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Cooperative DNA Binding and
Sequence-Selective Recognition Conferred by
the STAT Amino-Terminal Domain

Xiang Xu, Ya-Lin Sun, Timothy Hoey*

STAT proteins (signal transducers and activators of transcription) activate distinct target
genes despite having similar DNA binding preferences. The transcriptional specificity of
STAT proteins was investigated on natural STAT binding sites near the interferon-gamma
gene. These sites are arranged in multiple copies and required cooperative interactions
for STAT binding. The conserved amino-terminal domain of STAT proteins was required
for cooperative DNA binding, although this domain was not essential for dimerization or
binding to a single site. Cooperative binding interactions enabled the STAT proteins to
recognize variations of the consensus site. These sites can be specific for the different
STAT proteins and may function to direct selective transcriptional activation.

Cytok'mes activate intracellular signaling
pathways during immune and inflammatory
responses. One of the signal-transduction
pathways activated by these ligands in-
volves the STAT family of proteins (I).
STAT proteins are selectively recruited to
various cytokine receptors by virtue of their
peptide-binding specificities mediated by
their SRC homology 2 (SH2) domains (2).
Thus, part of the specificity of STAT acti-
vation relies on selective recognition of
phosphotyrosine-containing peptides of cy-
tokine receptors. After they are tyrosine
phosphorylated, the STAT proteins dimer-
ize and migrate to the nucleus where they
bind to specific DNA sequences and elicit
various programs of gene activation. The
mechanisms that determine STAT specific-
ity in transcriptional regulation are unclear
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because most of the STAT proteins have
similar DNA binding preferences (3, 4).

The STAT proteins contain a DNA
binding domain that is located in the center
of the protein, approximately from residues
350 to 500 (3). Other functional domains
include the SH2 domain and a phosphoty-
rosine-containing region near the COOH-
terminus that participate in dimerization.
The transcription-activation domains are
located at the COOH-terminal ends of the
molecules (5). The NH,-terminal region is
also conserved among the STAT family.
This region is required for phosphorylation
of STAT2 in response to interferon-a
(IFN-a) and may be required for receptor
binding (6). It is not known whether this
region plays a similar role in other STAT
proteins or whether the NH,-terminal do-
main takes part in the nuclear function of
these proteins as transcription factors.

We investigated the mechanisms of
STAT regulation in response to interleu-
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kin-12 (IL-12), a key cytokine that regu-
lates cell-mediated immunity (7). Treat-
ment of cells with IL-12 results in tyrosine
phosphorylation and activation of STAT4
(8). A full-length STAT4 cDNA was
cloned and expressed in baculovirus-infect-
ed insect cells (9). The DNA binding pref-
erence of STAT4 was determined by the
random binding site selection method (10),
and the optimal sequence for STAT4 was
TTCCGGGAA (11). The sequence select-
ed by STAT4 is identical to that of optimal
sites for STAT1 and STAT3 (3). STATS
also has a similar binding preference (12).

We also searched for natural STAT4
sites near the IFN-vy gene. IFN-vy is activat-
ed in response to IL-12 in T cells and
natural killer cells, and many of the physi-
ological effects of IL-12 appear to be medi-
ated by IFN-y (7). IL-12-mediated activa-
tion of IFN-vy expression is eliminated in
STAT4-deficient mice (I13). The human
IFN-v gene is organized on four exons (14).
A 9-kb region spanning the gene contains
the necessary cis-regulatory sequences for
the correct T cell-specific and inducible
transcription of IFN-y (15). The first intron
contains a deoxyribonuclease I (DNase 1)—
hypersensitive site, ~0.5 to 1 kb down-
stream of the transcription start site (16).
Using DNase I footprinting (17), we detect-
ed binding sites for STATs 1, 4, 5, and 6 in
the first intron (Fig. 1A). On the basis of
our binding site selection results, we expect-
ed that STATs 1, 4, and 5 might have the
same site preferences. Instead, we observed
that each of the STAT proteins bound to a
distinct pattern of adjacent sites in the first
intron. The protected regions contain mul-
tiple sites that are variations of STAT con-
sensus binding sequence (Fig. 1B).

The STAT4 footprint spans ~30 base
pairs (bp) of DNA and contains two adja-
cent binding sites, designated 2 and 3 (Fig.
1B). Each binding site is a variant of the
consensus sequence, and the two sites are
spaced by 10 bp (18). The STAT4 binding
sites vary from the optimum sequence in
two ways. In both cases the sites are imper-
fect palindromes, with TTC in one half-site
and TTA in the other half-site, and the
central three nucleotides are different from
those in the optimal site, which has CGG
in the middle.

