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SUMMARY

The host factor, nuclear factor of activated T-cells
(NFAT), regulates the transcription and replication
of HIV-1. Here, we have determined the crystal struc-
ture of the DNA binding domain of NFAT bound to the
HIV-1 long terminal repeat (LTR) tandem kB enhancer
element at 3.05 A resolution. NFAT binds as a dimer
to the upstream kB site (Core Il), but as a monomer
to the 3’ end of the downstream kB site (Core I). The
DNA shows a significant bend near the 5 end of
Core |, where a lysine residue from NFAT bound to
the 3’ end of Core Il inserts into the minor groove
and seems to cause DNA bases to flip out. Consistent
with this structural feature, the 5’ end of Core | be-
come hypersensitive to dimethylsulfate in the in vivo
footprinting upon transcriptional activation of the
HIV-1 LTR. Our studies provide a basis for further
investigating the functional mechanisms of NFAT in
HIV-1 transcription and replication.

INTRODUCTION

HIV-1 pathogenesis correlates closely with replication efficiency
in infected host cells (Michael et al., 1992; Piatak et al., 1993),
which is regulated by a complex interaction between viral and
cellular factors (Choi et al., 2005; Cicala et al., 2006; Fenard et al.,
2005; Pereira et al., 2000; Pessler and Cron, 2004). HIV-1 prefer-
entially replicates in proliferating CD4* T cells, partly by taking
advantage of the activated host transcription machinery (Levine
et al., 1996; Siekevitz et al., 1987; Weissman et al., 1996). HIV-1
also seems to be able to induce cellular signals in nonproliferat-
ing target cells that allow low-level viral replication in the absence
of cellular proliferation (Bounou et al., 2001; Choi et al., 2005;
Cicala et al., 2002, 2006; Greene, 1990; Robichaud et al., 2002;
Simmons et al., 2001), a mechanism thought to play a role in the
establishment and maintenance of viral latency. A major regula-
tory step of HIV-1 replication is transcriptional initiation from the
long terminal repeat (LTR) of HIV-1. The LTR contains many
cis-acting DNA sequences linked to the regulation of HIV-1
transcription (Jeeninga et al., 2000).

Among the cis-acting DNA sequences on the HIV-1 LTR, the
regulatory region between nucleotides —104 and —80 is the
most extensively characterized (Cron et al., 2000; Kawakami

et al., 1988; Kinoshita et al., 1997; Nabel and Baltimore, 1987;
Perkins et al., 1993). Substantial evidence suggests that this re-
gion and the adjacent three Sp-1 sites are important for HIV-1
transcription. The region spanning —104 to —80 contains two
consensus nuclear factor (NF)-kB binding sites (HIV-1 kB site)
that are identical to the kB site found on the promoter of the
immunoglobulin (Ig) k light chain gene, also known as the Ig kB
site. The upstream and downstream kB sites on the HIV-1 LTR
have identical core sequences, and are referred to as Core |l
and Core |, respectively. The sequences of the kB sites and
the four nucleotide spacer are highly conserved on most isolates
of HIV-1 (Jeeninga et al., 2000; Verhoef et al., 1999). Deletion and
site-directed mutation of these kB sites abolish reporter gene
activation driven by the HIV-1 LTR (Cron et al., 2000; Kawakami
et al., 1988; Kinoshita et al., 1997; