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Crystal Structure of a Tyrosine Phosphorylated
STAT-1 Dimer Bound to DNA

The phosphorylated STATs form SH2-mediated dimers
and are then translocated to the nucleus, where they
bind to DNA and direct specific transcriptional initiation
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New York, New York 10021 interferons a and g (Fu et al., 1990; Fu et al., 1992;
Schindler et al., 1992; Veals et al., 1992). Seven mamma-
lian STAT proteins have been discovered so far, and
over 40different polypeptides are nowknown to activateSummary
one or more STATs (reviewed in Darnell, 1997a).

Sustained efforts at dissecting the STATs into separa-The crystal structure of the DNA complex of a STAT-1
ble domains with distinct functions such as DNA bindinghomodimer has been determined at 2.9 Å resolution.
have met with limited success.Molecular genetic experi-STAT-1 utilizes a DNA-binding domain with an immu-
ments have, however, implicated specific regions of thenoglobulin fold, similar to that of NFkB and the p53
protein in specific functions. A single phosphorylationtumor suppressor protein. The STAT-1 dimer forms a
site at Tyr-701 of STAT-1 was identified and proven tocontiguous C-shaped clamp around DNA that is stabi-
be necessary for STAT activity (Shuai et al., 1993). Justlized by reciprocal and highly specific interactions
upstream from this residue is an SH2 domain, and bio-between the SH2 domain of one monomer and the
chemical experiments indicate that the SH2 domain andC-terminal segment, phosphorylated on tyrosine, of
the phosphotyrosine in each of two STATs interact in athe other. The phosphotyrosine-binding site of the SH2
reciprocal manner to form a dimer (Shuai et al., 1994).domain in each monomer is coupled structurally to
The potential DNA-binding region of the STATs wasthe DNA-binding domain, suggesting a potential role
shown to include residues in the 400–500 region (Hor-for the SH2-phosphotyrosine interaction in the stabili-
vath et al., 1995; Schindler et al., 1995). However, thezation of DNA interacting elements.
architecture and mechanism of this DNA-binding region
remain unknown.Introduction

Regions of STAT that are upstream from the DNA-
binding region appear to be involved in protein–proteinIt has been established for more than a decade that
interactions. An IRF family member, p48, has beengene transcription can be initiated within minutes after
shown to interact with a region around Lys-161 in thethe activation of cell surface receptors by polypeptide
ISGF3 protein complex (Horvath et al., 1996; Martinez-ligands (reviewed in Levy and Darnell, 1990). One of the
Moczygemba et al., 1997). Furthermore, CBP interactsmost direct pathways of polypeptide stimulated gene
with the N-terminal 150 residues (Zhang et al., 1996;activity is the so-called Jak-STAT pathway (Ihle et al.,
J. J. Zhang and J. E. D., unpublished data). The amino-1995; Briscoe et al., 1996; Leaman et al., 1996; Darnell,
terminal 130 residues form a separable functional do-1997a). STATs are so named because they serve both
main (N-domain) that strengthens interactions betweenas signal transducers in the cytoplasm and activators
STAT dimers on adjacent DNA-binding sites (Vinkemeierof transcription in the nucleus. Each STAT molecule
et al., 1996, 1998; Xu et al., 1996).contains a Src-homology 2 (SH2) domain, a modular

A deeper understanding of the mechanism of tran-unit that binds specifically to phosphotyrosine (Pawson,
scriptional activation by the STATs and the role of tyro-1995; Kuriyan and Cowburn, 1997). The STAT SH2 do-
sine phosphorylation in controlling this activity has beenmain acts as a phosphorylation-dependent switch that
impeded greatly by the lack of three-dimensional struc-controls receptor recognition and DNA binding, thus
tural information. We now present the crystal structureallowing the STATs to couple the activation of cell sur-
of a DNA complex of a 67 kDa core fragment of STAT-1,face receptors to gene regulation in a direct manner
lacking only the N-domain and the C-terminal transcrip-(Darnell, 1997a).
tional activation domain. The structure lays bare theIn animal cells, activation of the latent cytoplasmic
molecular architecture of the STAT proteins and revealsSTAT molecule is accomplished either through cell sur-
the mechanism by which the STAT SH2 domain controlsface receptors for cytokines and their noncovalently as-
dimer formation and DNA binding.sociated Jak kinases, or by growth factor receptors with

intrinsic tyrosine kinase activity (Ihle et al., 1995). Binding
of the cognate ligand to the cell surface receptor causes Results and Discussion
the phosphorylation of tyrosines in the cytoplasmic re-
gions of the receptor, thus creating docking sites for Structure Determination and General Architecture
the STAT SH2 domain. The consequent recruitment of The structure described here is that of STAT-1 core
the STATs to the receptor leads, in turn, to their phos- (residues 132–713, Mr 5 67.3 kDa), crystallized with an
phorylation on tyrosine by the Jak or receptor kinases. 18-mer duplex DNA containing a binding site for one

STAT-1 dimer. The structure determination was carried
out by multiple isomorphous replacement (MIR), and the‡To whom correspondence should be addressed.

§These authors contributed equally to this work. structure has been refined using data to 2.9 Å resolution,
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Figure 1. Domain Structure and Sequence Alignment of STATs

(A) Schematic diagram showing the domains of STAT-1.
(B) Sequence alignment of the core regions of human STATs. The secondary structure deduced from the crystal structure is indicated with
arrows for b strands and rectangles for a helices. Buried residues that are in the hydrophobic core of the STAT-1 structure are highlighted
in gray. A region in the DNA-binding domain of STAT-5 and STAT-6 that cannot be reliably aligned with STAT-1 is boxed. Residues mentioned
in the text are underlined. Tyr-701 is marked with an asterisk and disordered loops are indicated by broken lines.

with a free R value of 29.4% and a conventional R value to it as the coiled-coil domain. The DNA-binding domain
follows next (residues 318–488) and contains an immu-of 22.7%. The crystallographic model contains one

STAT-1 molecule per asymmetric unit and includes resi- noglobulin-type fold. The next domain links the DNA-
binding domain to the SH2 domain, and we shall referdues 136–710 of STAT-1.