STATI1 also bound to site 3. STAT1
protected a large region that extends down-
stream and appears to contain at least four
additional sites, 4, 5, 6, and 7. The other
STAT proteins tested did not bind well to
sites 4 through 7 (Fig. 1A). STATS5 bound
to sites 2 and 3 and also to a third site that
was immediately upstream, site 1. STATs 1
and 4 did not bind to site 1, and STAT6
bound only to site 1. The results indicate
that STAT proteins can have selective



DNA binding preferences when assayed on
natural sites. These sites may be physiolog-
ically relevant because cytokines that in-
duce each of these STAT proteins regulate
[FN-v expression (19).

The differences between the STAT
binding sites in the IFN-vy first intron and
the optimal site indicated that, individual-
ly, the natural sites that are selectively

bound might be lower in affinity. To deter-
mine whether cooperative interactions be-
tween the adjacently bound STAT dimers
might occur, we measured STAT4 binding
to three different oligonucleotides: one that
was mutated in site 2, another that was
mutated in site 3, or an oligonucleotide that
contained both sites (18). Mutation of ei-
ther site reduced STAT4 binding, indicat-
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TATTGATGGTTAATGAAAAGTTTTTACATTTTAAATAT
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CTGTCATAATAATA

1234 5678910111213 14

Fig. 1. Selective DNA binding by STAT proteins to clustered sites. (A) The DNA binding of STATs 1, 4,
5, and 6 was compared on a fragment located in the first intron of the IFN-y gene. Each one of the STATs
produced a distinct pattern of binding to adjacent sites. The positions of the protected regions are
indicated at the sides of the gel. GA indicates the purine sequence of the fragment. (B) Sequence of the
region containing the STAT binding sites. The footprinted regions indicated above the sequence are
composed of multiple adjacent sites. The exact number of STAT1 sites within the protected region is
unclear. Higher resolution methods are required to precisely determine the contact sites within the
DNase | footprinted regions.

Fig. 2. Requirement of inter-
actions mediated by the
NH,-terminal domain for co-
operative DNA binding by
STAT proteins. (A) Oligonu-
cleotides corresponding to
the STAT4 binding sites
from the first intron were
tested for binding. Reac-
tions in lanes 1 and 2 con-
tained a labeled oligonucle-
otide mutated in site 3, for S R
lanes 3 and 4 binding site 2
was mutated, and for lanes

5 and 6 the wild-type se-
quence was used. Reac-
tions in lanes 1, 3, and 5
contained 3 ng of STAT4, and those in lanes 2, 4, and 6 contained 10 ng of STAT4. (B) Binding to a single
high-affinity site (lanes 1 and 2) but not adjacent sites in IFN-+y first intron (lanes 3 and 4) in the absence
of the STAT4 NH,-terminal domain. The protein-DNA complex that appears to be a tetramer is indicated
by the upper arrow. The position of a dimer bound to the DNA is indicated by the lower arrow. (C)
Requirement of the NH,-terminal domain for transcriptional activation by STAT4 through the IFN-y
double sites but not through high-affinity STAT sites. Values shown are the averages of at least three
independent transfections. Error bars indicate the standard deviation.
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ing that cooperative interactions contribute
to STAT4 recognition of these adjacent
sites (Fig. 2A).

An NH,-terminal deletion mutant that
lacks the first 88 amino acids of the protein
was active for DNA binding when com-

A

STAT1 STAT4
- =1 =1-GA

STAT1  STAT4
S R ST

123456708 9 10 111213141516

1 2

WT Mut
IFN-y  Optimal IFN-y
double site  single double
from third site site
intron from third
intron

Fig. 3. Cooperative binding of STAT1 to adjacent
sites. (A} Fragments spanning the IFN-y promoter
(—350 to +50) were labeled on the upstream end
and incubated with either STAT1 or STAT4. Lanes
1 to 8, wild-type fragment; lanes 9 to 16, mutant
fragment. A double point mutation was created in
the downstream site (asterisk). (B) Requirement of
the NH,-terminal domain of STAT1 for coopera-
tive binding. Binding of STAT1 to the wild-type
(WT) probe (lane 1), which contains a double site
from the downstream intron, or a probe with point
mutation (Mut) in one of the sites (lane 2). (C)
Requirement of the NH,-terminal domain of
STAT1 for cooperative binding (lanes 3 and 4) but
not for binding to a single site (lanes 1 and 2).
Arrows indicate the positions of the dimeric and
tetrameric complexes.
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pared with the full-length protein for bind-
ing to an optimal single site (Fig. 2B). This
result indicated that the NH,-terminal re-
gion of STAT4 is not required for tyrosine
phosphorylation by JAK protein kinases,
dimerization, or DNA binding to a single
site. In contrast, the STAT4 deletion mu-
tant was completely inactive for binding to
the double site from the IFN-y first intron
(Fig. 2B). On the double-site fragment, the
full-length STAT4 produced a protein-
DNA complex with lower mobility, consis-
tent with the size of a tetramer. On the
single-site probe this larger complex was
also detectable, suggesting that the protein-
protein interaction can occur even when
only one of the dimers is bound specifically
to DNA. The inability of the deletion mu-
tant to recognize the STAT4 sites from the
IFN-y gene indicates that the NH,-termi-
nal region is required for cooperative bind-
ing interactions between adjacently bound
STAT4 dimers.

To determine whether the STAT4 pro-
tein could function through the sites from
the IFN-y gene to activate transcription, we
did cotransfection experiments with STAT4
in COS cells. Two reporter genes were tested
containing either the STAT4 binding sites
from the IFN-y first intron or high-affinity
STAT sites from the IRF-1 promoter (20).
The full-length STAT4 protein reproducibly
activated transcription approximately four-
fold through the IFN-y sites (Fig. 2C). De-
letion of the NH,-terminal domain reduced
STAT4-mediated activation through these
sites, consistent with the DNA binding ex-
periments. The reduced activity was not
due to lower expression or phosphoryl-
ation; both proteins were expressed and
active for DNA binding to a single site
(21). Furthermore, the NH,-terminal do-
main was not essential for activation
through high-affinity STAT sites that do

Fig. 4. Mediation of tet-
ramerization required for co-
operative DNA binding by
the NH,-terminal domain of
STAT4. (A) Inhibition of co-
operative binding but not
binding to a single site by
antibodies directed against
the NH,-terminal domain.
STAT4 protein was tested

T2 3 45 678 9101121314 1518

not requite cooperative binding (Fig. 2C).

We have identified iterated STAT sites
in other locations near and within the IFN-y
gene, including the 5’ flanking region and in
the downstream intron. To determine
whether cooperative DNA binding was also
required for other sites, we compared binding
of STAT1 and STATH4 to an adjacent pair of
sites located in the promoter (—280 to
—240) region of the IFN-vy gene. These sites
were recognized by STAT4 and STATI
(Fig. 3A), but were not bound by STATS5 or
STAT6 (21). Within the protected region,
the two best matches to the consensus se-
quence are spaced by 20 nucleotides (22). To
test for cooperative interactions, we intro-
duced a mutation in the downstream site and
compared binding to the wild-type and mu-
tant promoter fragments. For both STAT1
and STATH4, alteration of one site reduced
binding to both sites.

STAT4 and STATI are 55% identical
within the first 100 amino acids. To deter-
mine whether the cooperative DNA binding
mediated by the NH,-terminal domain oc-
curred with other STAT family members, we
examined cooperative binding by STATI1
(23). STAT1 also formed a higher order
complex consistent with the size of a tet-
ramer on a double site, in this instance de-
rived from the third intron (Fig. 3B). A
point mutation in one of the sites reduced
the amount of STAT1 binding and no
dimer-sized complex was observed, indicat-
ing that mutation of one of the sites affected
binding to the neighboring site (Fig. 3B).
Deletion of 44 NH,-terminal residues of
STAT! did not affect binding to a single
high-affinity site, but the mutant did not
bind to a pair of low-affinity STATI sites
(Fig. 3C). Thus, the requirement of the
NH,-terminal domain for cooperative DNA
binding appears to be conserved among var-

ious members of the STAT family.
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for binding to the IFN-y dou-
ble site (lanes 1 to 8) or a
high-affinity single site (lanes

IFN-y double site

High-affinity single site IFN-y  High-affinity
double site single site

9to 16). Antibodies (100, 200, or 400 ng) specific for a peptide from the NH,-terminal domain {residues
10 to 27) or the COOH-terminal domain (residues 729 to 748) were added to the binding reactions as
indicated above the gel. Lower arrow, dimeric complex; upper arrow, tetrameric complex. (B) Interaction
of the NH,,-terminal domain with full-length STAT4. The NH,,-domain of STAT4 (N124) was expressed in
Escherichia coli and purified. Inhibition of STAT4 binding to the IFN-y double-site probe by the polypep-
tide (lanes 1 to 4). Either 50, 100, or 200 ng of the N124 were added. Complex formation between the

NH,-terminal domain and the full-length DNA-bound STAT4 (lanes 5 to 8). The dimer complex was -

shifted to a slower mobility indicated by the asterisk.

796

SCIENCE « VOL.273 + 9 AUGUST 1996

We examined the effects of antibodies
directed against either the NH,-terminal
or COOH-terminal regions of STAT4 on
DNA binding. Antibodies to the NH,-
terminal region (amino acids 10 to 27) did
not supershift the STAT4 protein-DNA
complex on the double-site probe (Fig. 4).
Indeed, they appeared to disrupt the interac-
tion between STAT4 dimers. These NH,-
terminal antibodies did supershift the
STAT4 protein when it was bound to the
single-site probe. Antibodies to the COOH-
terminal region of the protein interacted
with the STAT4-DNA complex on either
the single-site or double-site probes (Fig.
4A). These results suggest that the epitope
recognized by the NH,-terminal antibody is
not accessible when STAT4 dimers interact
on the DNA.

We expressed and purified a 124—amino
acid polypeptide from the STAT4 NH,-
terminus (24). Addition of increasing
amounts of the NH,-terminal domain com-
petitively inhibited cooperative binding of
STAT4 (Fig. 4B). The NH,-terminal do-
main is not a nonspecific inhibitor of DNA
binding, because it did not reduce binding
to a single site. The NH,-terminal domain
supershifted a STAT4 dimer bound to a
single site and enhanced DNA binding
(Fig. 4B), suggesting that interaction
through the NH,-terminal domain may sta-
bilize dimer formation and facilitate DNA
binding. These data indicate that the
STAT4 NH,-terminal domain participates
in protein-protein interactions resulting in
tetramerization required for cooperative
binding. :
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Diffusional Mobility of Golgi Proteins in
Membranes of Living Cells

Nelson B. Cole, Carolyn L. Smith, Noah Sciaky,* Mark Terasaki,
Michael Edidin, Jennifer Lippincott-Schwartzf

The mechanism by which Golgi membrane proteins are retained within the Golgi complex
in the midst of a continuous flow of protein and lipid is not yet understood. The diffusional
mobilities of mammalian Golgi membrane proteins fused with green fluorescent protein
from Aequorea victoria were measured in living Hela cells with the fluorescence pho-
tobleaching recovery technique. The diffusion coefficients ranged from 3 X 10~° square
centimeters per second to 5 X 107° square centimeters per second, with greater than
90 percent of the chimeric proteins mobile. Extensive lateral diffusion of the chimeric
proteins occurred between Golgi stacks. Thus, the chimeras diffuse rapidly and freely
in Golgi membranes, which suggests that Golgi targeting and retention of these mol-
ecules does not depend on protein immobilization.

The Golgi complex contains a large number
of resident components that play important
roles in the processing and sorting of secretory
and membrane proteins, but how these com-
ponents are maintained in the Golgi despite a
continuous flow of protein and lipid through
the secretory pathway is currently a topic of
debate (1). Several mechanisms of Golgi pro-
tein retention have been suggested: oligomer-
ization into structures too large to enter trans-
port vesicles (2), lateral segregation into lipid
microdomains (3), and recognition of reten-
tion or retrieval signals (4). In these models
specific protein-protein or protein-lipid in-
teractions underlie Golgi protein retention.
Whether such interactions affect the dy-
namic properties of Golgi membrane pro-
teins in vivo, including the diffusional mo-
bility of Golgi proteins and trafficking of
these proteins between Golgi stacks, has
not been addressed.
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To probe for interactions that might un-
derlie the retention of Golgi membrane pro-
teins, we examined the diffusional mobility
of Golgi membrane components using fluo-
rescence photobleaching recovery (FPR).
This technique is a powerful tool for inves-
tigating the environment of membrane pro-
teins and has revealed several types of inter-
actions that constrain the lateral diffusion of
proteins in the plasma membrane (5). The
dynamic properties of intracellular mem-
brane proteins have not been thoroughly
explored by FPR because of a lack of appro-
priate fluorescent labels. Here, we used the
Aequorea wictoria green fluorescent protein
(GFP) (6) as a tag to investigate the diffu-
sional mobility of four Golgi membrane pro-
teins (7), mannosidase II (Man II), B-1,4-
galactosyltransferase (GalTase), and wild-
type and mutant forms of KDEL receptor
(KDELR), within the Golgi and the endo-
plasmic reticulum (ER). We also used fluo-
rescence loss in photobleaching to examine
the extent of lateral membrane continuity
between Golgi stacks, and within the ER.

Man Il and GalTase are “resident” en-
zymes of the Golgi complex, which function
in carbohydrate processing. In contrast,
KDELR is an itinerant Golgi component,
which recycles to the ER when it binds
KDEL ligand (8). Substitution of asparagine
for aspartic acid at position 193 in KDELR,
denoted KDELR , prevents it from redistrib-
uting into the ER in the presence of high
concentrations of ligand (9). GFP was fused
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