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ments were done as described? using 34 pmol GTPase, 3.4 pmol of either Vav
or Dbl, and, when appropriate, 3.5 pmol GST-Lck.

JNK assay and in vivo nucleotide labelling of GTPases. COS-7 cells were
transfected using DEAE-dextran'2. After transfection, cells were cultured for
48 h, serum-starved in phosphate-free DMEM medium for 18 h, labelled with
[32P]orthophosphate (100 pCimi~) for 2 h, and disrupted in lysis buffer (50 mM
Tris-HCI, pH 7.5, 20mM MgCl,, 150 mM NaCl, 0.5% Nonidet-P40, 1 mM
sodium orthovanadate, 1 mM PMSF, 25ugml~* leupeptin and 25 pgmi-*
aprotinin). Lysates were immunoprecipitated with an anti-AU5 monoclonal
antibody (Babco) for 1 h and immunocomplexes recovered using Gamma-bind
G-Sepharose beads (Pharmacia/LKB). Immunoprecipitates were washed three
times in lysis buffer, twice in 50 mM Tris-HCl, pH 7.5, 20 mM MgCl,, 500 mM
NaCl, and finally resuspended in 1M KH,PO,, 5mM EDTA, pH 8.0. Bound
nucleotides were released by heating, and fractionated using polyethyleneimine
thin-layer chromatography plates*®. JNK activity was determined using an in vitro
immunocomplex assay'?22,
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TraNscCRIPTION factors of the NFAT family regulate the production
of effector proteins that coordinate the immune response'. The
immunosuppressive drugs FK506 and cyclosporin A (CsA) act by
blocking a Ca’"-mediated signalling pathway leading to NFAT.
Although FK506 and CsA have enabled human organs to be
transplanted routinely, the toxic side-effects of these drugs limit
their usage. This toxicity might be absent in antagonists that
target NFAT directly. As a first step in the structure-based search
for NFAT antagonists, we now report the identification and
solution structure of a 20K domain of NFATc (NFATc-DBD)
that is both necessary and sufficient to bind DNA and activate
transcription cooperatively. Although the overall fold of the
NFATc DNA-binding domain is related to that of NF-kB p50
(refs 2, 3), the two proteins use significantly different strategies
for DNA recognition. On the basis of these results, we present
a model for the cooperative complex formed between NFAT and
the mitogenic transcription factor AP-1 on the interleukin-2
enhancer.

NFAT consists of two clearly separable functional domains.
The N-terminal domain of NFATCc, residues 1 to 415, controls its
subcellular localization in response to Ca®*-mobilization (C. R.
Beals and G.R.C., manuscript submitted). Residues 416 to 591 of
NFATc (NFATc-DBD), are necessary and sufficient for DNA
binding and transcriptional activation on the distal antigen-recep-
tor response element of the interleukin (IL)-2 enhancer
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(ARRE2)* (SN.H. and G.R.C., unpublished results). In vitro,
NFATc-DBD cooperates with AP-1 to form a tight, oriented
complex on ARRE?2 (ref. 5). Furthermore, NFATc-DBD alone
binds specifically to ARREZ2, albeit more weakly than full-length
NFATc. NFATc-DBD thus represents the core functional domain
of human NFATCc, similar to that identified for murine NFATp
(ref. 6).

The core structural motif of NFATc-DBD consists of a ten-
stranded antiparallel B-barrel (Fig. la, b) assembled by the
packing of three B-sheets. The two primary sheets (BIHCFE and
BABG) form the core of the B-barrel, with the third sheet (BDG’)
capping off one end. Devoid of a-helical structure, the remainder
of NFATc-DBD is composed of loops, two of which are especially
prominent (BA—BB and BG'-BH loops). As commonly observed
for surface projections in NMR structures, the conformations of
the two prominent loops in NFAT-DBD vary widely among the
family of calculated structures shown in Fig. 1a. The origin of this
behaviour, revealed through "N-relaxation measurements’ (data
not shown), was found to differ for the two loops. Whereas the
BG'-BH loop has high conformational mobility throughout, the
majority of the BA—BB loop is conformationally constrained,
except at residues 28-35 near the tip (Fig. 1c), which appear to
be only partially ordered.

NFAT family members share extensive sequence homology
(~70%) over a ~300-amino-acid region comprising the entire
DNA-binding domain, the N-terminal half of which corresponds
to NFATc-DBD?. A potential sequence relationship between the
DNA-binding domain of NFAT and members of the NF-kB/Rel
protein family has been noted®'; however, the extent of sequence
similarity (<20%) falls below that considered to be statistically
significant. Comparison of the solution structure of NFATc-DBD
with the X-ray structure of NF-kB p50 DNA-binding domain (Fig.
2) reveals that the two share an essentially identical overall fold
(Fig. 2a, b) and strand topology (Fig. 2c, d ). Many of the residues
that are invariant between NFAT family members and p50 (Fig.
1c, bold) form the hydrophobic core of the B-barrel; the packing
interface between the BAB and BHI strands is nearly identical in
the two classes of proteins. The sequence is also highly conserved
throughout much of the G’ and BH strands, because both faces of
the small BG’'H sheet are important: side chains on one face
project inwards to establish the protein core, whereas those from
the other face (Ile 123, Val 147) make stabilizing contacts to the
lower end of the BA—BB loop (Val38). Several other invariant
residues, especially prolines 21, 46, 58, 110 and 156 in NFAT, are
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FIG. 1 a, b, Solution structure of NFATc-DBD. a, Backbone
(N, Ca, C') overlay of ten calculated structures of NFATc-
DBD. The core domain consists of residues 13-172;
residues 1-12 and 173-178 are highly disordered. The
ten B-strands that comprise the B-barrel, as well as the two
prominent loops, are colour-coded. b, MOLSCRIPT repre-
sentation of the NFATc-DBD structure, viewed from the
same perspective as in a and with the same colour coding.
The highly mobile BG'—BH loop is shown in red as a family of
Ca traces. Constituent strands that make up the three §-
sheets of the structure are denoted accordingly in match-
ing colours. Asterisk denotes a five-residue insert (residues
77-81) in the C-terminal end of the p50 DBD, which is
without counterpart in the NFATc DBL (asterisk in Fig. 2b);
this projection contains several basic residues that may
contact phosphates outside the canonical DNA recognition
site. ¢, Sequence and strand alignment of the four known
NFAT isoforms® 192526 gnd human NF-xB p50 (refs 27,
). B-strands are denoted above the sequence, colour-
coded as in a and b. The numbering above the sequence
corresponds to that of NFATc-DBD, which corresponds to
that of human NFATc (ref. 10) minus 413. The italicized MK
in the sequence of NFATc-DBD denotes amino acids added
for purposes of overexpression, which are not present in
NFATc itself.
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FIG. 2 a, b, Comparison of the solution structure (a)
of NFATc-DBD with the X-ray crystal structure (b) of
the DNA-binding domain of NF-xB p50 (ref. 2).
Yellow, B-strands; magenta, DNA-binding loop
(DBL); red, insert region. Asterisk denotes a basic
pentapeptide in the p50 DBL with no counterpart in
NFATc-DBD (refer also to Fig. 1c); this segment in
p50 is believed to make nonspecific contacts with
the DNA backbone. ¢, d, Topological maps of
NFATc-DBD (c) and the DNA-binding domain of
NF-xB p50 (d). B-strands are shown as arrows, o-
helices as cylinders. Colour scheme in ¢, d corre-
sponds to thatin a, b.
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important in defining the junction between B-strands and their
connecting loops. Many residues of the BA—BB loop are also
identical in NFAT and p50 (see below).

The two structures do show significant differences, but these lie
not in the strands that make up the B-barrel, but rather in the
length and conformation of the segments connecting these
strands. Most striking are the differences in the unusually long
connector located between strands BG’ and BH, which in Rel
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proteins is known as the ‘insert region’. In NF-kB p50, the 67
residues of the insert region form a compact helical bundle (Fig.
2b, red) which packs tightly against the immunoglobulin-like B-
barrel*®, whereas the much smaller insert region of NFATc-DBD
(21 residues) projects out into solution and is unstructured.

The sequence similarity between NFAT and Rel proteins is
high throughout the BPA-fB loop (residues 20-46 of NFATc-
DBD; Fig. 1c). All but one of the sequence-specific contacts made

FIG. 3 a, Sequences of the ARRE2 oligonucleotides.
Variants of the sequence shown containing individual
dT residues substituted by 5-iododeoxyuridine (IdU)
were used for b; variants having A-T base pairs
switched to |-C were used in EMSA binding assays
as a test for major-groove interactions. A tick indi-
cates that photocrosslinking or binding (K; < 20 nM)
was significant; a cross indicates a lack of photo-
crosslinking or binding (K, > 300 nM). b, Photocros-
slinking of NFATp to ARRE2. 32P end-labelled duplex
oligonucleotides (top) containing individual IdU resi-
dues at the indicated positions within the NFAT site
(see a) were irradiated with 308-nm UV light under
various conditions. The products were separated by
denaturing SDS-PAGE (below) and detected by
phosphorimaging. A large-scale photocrosslinking
reaction (lane 6) led to the identification of a covalent
linkage between Tyr29 and position 3, which is
ordinarily occupied by a T (data not shown). ¢, Align-
ment of residues in the p50 DBL responsible for
sequence-specific recognition of DNA (57-67) with
the corresponding residues in NFATc (26-35). d, e,
Diagram comparing the predicted major-groove con-
tact from the DBL of NFATc-DBD (d) with those found
in the X-ray structure of p50 (refs 2, 3) (e). Relevant
portions of the respective binding sites are shown
below the DBLs; arrows denote contact pairs. Brid-
ging hydrogen bonds between a key conserved Glu
(Glu32 in NFATc-DBD; Glu63 in p50) and Arg
residues involved in DNA recognition are indicated
by dotted lines. The red contact pair has been deter-
mined for both NFATp (b, ¢) and p50 (ref. 11) by
photocrosslinking, and confirmed in the case of p50
by X-ray crystallography®3.

TABLE 1 Structural statistics for NFATc-DBD

Number of amino acids assigned (non-proline sequential assignments)

Total number of distance constraints
Number of effective distance constraints
Intramolecular
Sequential
Medium-range
Long-range
Number of dihedral angle constraints
Distance constraint violations >0.2 A (per structure)
Dihedral constraint violations >2.5° (per structure)
X-PLOR potential energy (E,., average per structure)

R.m.s.d. to the mean for backbone heavy atoms, excluding poorly constrained regions

(residues 13-26; 36-124; 144-172)

R.m.s.d. to the mean for heavy atoms, excluding poorly constrained regions

(residues 13-26; 36-124; 144-172)
R.m.s.d. to the mean for backbone heavy atoms of all -strands

156 of 167
1,539
1,087

309

321

71

386

331
157+131

1664121

388+ 15

1.17+£022

1.60+0.26

0.70+0.07

(residues 15-19; 47-51; 59-66; 81-83; 93-97; 102-108; 115-123; 146-155; 165-170)

R.m.s.d. to the mean for heavy atoms of all $-strands

1.26+0.11

All ¢, ¥ angles in the calculated structures lie within allowed regions of the Ramachandran plot.

174

NATURE - VOL 385 - 9 JANUARY 1997



LETTERS TO NATURE

by p50 involve residues on this DNA-binding loop (DBL)**, and
mutations within the corresponding segment of NFATp abrogate
DNA binding®. To identify conclusively the segment of NFATp
that contacts DNA in the major groove, we carried out photo-
crosslinking experiments using oligonucleotides substituted with
5-iododeoxyuridine (IdU) at various single sites within ARRE2
(Fig. 3a). Strong ultraviolet-dependent crosslinking occurred only
when IdU was present at position T3 (Fig. 3b). Edman sequencing
of the DNA-bound peptide derived from the tryptic digestion
revealed that the peptide was crosslinked to DNA through the
residue corresponding to Tyr29 of NFATc-DBD (Fig. 3c). The
analogous residue in p50, Tyr 60, undergoes highly efficient BrdU-
mediated photocrosslinking to the fourth position of the NF-xB
recognition site (Fig. 3c, e)'. In the crystal structure of p50, the
aromatic ring of Tyr 60 is in direct van der Waals contact with the
pyrimidine base to which it becomes photocrosslinked**. Taken
together, these findings indicate that the aromatic ring of Tyr 29 in
the NFATc DBL contacts T3 of its DNA-recognition site (Fig.
3d). Knowledge of this conserved contact pair thus permits
alignment of the DBLs of NFATc and p50 on their respective
DNA sites, and permits prediction of the major-groove DNA
contacts used by NFATc (Fig. 3d, e).

Both the NFAT and p50 recognition sites contain a virtually
invariant GG dinucleotide immediately adjacent to the cross-
linked base pair (Fig. 3d, e). pS0 recognizes these G residues
through hydrogen-bonding interactions involving Arg57 and
Arg 59 (refs 2, 3). The former Arg is conserved in NFAT proteins
(Arg 26 of NFATc-DBD), whereas the latter is replaced by a His
(His 28) (Fig. 3c); Arg26 is essential for DNA binding, whereas
His 28 is not®. Nonetheless, the overall structure of the DBL in
NFATc-DBD is similar to that of pSO (Fig. 2a, b), several key
DNA contact residues in p50 are conserved in NFAT (Fig. 3b),
and the critical interaction involving Tyr 29/60 is maintained in
both. It is therefore likely that the DBLs of p50 and NFAT have
similar DNA-bound conformations and make several conserved
contacts, in addition to that involving Tyr 29. Thus, the side chain
of His28 in NFATc-DBD would be too short to contact G1, yet
interference footprinting indicates that NFAT recognizes this
guanine'?. This issue was explained by modelling experiments,
which suggested that the side chain of Arg35 should ideally be
positioned to contact G1. We thus propose that the DBLs of
NFAT and p50 share a common scaffold for DNA recognition,
and present the same side-chain functionality to the 5 GGR
sequence, but differ in the disposition of these residues along the
scaffold.

Our analysis defines the sequence-specific interactions between
NFAT and the 5'-half site of its recognition element (5'-
GGAAAA), but leave unanswered the basis for specific recogni-
tion of the 3'-half site (5-GGAAAA). Template-directed inter-
ference footprinting'*' indicates that NFAT makes strong major-
groove contacts only to G1, G2 and T3 (C. Min and G.L.V,,
manuscript in preparation). Switching of individual A-T base-
pairs in the NFAT site to I-C, which drastically alters major-
groove functionality but leaves the minor groove unchanged",
disrupted binding at position 3 but had little or no effect at
positions 4-6 (Fig. 3a). Thus, whereas NFAT clearly recognizes
the 5'-half site through sequence-specific contacts in the major
groove, the protein does not discriminate the 3'-half site through
major-groove contacts. These data suggest that NFAT recognizes
the 3'-half site either through direct or water-mediated contacts to
DNA bases in the minor groove, or by ‘indirect readout’ of the
unique structure of poly(A) DNA. Consistent with either possi-
bility, N3-methylation of any adenine within the 3'-half site
interferes with NFAT binding.

To gain insight into the overall architecture of the core
NFATc-AP-1-DNA complex, we superimposed the NMR struc-
ture of NFATc-DBD on the X-ray structure of the pS0-DNA
complex, and used the Tyr 29-T3 photocrosslinking observation
to position NFATc-DBD relative to AP-1 on ARRE2. A remark-
able feature of the resulting model (Fig. 4) is the location of the
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FIG. 4 Model of the core NFATc-AP-1-DNA structure. The solution
structure of NFATc-DBD was positioned with respect to the DNA backbone
(green) by least-squares superposition of the B-barrel (yellow) with that of a
DNA-bound monomer of p50, and with respect to the ARRE2 sequence and
AP-1 so as to align Tyr 29 and T3 (as defined by photocrosslinking). The X-
ray coordinates of the AP-1 bZip domain?® were used to place the hetero-
dimer (pink, cFos; blue, cJun) over the non-consensus AP-1 site in ARRE2,
using positional and orientational information derived from affinity cleaving
experiments®. Arg 285 of c-Jun is indicated by an arrow (see text).

NFAT insert region, which ends up positioned directly over
the minor groove of the 3'-half site. Although the structure of
the insert region is not precisely defined from the NMR data, it is
clear that residues of the insert region could readily move within
rcach of the minor-groove backbone and bases. Furthermore, the
two stretches of basic residues at both ends of the insert region
(residues 125-128 and 142-146) are reminiscent of minor-groove
binding elements commonly used by proteins that recognize DNA
by contacting both grooves'®®. Indeed, point mutations within the
N-terminal basic stretch (Lys 125, Arg127 or Asn 128, to Ala)
disrupt binding to ARRE2 (L.-J. Sun, B. R. Peterson and G.L.V.,
manuscript in preparation). We conclude that the NFAT insert
region is primarily responsible for sequence-specific recognition
of the 3'-half site, and that the insert region of Rel proteins
determines whether they bind DNA as monomers (NFAT
family) or only as dimers (NF-xB/c-Rel family).

Whereas NFATc and NFATp exhibit similar specificity for
ARRE2, NFAT3 and NFAT4 bind this site relatively weakly at
physiological concentrations®. Although our discussion has
focused on interactions common to all NFAT isoforms, we note
that several residues of the DBL are not invariant, and these might
help modulate DNA-binding specificity. In random site-selection
experiments, NFATp shows a moderate preference for the two
nucleotides immediately flanking the 5’-end of the site (positions
—1 and —2; C. D. Vaughan, J. Triant and G.L.V., manuscript in
preparation), raising the possibility that the characteristic speci-
ficity of each NFAT isoform is gained through differential recog-
nition of positions outside the 5'-GGAAAA consensus sequence.

The model of the core NFATc—-AP-1-DNA complex also
provides insight into the structural basis for cooperativity between
NFAT and AP-1. The locus of AP-1 interactions with NFATp
maps to the junction of the leucine zipper and basic region®.
Mutation of a single residue (Arg285) in the c-Jun junction
virtually abrogates cooperative interactions between NFATp
and AP-1 (ref. 19). In our model, the c-Jun Arg285 lies closest
to the insert region of NFATc-DBD, suggesting that contacts
between these loci mediate NFAT-AP-1 cooperativity; this holds
true even if the insert structure is folded differently in the DNA-
bound state from that in the solution structure of NFATc-DBD. In
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agreement with this, point mutations in the NFATc insert region
reduce cooperativity between NFAT and AP-1 but have negligible
effect on NFATc-DNA interaction (Glu 132 and Thr 138 to Ala;
L. J. Sun, B. R. Peterson and G.L.V., manuscript in preparation).
Consistent with its critical role in DNA-binding and protein—
protein interactions, the insert region is almost identical among
the four known NFAT isoforms (Fig. 1¢).

The structural basis for the assembly of general transcription
complexes on the eukaryotic promoter is becoming clearer®?.
Our results start to show how multiprotein complexes assemble to
form the enhancesomes that activate transcription. O

Methods

Overexpression and purification of NFATc. The NFATc DBD used for gel-shift
and NMR studies comprises residues 416-591 of human NFATc'?, fused to
the N-terminal Met1-Lys2 dipeptide. This fragment was cloned into the over-
expression plasmid pLM1 with the second codon encoding lysine to improve the
level of overexpression. Overexpression was performed in the E. coli BL21 DE3
plysS (Novagen). Transformed cells were grown in LB broth plus 100 mgl-*
ampicillin and 25mgl~* chloramphenicol to an Ay of 0.6-0.8, and then
induced with 225mgI-* isopropylthio-B-p-galactoside (IPTG) at 30 °C for 5-
6 h. NFATc was purified by cation-exchange chromatography over S-Sepharose
(Pharmacia) followed by anion-exchange chromatography over Q-Sepharose
(Pharmacia). **N- or *N/*3C-labelled NFATc for NMR spectroscopy was prepared
as described, except that 1 ml of cells grown in LBAC was used to inoculate 1 litre
of M9 minimal medium containing 1g *NH,Cl and 2g **Cs- or **C,-glucose
(Cambridge Isotope Labs). “N-reverse-labelled NFATc was produced according
to ref. 22.

1dU photocrosslinking. IdU-containing oligonucleotides were synthesized by
conventional solid-phase chemistry using an IdU phosphoramidite (Peninsula
Labs). The IdU-containing strand was 3?P-end-labelled and annealed with its
complement. Labelled duplex DNA was mixed with a recombinant fragment of
murine NFATp containing the DNA-binding domain®, in the presence or absence
of a 100-fold molar excess of unlabelled specific or nonspecific competitor
oligonucleotide. The mixture was allowed to equilibrate on ice for 1h, then
irradiated on a UV transilluminator (308 nm) for 1 h. The products were loaded
directly onto an SDS—polyacrylamide gel (Fig. 3a). The DNA-linked amino acid
was identified as described**.

Binding of NFAT to ARRE2 oligonucleotides having A.T base-pairs
switched to 1-C. ARRE2 oligonucleotides containing individual A-T to I-C
substitutions at positions 3 to 6 (Fig. 3a) were synthesized by conventional
solid-phase chemistry. The K, values of NFATc for these oligonucleotides were
determined by non-denaturing electrophoretic gel mobility assays. Binding
reactions (2mM HEPES, pH 7.5, 90 mM KCl, 10% glycerol, 0.1% Nonidet-
P40, 1 mM DTT, 5 pgml~* dI-dC, 0.1 mgmli~* BSA) containing various concen-
trations of NFATc-RHR and 5’ 32P-end-labelled probe (1nM) were allowed to
equilibrate at room temperature for 1 h before loading onto a 6% polyacrylamide
gel (0.5 x TBE). Bands representing free and bound probe were quantified using
a Fuji phosphorimager.

NMR spectroscopy. NMR experiments®® on NFATc-DBD were done with
sample concentrations of 1-2mM in 25 mM deuterated Tris-acetate (Cam-
bridge Isotopes), pH 6.5, 100 mM KCI, 5 mM deuterated DTT. Experiments were
done at 27°C on a Bruker DMX-500 instrument equipped with a triple-
resonance probe and triple axis gradients, unless otherwise noted. Assignments
for backbone *H, *3C and **N chemical shifts were obtained using a combination
of the following 3D experiments: HNCA, HN(CO)CA, HNCO, HN(CA)CO, HCACO,
HN(CA)HA. These 3D experiments, in combination with amino-acid assignments
determined from comparison of the *H-*°N HSQCs of the N reverse-labelled
samples?? and from the Ca and CB chemical shifts determined from an HC(C)H-
TOCSY (400 MHz Varian Unity Plus), allowed the sequential assignment of 156
of the 167 non-proline amino acids. *J,y., coupling constants were obtained
from an HNHA experiment and used for backbone dihedral angle constraints.
Stereospecific assignments for the methyl groups of 8 of 12 valines and 9 of 19
leucines were established based on the crosspeak pattern in a *H-*C HSQC
(without carbon decoupling) of a 10% *3C-labelled sample. H" exchange data
were acquired at five time points (1, 2, 12, 36 and 72 h) using a *H->N HSQC
experiment. NOE constraints for structural calculations were obtained from 4
NOESY experiments: 50 ms *°N separated 3D NOESY-HSQC (750 MHz Varian
Unity Plus), 50 ms 2D NOESY in D,0 (750 MHz Varian Unity Plus), 50 ms 2D
NOESY in 90% H,0/10% D,0, 100 ms **C-separated 3D NOESY-HSQC in D,O
(400 MHz Varian Unity Plus).

Structural calculations. Structural calculations were performed based on
1,087 effective non-hydrogen-bond constraints using the program DIANA* with
three REDAC cycles. Structures with target functions below 10 were further
refined by simulated annealing using X-PLOR (version 3.1). 35 structures were
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produced with no NOE violations >0.4A and no dihedral angle violations
>5.0deg. This family of structures was used for the calculation of statistics,
and the ten best structures were chosen for Fig. 1a.
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Structure of the single-
stranded-DNA-binding
domain of replication
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THE single-stranded-DNA-binding proteins (SSBs) are essential
for DNA function in prokaryotic and eukaryotic cells, mitochon-
dria, phages and viruses'?. The structures of four SSBs have been
solved®”’, but the molecular details of the interaction of SSBs with
DNA remain speculative. We report here the crystal structure at
2.4 A resolution of the single-stranded-DNA-binding domain of
human replication protein A (RPA) bound to DNA. Replication
protein A is a heterotrimeric SSB that is highly conserved in
eukaryotes. The largest subunit, RPA70, binds to single-stranded
(ss)DNA*® and mediates interactions with many cellular and
viral proteins'’. The DNA-binding domain, which lies in the
middle of RPA70, comprises two structurally homologous sub-
domains oriented in tandem. The ssDNA lies in a channel that
extends from one subdomain to the other. The structure of each
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