosine
kinase inhibitor staurosporine for an additional 45 min. Total
cell extracts were prepared and Western blotted with anti-pY
STAT1 (top) and anti-STAT1 antibodies (bottom). (C) Time
course of dephosphorylation in staurosporine-treated cells. U3A
cells were complemented with wild-type STAT1 or tether mu-
tants 12TCR (12 central amino acids reversed, shown in red in
A) or �12TC (12 central amino acids deleted). Expressed STAT1
proteins were IFN-� activated for 30 min followed by treatment
with staurosporine for the indicated times (30, 60, 90, 120 min).
Immunoblot analysis of whole-cell extracts as in B. (D) Same
assay as in B with wild-type STAT1 or mutants �12T and MetH-T
in which residues 121–141 of STAT1 are replaced with 21 amino
acids of human methionine synthase (shown in green in A).
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lation was normal, but dephosphorylation persisted es-
sentially unchanged after staurosporine treatment (Fig.
3B). When the 12 central amino acids in the tether be-
tween residues 121 and 132 were reversed in their order
compared with the wild-type sequence (12TCR), normal
phosphorylation and dephosphorylation were observed
(Fig. 3C). After 120 min of staurosporine treatment, the
protein with 12 central amino acids deleted (�12TC) re-
mained phosphorylated, while the wild-type protein and
the protein with the central 12 amino acids reversed in
the tether (12TCR) had been largely dephosphorylated in
30 min and completely dephosphorylated after 60 min of
staurosporine treatment (Fig. 3C). Finally, we replaced
21 residues of the STAT1 tether with 21 amino acids
from human methionine synthase (MetH-T) (Fig. 3D).
These MetH-T amino acids serve as a linker in this en-
zyme to accommodate domain movement during the
methyl transfer reactions of the methionine synthesis
cycle and bear no sequence relatedness to the STAT1
tether (Bandarian et al. 2001; Evans et al. 2004). STAT1
with the MetH-T insertion was phosphorylated and de-
phosphorylated like wild-type STAT1. Thus it is the
length of the STAT1 tether that is important to promote
dephosphorylation, not the sequence.

The ND dimer plays a direct role in dephosphorylation

Since the �135 mutant remains persistently Y phos-
phorylated for hours after IFN-� treatment, we tested
whether the ND expressed separately from the �135
molecule would have an effect on dephosphorylation
of �135. U3A cells were transfected both with vectors
encoding �135 and either the wild-type ND or the ND
mutant F77A,L78A or a vector encoding the ND of
STAT5b (amino acids 1–129). Strehlow and Schindler
have shown that a chimera of STAT1 with the ND of
STAT5 exhibits persistent phosphorylation (Strehlow
and Schindler 1998).

In representative experiments of several similar ex-
periments (Fig. 4A,B), we found that the STAT1 wild-
type ND was capable of causing the phospho�135 to be
dephosphorylated, while the STAT5b ND was not ca-
pable of causing dephosphorylation. The effect of STAT1
ND F77A/L78A mutant ranged from ∼50% to 75% de-
phosphorylation. Thus we are not able to conclude ab-
solutely whether dimerization of the ND is obligatory,
but the effect of wild-type ND in promoting dephos-
phorylation was consistent in all experiments. (The ND
preparations were tagged with HA, and Western blotting
indicated approximately equal expression of the various
ND molecules in Fig. 4A.) In Figure 4B, the apparent ex-
pression of STAT5b ND greatly exceeds that of the
STAT1 wild-type ND, and still the STAT5b ND does
not promote dephosphorylation of the �135 STAT1.
Therefore we conclude there is definitely a direct and
specific facilitating role of the soluble wild-type ND in
dephosphorylation of the �135 mutant, suggesting that
in the intact STAT1 molecule the ND must play a simi-
lar role.

Importance of the DBD-binding pocket

We next turned to the importance of the CC/DBD
interaction first detected in the crystal structure of
the nonphosphorylated STAT1 dimer (Mao et al. 2005).
Crystallography of the nonphosphorylated STAT1 core
showed that residue F172 apparently inserted its
side chain into a pocket within the DBD of the other
molecule of the dimer (Fig. 5A). And the mutation
F172W resulted in a persistent phosphorylation pheno-
type (Zhong et al. 2005). To solidify the sugges-
tion about the importance of this interaction in main-
taining the antiparallel structure as a basis for persistent
phosphorylation, we made the following muta-
tions: Q340A or Q340W, G384A or G384W, and Q408A
or Q408W to potentially change the nature of the
pocket. All six mutations of the three “pocket” residues
resulted in proteins exhibiting the persistent phos-
phorylation phenotype (Fig. 5B,C, data for G384W
and Q408A not shown). That is, the proteins were tyro-
sine-phosphorylated after IFN-� treatment but resisted
dephosphorylation after staurosporine treatment. As a
test that these mutations did not affect the other
properties of the STAT1 protein, activated STAT1
Q340A, G384A, and Q408W were shown to bind DNA
(Fig. 5D).

Figure 4. Expression of free STAT1-ND but not STAT5b-ND
rescues the phenotype of mutant �135. (A) Coexpression of
�135 with STAT1 ND constructs in U3A cells. Cells were
transfected with indicated combinations of �135 and empty
vector, �135 and HA-tagged wild-type ND, or �135 and HA-
tagged ND-F77/L78A, which prevents ND dimerization. After
IFN-� activation followed by staurosporine treatment for indi-
cated times (in minutes), total cell extracts were subjected to
immunoblot analysis. (Bottom panel) Expression of NDs was
detected with anti-HA antibodies. (B) Coexpression of �135
with ND of STAT1 and STAT5b. Preparation of samples as in A
with staurosporine treatment for 45 min. Experiments were car-
ried out in duplicate.
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Nuclear entry of proteins exhibiting persistent
phosphorylation phenotypes

Since previous indications suggested that dephosphory-
lation of STAT1 after IFN-� treatment occurred in the
nucleus (Haspel and Darnell 1999; ten Hoeve et al. 2002),
we tested the nuclear accumulation of wild-type and
several of the mutant proteins. After transfection of
U3A cells with wild-type or mutant constructs (�135,
Q340A), either whole-cell extracts or nuclear extracts
were prepared after 30 min treatment with IFN-� and a
45-min treatment with staurosporine. The whole-cell
extracts (Fig. 6A) repeated earlier results: Wild-type pro-
tein was activated at 30 min and dephosphorylated after
staurosporine. Both mutants, however, showed persis-
tent phosphorylation after staurosporine (Fig. 6A).
Nuclear extracts showed that entry into the nucleus of
phosphoSTAT1 occurred similarly for wild-type and mu-

tant proteins and the staurosporine-resistant phospho-
protein was nuclear. In a second experiment, U3A cells
were transfected as above with vectors encoding �135,
Q340A, or wild-type protein and activated by IFN-�
treatment for 30 min, and staurosporine treatment was
carried out for 15, 30, 45, and 60 min. In this experiment,
both cytoplasmic extracts and nuclear extracts were
examined (Fig. 6B). The wild-type phosphoSTAT1 was
present in both the cytoplasm and nucleus before stau-
rosporine treatment and was gone from the cytoplasm
within 15 min of staurosporine treatment and gradually
declined in the nucleus after that. The pSTAT-Q340A
was also divided between nucleus and cytoplasm before
staurosporine treatment and declined more slowly in the
cytoplasm. In this overexpression scenario, the pY �135
was equally distributed between nucleus and cytoplasm
throughout the staurosporine treatment but was clearly
not dephosphorylated in either compartment. Thus we
conclude that the persistent dephosphorylation pheno-
type of the mutant proteins is not due to a failure to
enter the nucleus.

Figure 5. Mutations of the pocket for residue F172 in the DBD
cause persistent phosphorylation. (A) Shown is the crystallo-
graphically determined structure of amino acids in DBD of
STAT1 that form a pocket in which the F172 residues of the
CCDs interact. (B,C) STAT1 proteins with indicated mutations
that were designed to disrupt the CCD/DBD dimer interface
were expressed in U3A cells. After activation with IFN-� for
30 min and staurosporine treatment for 45 min, total cell ex-
tracts were analyzed by immunoblotting with anti-pY STAT1
(top) and anti-STAT1 antibodies (bottom). (D) DNA binding of
activated pocket mutants. Total cell extracts prepared as in B
and C were subjected to EMSA analysis with an M67 probe.

Figure 6. Nuclear entry of persistently phosphorylated STAT1
mutants. (A) U3A cells transfected with expression constructs
for wild-type STAT1 and mutants �135 and Q340A were treated
with IFN-� for 30 min and staurosporine for 45 min. Whole-cell
extracts (WCE) and nuclear extracts (NE) were prepared in par-
allel from identical samples by dividing cells evenly before ly-
sate preparation. Samples were subjected to immunoblotting
with antibodies to pY STAT1 and STAT1. (B) Flow of activated
STAT1 proteins upon staurosporine addition. U3A cells ex-
pressing wild-type STAT1 or mutant proteins �135 and Q340A
were treated with IFN-� for 30 min followed by staurosporine
treatment for the indicated times (in minutes). Cytoplasmic
(Cy) and nuclear extracts (NE) were analyzed by immunoblot-
ting.
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Discussion

We propose that a fairly radical set of mobile domain
changes is required for the efficient enzymatic dephos-
phorylation of the pY of STAT1 (Fig. 7). The proposal
stems initially from the knowledge of two crystallo-
graphic structures of STAT1 core: (1) a tyrosine-phos-
phorylated STAT1 dimer bound to DNA that has recip-
rocal pY–SH2 interactions at one end of the dimer—a
parallel structure; and (2) a nonphosphorylated antipar-
allel structure with SH2 domains at opposite ends of the
dimer (Chen et al. 1998; Mao et al. 2005). We know that
TC45 is required to dephosphorylate STAT1 in the
nucleus to recycle the STAT1 back to the cytoplasm (ten
Hoeve et al. 2002). We demonstrate here that, in fact,
monomers of a phosphodimer do remain associated after
in vitro dephosphorylation, consistent with rotation of
the body of the molecule without dissociation during
dephosphorylation.

Mutagenesis in this and the previous paper (Zhong et
al. 2005) provides strong evidence that the proposed ND
dimerization after STAT1 phosphodimer disengagement
from DNA is required for subsequent steps. Experiments
clearly show that the length but not the sequence of the
tether connecting the ND to the CCD is important for
dephosphorylation. The flexibility of the tether presum-
ably allows for ND dimerization. Furthermore, we show
here that a wild-type dimeric ND expressed in cells can,
albeit less efficiently than an attached ND, promote de-
phosphorylation of the phosphorylated STAT1 lacking
an ND (�135; i.e., 136–750) that otherwise is resistant to
dephosphorylation. Neither mutant ND protein nor a
STAT5 ND is capable of inducing dephosphorylation.
These experiments suggest an active role by the ND
dimer in binding to the core, perhaps promoting pY–SH2

disengagement. Subsequent rotation of the two bodies of
the dimer could allow CCD/DBD interaction dependent
on the F172W association with the Q340, G384, Q408
pocket stabilizing the antiparallel structure, providing
an accessible substrate for TC45. Mutations of the
pocket residues plus the F172W mutant leading to per-
sistent phosphorylation strongly support this idea. The
dephosphorylated antiparallel dimer would then remain
intact and exit to the cytoplasm, and Braunstein et al.
(2003) found the majority of nonphosphorylated cyto-
plasmic STAT1 to be dimeric.

The structures of the monomer cores of STAT1 are the
same in the parallel or antiparallel form, so allosteric
change in the core structure may not be required for
dephosphorylation (Mao et al. 2005). Large-scale move-
ment of domains, however, would be. Movement of do-
mains without necessary allosteric changes in modular
proteins is a well-established phenomenon (Gokhale and
Khosla 2000; George and Heringa 2003; Josi et al. 2005),
although all such previously documented changes oper-
ate over much shorter distances than the ∼150 Å reori-
entation we propose for STAT1. For example, in one of
the earliest crystallographically illustrated cases, the
two lobes of the catalytic subunit of cyclic AMP-acti-
vated protein kinase are connected by a short five-
amino-acid linker (for review, see Cox et al. 1994). The
enzyme crystallizes in both an open and closed confor-
mation in which the linker allows rotation of the small
lobe away from the large, changing access of substrate to
the active site at the base of the cleft between the two
lobes. Other examples in which the spatial change in
domains is greater is exemplified by methionine syn-
thase (Bandarian et al. 2001; Evans et al. 2004). This large
enzyme consists of four modules. The third module (Cob
domain) binds cobalamin, the methyl carrier that ulti-

Figure 7. Model for STAT1 dephosphory-
lation using crystal structures of ND and
core of STAT1. The domains and icons for
STAT1 are given in Figure 1. Note that the
red dot at Y701 indicates phosphorylation.
First consider the parallel phosphorylated
dimer (pSTAT dimer) bound to DNA. Dis-
engagement from DNA is shown in the sec-
ond panel; flexibility of the free pSTAT
dimer allows contact between NDs because
they are on an ∼60 Å tether (Chen et al.
1998). The ND, possibly by contacting the
body of the pSTAT, induces pY–SH2 disen-
gagement. The dimer still held together by
the ND/ND interface allows rotation of the
monomers so that CC/DBD interaction can
occur, presenting the pY at 701 for dephos-
phorylation. Exit to the cytoplasm of the
antiparallel nonphosphorylated dimer then
occurs. In the cytoplasm, nonphosphory-
lated STAT1 is shown as either a monomer
or dimer and can likely be tyrosine-phos-
phorylated in either mode. STAT4 may be
obligatorily a dimer in order to be phos-
phorylated at the receptor (Ota et al. 2004).
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mately converts homocysteine to methionine. In so do-
ing the Cob subunit must visit physically the two sepa-
rated sites that bind first N5-methyltetrahydrofolate and
then homocysteine to deliver a methyl group to make
methionine. These events require large-scale (∼50 Å)
movements of the two modules that bind homocysteine
and N5-methyltetrahydrofolate. The folate and homo-
cysteine domains have a linker that plays a structural
role in holding these two modules in a fixed configura-
tion, but the linker between these two modules and the
Cob domain is between 20 and 30 amino acids long in
different methionine synthases and has no structural
role. However, the tether is required to allow variable
positioning of the Cob domain during methionine syn-
thesis. It is 21 amino acids from this linker in the human
enzyme that we used in place of the STAT1 tether that
allowed normal dephosphorylation of STAT1.

Other instances of domain movement and the role of
linkers in protein biochemistry have been reviewed
(Khosla and Harbury 2001). One particularly instructive
case is the �-subunit of Escherichia coli RNA polymer-
ase that consists of two domains (N + C) joined by a flex-
ible linker capable of stretching to 44 Å. This C-domain
of the �-subunit can bind DNA weakly and can also bind
activators of transcription. Because of the flexibility of
the linker, the positioning of the C-domain-binding site
on the DNA and the activator DNA-binding sites can
vary considerably in their arrangements (for review, see
Gourse et al. 2000) and still result in increasing tran-
scription.

It is also worth noting that dephosphorylation of tyro-
sine residues is critical in balancing signaling through
many pathways, and how phosphatases gain access to pY
residues buried in SH2 cavities is largely unknown ex-
cept for Src-like proteins. In the case of Src kinase itself
(for review, see Harrison 2003), phosphorylation of the
C-terminal tyrosine, residue 527, renders the enzyme in-
active because the pY 527 is buried in an SH2 pocket,
changing the confirmation of the enzyme. PTP1�, a ty-
rosine phosphatase capable of dephosphorylating Y527
and activating Src is a multidomain protein that can it-
self be tyrosine-phosphorylated (Zheng et al. 2000). The
pY residue on PTP1� can dislodge (exchange with) the
pY527 of Src, leaving the catalytic domains of PTP1�
free to dephosphorylate the Src p527, reverting the en-
zyme to its active conformation.