STAT-1 core contains four tandem structural domains to this as the linker domain (residues 488–576). This
region had been predicted to contain an SH3 domain(Figures 1A and 2). The first domain (residues 136–317)

consists of four long helices (a1–4), and we shall refer (Fu, 1992), but the all b-sheet architecture of the SH3
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Figure 2. Structure of the STAT-1 DNA
Complex

(A) Ribbon diagram of the STAT-1 core dimer
onDNA. The component domains are colored
green (coiled-coil domain), red (DNA-binding
domain), orange (linker domain), cyan (SH2
domain). The tail segments are shown in ma-
genta and yellow. Disordered loops (one in
the coiled-coil domain and one connecting
the SH2 domain to the tail segment) are
shown as dotted lines. The phosphotyrosine
residue is shown in a stick representation.
The N and C termini of STAT-1 core are indi-
cated by “N” and “C”. The DNA backbone is
shown in gray. This and other ribbon dia-
grams were rendered using RIBBONS (Car-
son, 1991).
(B) Molecular surface of the STAT-1 dimer in
the same orientation as (A). The surface was
calculated using GRASP (Nicholls et al., 1991)
and rendered using RASTER3D (Merritt and
Bacon, 1997). The tail segments, shown in
green and magenta, were not included in the
surface generation. The surface is colored ac-
cording to the local electrostatic potential,
with blue and red representing positive and
negative potential, respectively.

domain is clearly missing. The SH2 domain (residues out of the SH2 domains of each monomer, bind to the
SH2 domain of the other monomer, form an antiparallel577–683) is at the C-terminal end of the core structural

unit. The C-terminal tail segment (residues 700–708) is b sheet arrangement with each other, and then return
to make further interactionswith the parent SH2 domain.phosphorylated on Tyr-701 and is connected to the SH2

domain by a flexible linker of 17 residues. Each of the This mutual handshake between SH2 domains seals the
STAT dimer onto DNA in a closed embrace (Figure 2B).four domains is fused to the adjacent ones by the forma-

tion of a contiguous hydrophobic core. The presence of
extensive interdomain interfaces explains why previous
efforts at constructing smaller units encompassing the The Coiled-Coil Domain

The two coiled domains in the dimer project outwarddistinct functions of STATs have met with failure.
Two STAT-1 molecules bind to DNA as a dimer, with from this C-shaped core in opposite directions and are

not involved in interactions with the DNA or with theeach monomer in the dimer related to the other by a
crystallographic 2-fold axis (Figure 2). The DNA oligonu- other monomer in the dimer (Figure 2). The coiled-coil

domain has four a helices, two long ones (a1 and a2,cleotide used in this work contains 18 base pairs that
encompass two half-sites, and the spacing of half-sites 50 residues each) and two shorter ones (a3 and a4, 32

and 23 residues, respectively). The helices form a coiled-on the DNA is such that the two DNA-binding domains
are on opposite sides of the DNA and do not contact coil structure that presents a predominantly hydrophilic

surface area for interaction with other proteins (Figureeach other. The only protein–protein contacts between
the monomers of the dimer occur between the SH2 3). A total of 11 aspartates, 16 glutamates, 7 arginines,

19 lysines, and 4 histidines are on the surface of thedomains, which exchange C-terminal segments in an
intimate interaction. The C-terminal segments extend structurally defined part of this domain. This suggests
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Figure 3. Structure of the Coiled-Coil Do-
main of STAT-1

The polypeptide backbone of the four helices
is shown as a gray ribbon. The directions of
the helices are indicated by arrows. All the
side chains in the domain are depicted in the
figure and are colored red (acidic), blue (ba-
sic), orange (polar), and yellow (hydrophobic).
Note the clusters of acidic and basic residues
on the surface. The only significant cluster
of hydrophobic side chains on the surface
corresponds to the site of attachment to the
DNA-binding domain and is indicated by a
dotted line.

that the helices of this domain could participate in inter- is not dyad symmetric (ACAGTTTCCCGTAAATGC; the
core sequence element is underlined and the centralactions with other helical proteins with specificity arising

from the interdigitation of complementary charges. C/G is numbered 0; see Figure 4B). This DNA corre-
sponds to the so-called M67 variant of a region of the
c-fos promoter (Wagner et al., 1990). The M67 site hasDNA-Binding Mechanism

The general architecture of the domain is that of an been used widely in studies on STAT binding to DNA
and binds to STAT-1 strongly (Vinkemeier et al., 1996).immunoglobulin fold (Bork et al., 1994) (Figure 4A). The

b strands in the domain mainly run parallel to the major The lack of dyad symmetry in the M67 site complicates
the interpretation of sequence-specific contacts be-axis of the domain, and this axis is oriented perpendicu-

lar to the direction of the DNA axis (Figure 4C). As a tween STAT-1 and DNA in this structure, since nonequiv-
alent base pairs are superimposed at several positionsconsequence, all of the loops at one end of the b sheet

arrangement face the DNA, and amino acids in four in the crystallographic structure of the DNA.
Despite the asymmetry in the DNA sequence, thesegments make contacts with DNA (see Figures 4A and

4B for the notation used in this discussion). DNA binding structure of the DNA-binding domain and of the DNA is
ingeneral very well resolved in theelectron densitymapssegment 1 includes two loops between b1 and b2, and

between b2 and b3. Segment 1 positions Lys-336 in the (see Experimental Procedures). The temperature factors
of atoms in in the DNA binding domain (average valuemajor groove and makes additional contact with the

phosphate backbone of DNA. Segment 2, connecting of 37 Å2) and the DNA (average of 33 Å2) are among the
lowest in the STAT-1 core structure (average of 46 Å2a5 to b5, is the most distant from the DNA, but the side

chain of Arg-378 from this segment extends toward the over the whole protein, excluding the DNA-binding do-
main). The heterogeneity in the DNA sequence doesDNA and makes contact with the phosphate backbone.

Segment 3 is a long connector between strands b8 and appear, however, to be correlated with localized regions
of conformational disorder in the protein. For example,b9, and it interacts with the minor groove and makes

phosphate contacts in the major groove. The most im- the region of segment 3 that contacts DNA in the minor
groove is very poorly resolved in the electron density.portant DNA recognition element is segment 4, the con-

nector between b11 and helix a6 at the C-terminal end The most likely explanation of this is that Glu-421, which
can interact with the exocyclic amino group of guanineof the DNA-binding domain. Asn-460 is positioned deep

into the major groove by segment 4, where it makes at position 7 in the minor groove, is expelled from the
minor groove in the half-sites that contain thymine atclose contact with base pairs at positions 1 and 2 and

can also interact, potentially via water molecules, with this position instead (Figure 4B).
The crystal structure shows that the STAT dimer con-the A:T base pair at position 3. Segment 4 is coupled

to the phosphotyrosine-binding site via the linker do- tacts DNA over a 15 bp region, consistent with studies
on the sequence specificities of STAT-1 and -3 (Horvathmain, as discussed below.

A crystallographic 2-fold axis of symmetry passes et al., 1995). The selection experiments for STAT-1 sug-
gest the following consensus sequence for optimal DNAthrough the center of the oligonucleotide in the crystals

of STAT-1 core complexed to DNA (Figure 4B). This binding: {G/A/C}A{A/C/T}TTCC{C/G}GGAA{G/A/T}TG (the
core consensus element is underlined) (Horvath et al.,2-fold axis also relates one STAT-1 monomer in the

dimer to the other monomer, and thus each STAT-1 1995). Selection for C:G or G:C base pairs at the 0, 1,
and 2 positions are likely to be mediated by Asn-460monomer in the crystallographic unit is bound to a 2-fold

averaged DNA. However, the 18 bp oligonucleotide that and Lys-336, which make direct (in the case of Asn-
460) or potentially water-mediated (in the case of bothresulted in the best crystals of the STAT-1 DNA complex
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Figure 4. Structure of the STAT-1 DNA-Binding Domain

(A) Schematic representation of the immunoglobulin-like folds seen
in STAT-1, NFkB (Ghosh et al., 1995; Müller et al., 1995), and p53
(Cho et al., 1994). For STAT-1, the DNA-binding segments are high-
lighted in gray. The secondary structure notation used in this paper
is indicated, as are the residue numbers for the secondary structural
boundaries. The lengths of the secondary structure elements and
the connecting loops are not drawn to scale in these diagrams. The
central strands of the immunoglobulin fold are labeled at the bottom
of each diagram using the standard notation for immunoglobulin-
like domains (Bork et al., 1994). The DNA-binding loops of NFkB
and p53 are indicated in gray.
(B) Protein–DNA contact map for a STAT-1 core bound to DNA.
Shown on thetop of the panel is the sequence of theDNA oligonucle-
otide duplex used in this study. The M67 site is underlined in the
top strand. The numbering scheme used in the paper is indicated.
In the bottom panel, the central C/G base pair at position 0 is at
the center of the pseudo-2-fold axis of the DNA duplex and is,
therefore, a G/C base pair in one of the half-sites. Due to rotational
averaging (see main text), electron density for base pairs at positions
2, 6, 7, and 8 corresponds to superpositions of the left and right
halves of the duplex. The resulting ambiguity in the bases that con-
tact the protein are indicated by circles around the relevant bases.
Gray circles represent phosphates, and gray pentagons represent
the ribose sugars. The DNA backbones are represented as straight

lines connecting phosphates and sugars. Solid lines with black dots on both ends indicate potential hydrogen bonding interactions between
protein residues and the DNA. Closed circles with “W?” inside represent possible water-mediated protein–DNA interactions. The indication
of potential water-mediated interactions is not based on the direct observation of possible solvent sites in electron density maps, but simply
on the distances between the interacting groups and their environment. Note that segment 3, shown to interact in the minor groove, is partially
disordered. This may be correlated with heterogeneity at position 7, since guanine is necessary for stabilization of Glu-421 in the minor groove.
(C) A ribbon representation of the structure of the DNA-binding domain is shown in red, with the DNA interacting loops in cyan. The loops
are denoted S1 to S4, corresponding to the segments 1 to 4 (see [A]). One of the two rotationally equivalent DNA duplexes is shown. The
side chains of Lys-336, Glu-420, and Asn-460 are shown in blue.
(D) Surface representation of the STAT-1 dimer (left) and the NFkB dimer (right). The structure of NFkB shown here is that of Müller et al.
(1995). The coiled-coil domains of STAT-1 are not shown.

residues) interactions with these basepairs. The rotamer the backbone amide group and the side chain hydroxyl
of Ser-462. The nitrogen atom of the asparagine sideof the Asn-460 side chain is defined by hydrogen bond-

ing interactions between its terminal oxygen atom and chain is thus firmly positioned in the major groove, where
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it can donate hydrogen bonds to the O6 and N7 atoms specific DNA sequences that are recognized are unre-
lated.of a guanine base of a G:C base pair at position 2.

Selection for the two A:T base pairs at positions 3 Given the close structural similarity between immu-
noglobin folds in general (Bork et al., 1994), how signifi-and 4 is likely to involve interactions with Asn-460 and

may also be an indirect consequence of DNA deforma- cant is the structural correspondence between STAT-1,
NFkB, and p53? The structural similarity between thetion at these positions. The minor groove is significantly

narrowed at these positions (the phosphate–phosphate three proteins is not reflected at the level of amino acid
sequence, which makes it difficult to assign evolutionarydistances across the groove is z8 Å, in contrast to z12

Å in B-form DNA). This deformation may help select for significance to these relationships (sequence identity
between STAT-1 and NFkB or p53 is 13% and 7%, re-A:T base pairs, and a similar minor groove narrowing

and associated selection for A:T basepairs has been spectively, for the structurally aligned regions). How-
ever, two aspects of the structural comparison are strik-noted for the the p53-DNA interaction (Cho et al., 1994)

and for NFkB (Müller et al., 1995). Finally, the structure ing and suggest functional correspondences that go
well beyond just the utilization of a common fold. Thesesuggests that selection for a G:C base pair at position

7 is likely to involve Glu-421 from segment 3, which involve comparison of the DNA recognition mechanism
of STAT-1 to that of p53 and the mechanism of dimeriza-can accept hydrogen bonds from guanine in the minor

groove. tion of STAT-1 to that of p50-NFkB.
The structural segments that recognize DNA in STAT-1The general aspects of the interface between the

STAT-1 DNA-binding domain and DNA suggest that rela- are remarkably similar in detail to the corresponding
elements of p53. A distinctive aspectof theSTAT-1–DNAtively few direct contacts between STAT-1 side chains

and the DNA bases are likely to occur. This is consistent interaction is the positioning of Asn-460 of segment 4
in the major groove of DNA, which is brought about bywith the pattern of sequences in natural STAT-binding

sites, which do not show a sharply defined consensus strand b11 and the C-terminal helix a6 (Figure 4C). An
analogous interaction occurs in p53, where a C-terminalsequence. Rather, specificity in DNA targeting is likely

to arise from interactions between one STAT dimer on a helix is important for positioning residues at the major
groove (Cho et al., 1994). Likewise, the interaction ofDNA and other proteins, particularly other STAT dimers

bound to adjacent DNA sites (Vinkemeier et al., 1996; segment 3 of STAT-1 with the minor groove of DNA is
mirrored in p53, which also interacts with the minorXu et al., 1996). We discuss the implications of the

STAT-1 core structure for STAT dimer–dimer interac- groove of DNA. Both these interactions are specific to
the STAT-1-p53 comparison, since the p50 subunit oftions later.
NFkB lacks the C-terminal a helix and does not interact
directly with the minor groove of DNA.

Similarities in the DNA-Binding Domains Dimer formation in both NFkB and STAT-1 results
of STAT, NFkB, and p53 from interactions made by domains other than the DNA-
The utilization of immunoglobulin folds for the recogni- binding domain. The p50 subunit of NFkB contains two
tion of DNA was first seen in the tumor suppressor p53 domains with immunoglobulin folds (Ghosh et al., 1995;
(Cho et al., 1994) and in proteins that contain Rel homol- Müller et al., 1995). The larger N-terminal domain makes
ogy domains, such as the p50 subunit of NFkB (Ghosh sequence-specific contacts with the DNA, while the
et al., 1995; Müller et al., 1995). A search of the protein C-terminal domain mediates dimerization and makes
database using the DALI server (Holmand Sander, 1993) contact with the DNA backbone. Superposition of the
shows that the STAT-1 DNA-binding domain is most N-terminal domain of p50-NFkB with the DNA-binding
closely related in structure to the DNA-binding domains domain of STAT-1 results in an overlay of the C-terminal
of p50-NFkB and p53. Structural alignments result in dimerization domain of NFkB upon the linker and SH2
rms deviations of Ca positions of 3.0 Å over 106 residues domains of STAT-1. These two STAT-1 domains are
and 3.4 Å over 113 residues for NFkB and p53, respec- completely unrelated in structure to the C-terminal do-
tively. main of p50-NFkB, but, like the C-terminal domain of

NFkB and p53 are proteins that are unrelated except NFkB, they are involved in formingthe DNA-bound dimer
for their common immunoglobulin fold. NFkB is a mem- (Figure 4D).
ber of the Rel family of transcription factors, and it plays Comparison of the p50-NFkB and STAT-1 dimers on
an important role in cellular signal transduction in the DNA also emphasizes a key difference in the DNA bind-
immune system (Baeuerle and Henkel, 1994), while p53 ing properties of the two molecules. The p50-NFkB ho-
is a tumor suppressor gene that is crucial for the control modimer binds DNA tightly, with a dissociation constant
of DNA repair pathways (Friend, 1994). Analysis of the in the picomolar range (Baeuerle and Henkel, 1994). In
strand connectivity shows that the particular variations contrast, STAT-1 binds to single DNA-binding sites much
on the general immunoglobulin fold that are seen in the more weakly, with a short half-life and dissociation con-
STAT-1 DNA-binding domain are similar to variations stants in the nanomolar range (Vinkemeier et al., 1996).
seen in either p53 or p50-NFkB (Figure 4A). All three One structural difference between the NFkB and STAT-1
proteins bind to DNA using the same face of the immu- dimers on DNA is likely to underlie the difference in
noglobulin fold, using a similar set of loops. However, interaction strengths. The dimerization domain of p50-
there are differences in the lengths and detailed struc- NFkB makes extensive direct contacts with the phos-
tures of the loops in the three proteins, and, conse- phate backbone of DNA (Ghosh et al., 1995; Müller et
quently, the orientation of DNA with respect to the pro- al., 1995) (Figure 4D). In contrast, the structure of the

STAT-1 dimer holds the linker and SH2 domains at atein is different in each of the three cases and the
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greater distance from the DNA backbone and restricts sequence 684PKEAPEPMELDGPKGTK700, and the pre-
ponderance of prolines, glycines, and hydrophilic resi-direct contacts with theDNA to the STAT-1 DNA-binding

domain (Figure 4D). The clear separation in STAT-1 of dues in this sequence is consistent with its role as a
flexible tether that allows the phosphotyrosine to spanthe dimerization region from the region of direct DNA

contact might explain the much weaker binding of the the 18 Å distance to the binding site on the other SH2
domain. An interdomain exchange of tail segments isSTATs to DNA.
enforced by the fact that the phosphotyrosine-binding
site on the same SH2 domain is located on the otherThe STAT-1 SH2 Domain
side of the domain from Arg-683 and is therefore notThe STAT SH2 domains are quite divergent in sequence
accessible to the tail segment (Shuai et al., 1994).from most other SH2 domains, perhaps reflecting their

A characteristic aspect of SH2 domains that is pre-appearance early in the evolution of phosphotyrosine
served in STAT-1 is that interactions between the SH2signaling in eukaryotic cells (Darnell, 1997b; Kawata et
domain and its ligand are limited primarily to the resi-al., 1997). Nevertheless, the basic architecture of the
dues that are C-terminal to the phosphotyrosine. ThisSTAT SH2 domain and the mechanism for recognizing
feature is a consequence of the geometry of phospho-the phosphotyrosyl polypeptide are both fundamentally
peptide recognition, which occurs at one edge of thethe same as that elucidated for other SH2 domains (re-
domain, and in STAT-1 it results in the formation of aviewed in Kuriyan and Cowburn, 1997). An antiparallel
pair of cross-over connections by the C-terminal seg-

b sheet flanked by two a helices forms the core of the
ments of the two SH2 domains (Figure 5B). The two taildomain, and the phosphorylated tail segment, emanat-
segments form a two-stranded antiparallel b sheet thating from the other monomer in the dimer, binds in an
passes through a tunnel formed by helices aB and aB9extended conformation in a direction orthogonal to that
and the C-terminalextension of the SH2 domain (Figuresof the strands of the sheet (Figure 5).
2B and 5B). This structural arrangement results in theA defining aspect of the SH2-phosphotyrosine inter-
tail segment being recognized by the SH2 domain overaction is the recognition of the phosphate group of the
a 7 residue length subsequent to the phosphotyrosine.phosphotyrosine by an arginine residue that rises up

The interaction between the two SH2 domains of thefrom the interior of the domain to engage the ligand.
STAT-1 dimer is mediated almost exclusively by theThis arginine is strictly conserved in all known SH2 do-
phosphorylated tail segment (residues 701–708). Thismains, and Arg-602 in strand bB of the STAT-1 SH2
explains the ability of a peptide corresponding todomain plays this role (see Figure 5 for the notation
STAT-1 residues 693–707 that is phosphorylated on Tyr-used) (Shuai et al., 1993). Residues in the loop connect-
701 to break apart the DNA complexes formed by phos-ing strands bB and bC also coordinate the phosphate
phorylated STAT-1 (Shuai et al., 1994). The residuesgroup, again with close similarity to the well-known
C-terminal to the phosphotyrosine are bound to the sur-mechanism of phosphotyrosine recognition. In most
face of the SH2 domain, with important interactionsSH2 domains, helix aA provides another arginine side
occuring at the 11, 13, and 15 positions of the tailchain that interacts with the phosphate group, the tyro-
segment, numbered relative to the phosphotyrosine.sine ring, and the polypeptide backbone of the ligand
The residue at the 15 position is likely to be particularly(Waksman et al., 1992). This residue is missing in the
crucial, because it is at this point that the tail seg-STAT-1 SH2 domain, and its place is taken by Lys-
ment enters the tunnel formed by helices aB and aB9584, which coordinates only the phosphate group and
at the base and the C-terminal loop connecting helix aCis conserved in the STATs (Figure 1B).
to the C-terminal end of the SH2 domain at the top (seeThe conservation in SH2 structure is particularly strik-
Figure 5B). Consequently, side chains at 15 (Leu-706),ing when one considers that only 16 residues are identi-
16 (Ile-707), and 17 (Ser-708) are important mediatorscal over the z100 residue span of the SH2 domains of
of the dimer interaction. In STAT-1, Leu-706 packs intoSTAT-1 and the prototypical one of the v-Src tyrosine
a hydrophobic binding site that is formed by the closekinase (Waksmanet al., 1992). An alignment of the three-
apposition of two symmetry related helices aB9 (seedimensional structures of the Src and STAT-1 SH2 do-
Figure 5B). The side chains of Ala-641 and Val-642 (inmains shows that the two chain folds are in register
the SH2 domain) are also brought into close contact atfrom the N terminus of the Src SH2 domain through to
this site in STAT-1. Considerable variation in size andthe C-terminal boundary of the domain in v-Src (Figure
chemical properties areseen at these positions between5A). The DALI (Holm and Sander, 1993) alignment of the
various STATs (Figure 5B). Subsequent to this point, thetwo structures results in an rms deviation of 2.6 Å over
tail emerges onto the surface of the parent SH2 domain,86 aligned residues, with quite limited insertions and
where it interacts with the tail from the partner SH2deletions in the two sequences (Figure 5A).
domain.

Mechanism of SH2-Mediated Dimer Formation
The phosphotyrosine-binding sites are at the distal Structural Coupling between the

Phosphotyrosine-Binding Siteedges of the inter-SH2 interface, and the C-terminal
segment emanating from one SH2 domain has to cross and the DNA-Binding Domain

A notable feature of the STAT-1 SH2 domain is that thethe length of the other one before arriving at the binding
site. The linker connecting the last structured residue phosphate-binding loop of the SH2 domain is but-

tressed by a number of interactions with elements ofin the STAT-1 SH2 domain (Arg-683) to pTyr-701 is not
visible in the electron density maps. This linker has the the linker domain, particularly with helix a10 (Figure 5A).
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A series of hydrophobic side chains presented by helix on DNAnow allows us to construct a model for coopera-
tive interactions between STATs on DNA.a10 pack into the hydrophobic core of the SH2 domain,

An oligonucleotide containing two STAT-binding sitesright underneath the phosphate-binding loop. The con-
that have an 18 bp spacing between their centers (10formation of one of these, Trp-557, is likely to be sensi-
bp spacing between the ends of the core binding sites)tive to phosphotyrosine ligation, since its side chain
exhibits cooperative binding by STAT-1 dimers (Vinke-forms a hydrogen bond with the backbone carbonyl of
meier et al., 1996). We generated a computer model forSer-604, the side chain of which is a phosphate ligand.
this oligonucleotide by taking one DNA duplex from theWhat is particularly intriguing about the interactions
STAT-1:DNA crystal structure, adding a 2 bp B-formbetween the linker domain and the SH2 domain is that
DNA extension to it, and then adding on a second DNAwhile one face of helix a10 interacts with the phosphate
duplex from the crystal structure. A model for twobinding loop, the other face packs directly against helix
STAT-1 core dimers bound to this oligonucleotide isa6 and segment 4 of the DNA-binding domain. Trp-555,
shown in Figure 6.located immediately before the tryptophan that packs

Each STAT-1 dimer extends out the coiled-coil do-under the phosphate-binding loop (see Figure 5B), is
mains on either side of the DNA (Figure 6). The spacingpositioned so as to hydrogen bond with the carbonyl
of 18 bp between the centers of the two DNA sitesgroup of Pro-465 in helix a6. Changes in the conforma-
results in a rotation of the two dimers with respect totion of Trp-555 are likely to be communicated directly
each other in addition to the translation between theto segment 4, which is at the base of this helix.
sites. The rotational offset between adjacent STAT-1Segment 4 is the most crucial element of the DNA
dimers results in the coiled-coil extensions fanning outbinding interface, and it is the one that is inserted most
around the DNA, much like the blades of a screw propel-deeply into the major groove (Figure 4C). The coupled
ler. The N-terminal region of the coiled-coil domain is

interactions seen here between segment 4 of the DNA-
near the base of the domain, in close proximity to the

binding domain and the phosphate-binding loop of the
DNA-binding domain. We have docked the N-domain

SH2 domain raises the possibility that, in addition to the dimer in between the coiled-coil domains of two adja-
obvious effect of SH2 ligation upon dimerization, DNA cent STAT-1 dimers such that the C-terminal ends of
binding in the STATs might be also modulated directly each of the two monomers in the N-domain dimer are
by the SH2 domain. This feature could be an important located at a minimal and equal distance (z27 Å) from
aspect of the disassembly of DNA-bound STAT com- the N-terminal ends of two adjacent coiled domains.
plexes by phosphatases. Can a z27 Å distance be spanned by the linker be-

tween the N-domain and the coiled-coil domain? There
are 24 residues separating the last hydrophobic anchor

Implications for STAT-1 Dimer:Dimer residue of the C-terminal a helix in the N-domain (Leu-
Interaction on DNA 116 in STAT4, corresponding to Leu-116 in STAT-1) and
It is now clear that STAT proteins can achieve high the first hydrophobic anchor residue in a1 of the coiled-
affinity and specificity in their interactions with DNA by coil domain (Leu-142). In a fully extended conformation,
binding cooperatively toDNA sequences containing tan- a 24 residue polypeptide can span z60 Å. The 24 resi-
dem arrays of multiple binding sites (Vinkemeier et al., dues in this region of STAT-1 are predominantly hydro-
1996; Xu et al., 1996; Meyer et al., 1997). This synergistic philic and are likely to be quite flexible in conformation
recognition of DNArequires the presence of the N-termi- (117ENAQRFNQAQSGNQSTVMLDKQKE141). While the z27
nal domain of the STATs, which is not required for the Å distance between the N-domains is not beyond the
binding of STAT-1 core to a single DNA site (Vinkemeier physical limit of extension of the polypeptide chain, in
et al., 1996; Xu et al., 1996). We have recently determined reality we expect that the distancewill be reduced signif-
the structure of the N-domain of STAT-4, which is highly icantly by conformational flexibility in the DNA and the
homologous to that of STAT-1, and have shown that it protein, which we have ignored in this simple model.
forms a dimer in the crystal (Vinkemeier et al., 1998). The model suggests that cooperativity in STAT bind-

ing to tandem sites on DNA does not result from directThe determination of the structure of the STAT-1 dimer

Figure 5. Structure of the STAT-1 SH2 Domain

(A) SH2 architecture and linkage to the DNA-binding domain. At the top of the panel is shown an alignment of the sequences of the SH2
domains of v-Src and STAT-1. This alignment was generated by the DALI program (Holm and Sander, 1993) based on the three-dimensional
structures of the Src SH2 domain (Waksman et al., 1992) and of STAT-1. The asterisks indicate residues that are considered by DALI to be
equivalent in three dimensions. The secondary structure elements are indicated using the standard SH2 notation. Identical residues are
highlighted in yellow. The v-Src sequence shown spans the entire SH2 domain. Note that the structural conservation is maintained throughout
this region of STAT-1. Ribbon diagrams for the SH2 domains, the linker region, and part of the DNA-binding domain are shown below. Two
conserved tryptophan residues that pack tightly against the phosphate-binding loop of the SH2 domain (green) and helix a6 of the DNA-
binding domain (red) are shown. Segment 4, which is crucial for DNA recognition, is shown in magenta. Also shown in magenta is the tail
segment of the second SH2 domain (data not shown) that binds to this SH2 domain via pTyr-701. The tail segment of this SH2 domain, which
interacts primarily with the other SH2 domain, is shown in yellow. The flexible connector to the tail is shown as a blue dotted line. The
conserved arginine residue in the SH2 domain (Arg-602) and three residues that interact with DNA are shown in blue. The phosphate backbone
of the DNA is shown as a gray spiral.
(B) The SH2-dimer interface, colored similarly as in (A). The second SH2 domain is shown, colored blue, while the DNA-binding domain is not
shown. Hydrophobic side chains that pack at the dimer interface are shown in green, and residues found at three positions at the interface
in STATs 1–6 are shown at the right.
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Figure 6. Model for Possible Interaction be-
tween Two STAT-1 Dimers on DNA

A DNA duplex containing two STAT-1-bind-
ing sites with center to center spacing of 18
bp was generated as described in the text.
The DNA backbone is shown as blue and red
ribbons. Two STAT-1 dimers (one blue, one
purple) areshown bound to thesetwo binding
sites, based on the crystal structure of the
STAT-1 DNA complex. One of the coiled-coil
domains from each dimer is extended toward
the viewer, and the location of the N-terminal
region of this domain is indicated by orange
and green circles. The structure of the STAT-4
N-domain dimer (Vinkemeier et al., 1998) is
shown in a ribbon representation, and this
dimer has been docked so as to place the
last helical residue in each monomer at an
equal distance from the N-terminal region of
the two coiled-coil domains.

interactions between the core regions of the STAT di- tethered N-domains can interact equally well with an-
other STAT dimer that is on one side or the other of themer. The N-terminal region of the coiled-coil domain of

each STAT-1 core dimer is positioned so that the loosely parent dimer. This allows the formation of open-ended

Figure 7. Experimental MIR Electron Density Maps at 3.0 Å Resolution

The maps were calculated using phases from SHARP (La Fortelle and Bricogne, 1997) after density modification by SOLOMON (Abrahams
and Leslie, 1996). Left, electron density at the 0.7 s and 2.0 s levels are shown for a region in the linker domain. The strong electron density
seen here for the backbone and for aromatic side chains is typical for the majority of the protein region and greatly facilitated accurate model
building. Right, electron density at 0.7 s and 2.5 s levels for the DNA. One half-site is shown. This figure was composed in BOBSCRIPT
(Esnouf, 1997) and rendered with RASTER3D (Merritt and Bacon, 1997).
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Table 1. Summary of Crystallographic Analysis

Multiple Isomorphous Native Na2OsCl6 KAu(CN)2 Pb(OAc)2 UO2(NO3)2
Replacement

Resolution (Å) 30.0–2.9 30.0–3.0 30.0–3.0 30.0–3.0 30.0–3.0
Number of sites - 3 2 3 3
Reflections measured (unique) 261200 (23301) 174926 (21229) 324155 (21315) 209517 (21008) 158752 (19573)
Rsym (%)a,f overall (outer shell) 7.5 (19.8) 7.7 (19.2) 9.4 (19.4) 7.9 (17.3) 9.9 (14.2)
Completeness (I.1s(I)) overall (outer shell) 89.8 (72.1) 79.9 (63.9) 77.4 (61.8) 73.6 (80.9) 77.0 (74.8)
I/s(I) overall (outer shell) 10.2 (4.9) 12.4 (5.0) 10.5 (4.9) 7.7 (3.4) 8.2 (5.1)
Riso (%)b overall (outer shell) - 18.0 (22.1) 15.1 (24.8) 15.7 (18.8) 42.1 (35.9)
Phasing powerc centric/acentric - 0.89/1.33 1.05/1.29 0.78/0.89g 0.63/0.69
Overall figure of meritd centric/acentric 0.32/0.28

Rms Deviations
Resolution Number of Reflection Total Number Rworking/Rfree

e

Refinement Range (IF|.2s) of Atoms (%) Bonds (Å) Angles (Deg.) B Values (Å2)

30.0–2.9 20526 5126 22.7/29.4 0.016 2.25 2.99

a Rsym% 5 100 3 S|I2,I.|SI, where I is the integrated intensity of a given reflection.
b Riso% 5 100 3 S|FPH2FP|/SFP, where FPH and FP are the derivative and native structure factor amplitudes, respectively.
c Phasing power 5 S|FPH(calc)|2/S(|FPH (obs)2FP(calc)

2)1/2.
d Figure of merit 5 ,|S P(a) eia/S|P(a)|., where a is the phase and P(a) is the phase probability distribution.
e Free R factor was calculated with 10% of the data.
f The outershell for the native data is 3.0–2.9 Å, and that for all of the derivatives is 3.11–3.0 Å.
gThe overall completion in this dataset is lower than that for the highest resolution shell because of the removal of data in resolution shells
corresponding to ice rings.

complexes of STAT dimers on DNA, without particularly holds true for the STATs in that the phosphorylated tail
segment interacts only with the SH2 domain and doesstringent requirements for site-to-site spacing.
so in a conventional manner. However, the structure of
STAT-1 makes clear that the SH2 module functions asConclusions

The STATs utilize an immunoglobulin fold to bind DNA, a tightly integrated component of a complex signaling
mechanism. This is reminiscent of the situation in themuch like NFkB and p53. It is striking that the STATs

and NFkB, two of the limited number of families of latent Src tyrosine kinases, which utilize the same conserved
phosphopeptide-binding mechanism of the SH2 domaincytoplasmic transcription factors that are translocated

to the nucleus upon activation, both use similar DNA- to coordinate an internal ligand, resulting in the inactiva-
tion of the enzyme via a subtle mechanism (Sicheri andbinding motifs. There are, however, basic differences in

their mechanism. Sequestration of NFkB in the cyto- Kuriyan, 1997). It would appear that as we learn more
about how eukaryotic signaling switches operate at theplasm is achieved by binding to an inhibitor that upon

release reveals a nuclear localization signal, and nuclear molecular level, we shall have to expand the simpler
modular models to include more integrative mecha-translocation of NFkB follows. No nuclear localization

signal for the STATs has been identified as yet, and the nisms of action.
cytoplasmic unphosphorylated STATs are not bound
to inhibitors. Rather, STAT activation requires tyrosine

Experimental Procedures
phosphorylation and dimerization, which somehow trig-
gers nuclear translocation. Protein and DNA Preparation and Crystallization

Human STAT-1 core protein (residues 132–713) was overexpressedThe unique feature of the STATs is the presence of the
in E. coli and purified essentially as described (Vinkemeier et al.,SH2 domain, which is fused into a contiguous structural
1996). Oligonucleotides were synthesized by standard phosphor-element that includes the DNA-binding domain. A STAT
amidite chemistry on an Expedite Nucleic Acid Synthesis Systemhomolog has beenfound in the slime mold Dictyostelium
(PerSeptive) and purified by preparative, denaturing polyacrylamide

discoideum (Kawata et al., 1997), suggesting a very an- gel electrophoresis. Purified oligonucleotides were extracted from
cient evolutionary origin for the utilization of the immu- gel slices using electroelution (Elutrap System, Schleicher and

Schuell, Inc.) and desalted using a Resource RPC reverse phasenoglobulin fold to bind DNA as well as for the interaction
column (Pharmacia) on HPLC at room temperature. Single-strandedof SH2 domains with phosphotyrosines. The crystal
DNA was quantified by UV spectrophotometry, mixed with an equi-structure of the STAT-1 DNA complex described here
molar amount of a complementary strand, and annealed in the pres-reveals that dimeric interactions between two SH2 do-
ence of 100 mM KCl and 10 mM MgCl2.

mains are crucial to the formation of a DNA-binding Protein–DNA complex was prepared by mixing the protein and
clamp that wraps almost entirely around the duplex. By DNA samples with a molar ratio of 1:1.04 (protein dimer:DNA duplex).

Crystals were obtained from a variety of oligonucleotide duplexes,limiting the dimer interaction to the SH2 domain, the
but suitable diffraction was only obtained from crystals of the 18-STATs ensure that dephosphorylation of the tail seg-
mer duplex shown in Figure 4B. One large crystal grew over severalment will result in the rapid dissociation of the STAT–
months at 48C from a hanging drop that had been set up by mixingDNA complex.
1 ml of 0.12 mM protein:DNA complex and 1 ml of the reservoir

The SH2 domains first gained prominence because solution containing 100 mM Na acetate (pH 5.0), 100 mM KCl, 20
of their capacity to act as independently folded modular mM MgCl2, 3% PEG400, and 0.01% NaN3. Crystals grown by mac-

roseeding, originally from this crystal, reach a size of at least 0.25 3peptide binding units (Pawson, 1995). This concept
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0.2 3 0.1 mm3 within 10 days. The crystals are in space group C2221 and signal transduction in response to the interferons and other
cytokines. Phil. Trans. R. Soc. (London) B351, 167–171.with cell dimensions of a 5 76.6, b 5 148.2, and c 5 181.1 Å,

with one molecule of STAT-1 protein and a DNA half-site in the Brünger, A.T., Adams, P.D., Clore, G.M., Gros, P., Grosse-Kuntsleve,
asymmetric unit. R.W., Jiang, J.-S., Kuszewski, J., Nilges, M., Pannu, N.S., Read, R.J.,

Heavy atom derivatives were obtained by soaking crystals in sta- et al. (1998). Crystallography and NMR system: a new software
bilization solution with 1 mM Na2OsCl6 for 12 hr, with 10 mM KAu(CN)2 system for macromolecular structure determination. Acta Crys-
for 12 hr, with 10 mM Pb(OAc)2 for 1 hr, and with 10 mM UO2(NO3)2 tallogr. D., in press.
for 4 hr. The crystals were frozen in freshly thawed liquid propane Carson, M. (1991). Ribbons 2.0. J. Appl. Crystallogr. 24, 958–961.
(temperature z21508C) after being serially transferred through the

Cho, Y., Gorina, S., Jeffrey, P.D., and Pavletich, N.P. (1994). Crystalcryoprotection solutions with increasing concentrations of PEG400
structure of a p53 tumor suppressor-DNA complex: understanding(15%–45%). Diffraction data were measured at beamline A1 of Cor-
tumorigenic mutations. Science 265, 346–355.nell High Energy Synchrotron Source using a CCD detector. Data
Collaborative Computational Project, N. (1994). The CCP4 suite pro-processing and reduction was carried out using programs DENZO
grams for protein crystallography. Acta Crytstallogr. D. 50, 760–763.and SCALEPACK (Otwinowski and Minor, 1997).
Darnell, J.E., Jr. (1997a). STATs and gene regulation. Science 277,Electron density maps calculated using phases derived from
1630–1635.MLPHARE (Collaborative Computational Project, 1994) with density

modification by SOLOMON (Abrahams and Leslie, 1996) were of Darnell, J.E., Jr. (1997b). Phosphotyrosine signaling and the single
insufficient quality for model building. However, use of SHARP (La cell:metazoan boundary. Proc. Natl. Acad. Sci. USA 94, 11767–
Fortelle and Bricogne, 1997) and SOLOMON gave a map at 3.0 Å 11769.
of excellent quality (Figure 7; Table 1). Molecular models were built Esnouf, R. (1997). An extensively modified version of Molscript that
into this map using O (Jones et al., 1991) and refined with CNS, using includes greatly enhanced coloring capabilities. J. Mol. Graph. 15,
a maximum likelihood residual (Brünger et al., 1998). A complete 133–138.
molecular model for the DNA was built on the basisof the experimen-

Friend, S. (1994). p53: a glimpse at the puppet behind the shadowtal electron density map. Duplex DNA containing 17 base pairs and
play. Science 265, 334–335.1 overhang at each end was built to correspond to the sequence
Fu, X.-Y. (1992). A transcription factor with SH2 and SH3 domainsshown in Figure 4B. A crystallographic 2-fold axis passes through
is directly activated by an interferon a-induced cytoplasmic proteinthe central base pair of this duplex, as explained in the main text. The
tyrosine kinase(s). Cell 70, 323–335.occupancy of the DNA was held fixed at 0.5 during the refinement to
Fu, X.-Y., Kessler, D.S., Veals, S.A., Levy, D.E., and Darnell, J.E., Jr.account for the conformational averaging inherent in the symmetry
(1990). ISGF3, the transcriptional activator induced by interferonof the crystallographic system. Almost all of the molecular model
alpha, consists of multiple interacting polypeptide chains. Proc.for the protein could also be built into the original experimental map,
Natl. Acad. Sci. USA 87, 8555–8559.and the map continued to provide valuable guidance until the very

end of the model refinement. Fu, X.-Y., Schindler, C., Improta, T., Aebersold, R., and Darnell,
The final model for the protein extends from residue 136 to residue J.E., Jr. (1992). The proteins of ISGF-3, the interferon a-induced

710 of STAT-1. Two loops in the structure are disordered, and these transcriptional activator, define a gene family involved in signal
span residues 183–196 in the coiled-coil domain and residues 684– transduction. Proc. Natl. Acad. Sci. USA 89, 7840–7843.
699 in the SH2 domain. The free R value of the model to 2.9 Å is Ghosh, G., Van Duyne, G., Ghosh, S., and Sigler, P.B. (1995). The
29.4%, with a working R value of 22.7%. The final model has 79% structure of NFkB homodimer bound to a kB site. Nature 373,
of the amino acid residues in the most favored regions of the Rama- 303–310.
chandran plot. Only six residues are found in generously allowed

Holm, L., and Sander, C. (1993). Protein structure comparison by
regions, with none in the disallowed regions. alignment of distance matrices. J. Mol. Biol. 233, 123–138.

The coordinates will be deposited in the Protein Databank and are
Horvath, C.M., Wen, Z., and Darnell, J.E., Jr. (1995). A STAT proteinavailable immediately at the web site http://www.rockefeller.edu/
domain that determines DNA seqeunce recognition suggests a novelkuriyan/.
DNA-binding domain. Genes Dev. 9, 984–994.
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