In the case of STAT1 (and of the STATs, in general), it
is physiologically important to restrain activity, and
since there are two reciprocal pY–SH2 interactions pro-
ducing tight binding, it seems logically possible that an
evolved mechanism was required to interrupt the other-
wise reluctantly separated pY–SH2 state. It is known
that some other STATs once activated are also eventu-
ally dephosphorylated, and it is also known that the
STAT5 core forms the antiparallel structure. Finally, it
should be noted that STAT1 can be phosphorylated as a
monomer (Fig. 7) and presumably must do so when ac-
tivated by IFN-�, where the principle activated molecule
is a STAT1/STAT2 dimer. However, STAT4 is not phos-
phorylated except as a dimer as shown by Ota et al.

(2004). It will be important to investigate also other
members of the STAT family for the physical details that
occur during dephosphorylation.

Materials and methods

Cell culture, reagents, and antibodies

U3A and 293T cells were cultivated in DMEM (Gibco) supple-
mented with 10% cosmic calf serum (HyClone) and penicillin/
streptomycin (Gibco). Human IFN-� (R&D Systems) was used
at a final concentration of 5 ng/mL; staurosporine (Calbiochem)
was used at a final concentration of 500 nM. Monoclonal anti-
body to the STAT1 C terminus was from Transduction Labora-
tories. Polyclonal antiserum specific for STAT1 phosphotyro-
sine 701 and monoclonal antibody specific for the HA epitope
were purchased from Cell Signaling Technology. The Flag epi-
tope was detected with monoclonal antibody M2 from Sigma;
monoclonal anti-Myc antibody was from Santa Cruz Biotech-
nology.

Affinity purification of phosphorylated STAT1-Flag:STAT1-myc
heterodimers

293T cells grown on 100-mm plates were transfected with 4 µg
of each differentially tagged STAT1� expression construct (C-
terminal Flag epitope in pRc/CMV and C-terminal myc-His
double tag in pcDNA3.1/Myc-His) using Lipofectamine reagent
(Invitrogen). Twenty-four hours after transfection, ∼2 × 108 to
3 × 108 cells were treated with IFN-� for 30 min, followed by
preparation of whole-cell lysates in lysis buffer (50 mM Tris at
pH 7.6, 150 mM NaCl, 0.1% Triton X-100, fresh Protease In-
hibitor Cocktail [Calbiochem]). Lysates were subjected to a
three-step affinity-purification procedure, taking advantage first
of the Myc-His tag that binds selectively to Ni-NTA-agarose
(Invitrogen). Material eluted from these beads with imidazole
was subjected to DNA affinity chromatography using biotinyl-
ated oligonucleotides from the Ly6E gene promoter (5�-CATGT
TATGCATATTCCTGTAAGTGCATG-3�) (Shuai et al. 1993).
Bound phosphorylated STAT1 dimers were eluted with 800 mM
NaCl and subsequently purified on M2 agarose (Sigma) to obtain
STAT1-Flag:STAT1-Myc-His-phosphorylated heterodimers.

Purified material (50 ng) was incubated with recombinant
GST-TC45 for 60 min at 30°C as described (Zhong et al. 2005).
Reactions were carried out with and without either 50 ng or 500
ng purified nontagged phosphorylated STAT1� purified accord-
ing to Chen et al. (1998). After in vitro phosphatase assays, half
of the reaction was analyzed by EMSA with 0.06 pmol of 32P-
labeled M67 probe (Zhong et al. 2005); the other half was se-
lected by and eluted from Ni-NTA-agarose and subjected to
immunoblotting with anti-Flag antibody.

Plasmids and mutagenesis

Mammalian expression constructs for STAT1 tether mutations
and DBD pocket mutations were generated by QuikChange site-
directed mutagenesis (Stratagene) using human STAT1� in pRc/
CMV as template. All mutants were DNA sequenced over the
entire reading frame. STAT1 tether mutations �7T, �12T, and
�17T were generated by deleting seven, 12, and 17 amino acids
from the C terminus starting at residue 142 (�136–142 in �7T,
�131–142 in �12T, and �126–142 in �17T). Mutation �12TC
was obtained by deleting amino acids 121–132, and mutation
12TCR was obtained by reversing the sequence of amino acids
121–132. To obtain mutant MetH-T, amino acids 121–141 of
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STAT1 were replaced with amino acids 639–659 of human me-
thionine synthase (MetH; GenBank accession no. U73338). Mu-
tagenesis for this construct was done in two steps. First, amino
acids 121–141 of STAT1 were replaced with amino acids 639–
649 of MetH. The PCR product was used as the template in a
second PCR reaction to introduce the remaining 10 amino acids
of MetH (amino acids 650–659). The cDNA sequence of MetH
was modified at five positions without changing the encoded
amino acid sequence in order to prevent secondary structure
formation of the oligonucleotides. The following point muta-
tions in the CCD or DBD were prepared: F172W, Q340W,
Q340A, G384W, G384A, Q408W, and Q408A. The expression
construct for mouse STAT1 lacking the first 135 amino acids
(�135) was a gift from Robert Schreiber (Washington Univer-
sity, St. Louis, MO). The N domains of human STAT1 (1–131)
and mouse STAT5b (1–129) were amplified by PCR and inserted
into pRc/CMV. Both constructs were generated with C-termi-
nal HA-epitope. The STAT1 ND construct was used to intro-
duce mutation F77A/L78A by site-directed mutagenesis.
STAT5b cDNA used for ND amplification was a gift from
Christian Schindler (Columbia University, New York).

Transfection assays and extract preparation

Transient transfections were carried out in six-well plates.
Approximately 2.5 × 105 U3A cells were transfected with 0.5–
2.0 µg of expression constructs for STAT1 mutants using Lipo-
fectamine reagent. The DNA amount of different expression
constructs was adjusted empirically to yield approximately
equal expression of different proteins. In case of coexpression
experiments, 1.5 × 105 U3A cells were transfected with 100 ng
of �135 DNA along with 2 µg of DNA for STAT1-ND or 500 ng
of DNA for STAT5b-ND. Total DNA was adjusted to 2 µg with
empty vector. After 24 h, cells were treated with IFN-� for 30
min, followed by staurosporine treatment for 45 min or as in-
dicated in the staurosporine time course. Preparation of cyto-
plasmic, nuclear, and whole-cell extracts has been described
(Zhong et al. 2005). In some experiments, nuclear extracts and
whole-cell extracts were prepared in parallel from the same
plate by collecting the cells with trypsin and splitting them
evenly before lysis. Cell extracts were analyzed by SDS-PAGE
and immunoblotting with anti-pY STAT1 antibody. The same
membrane was reprobed with anti-STAT1 antibody.

EMSA

The DNA-binding activity of STAT1 mutants was assayed with
32P-labeled M67 probe. Probe was prepared by end-labeling of
double-stranded oligonucleotide with [�-32P]ATP and T4-poly-
nucleotide kinase. Twenty micrograms of whole-cell extracts
from untreated, IFN-� stimulated, or IFN-� stimulated/stauro-
sporine-treated cells were incubated with 0.015 pmol of probe in
binding buffer (20 µL) containing 10 mM HEPES (pH 7.9), 40
mM KCl, 6% glycerol, 0.5% Nonidet P-40 (NP-40), 1 mM DTT,
and 1 µg of poly(dI-dC). Reaction mixtures were incubated for 20
min at 30°C, loaded onto a 4% polyacrylamide gel (acrylamide/
bisacrylamide 37.5:1) in 0.5× Tris-borate-EDTA, and electro-
phoresed at 130 V for 2 h at room temperature. The gel was dried
and exposed to X-ray film.
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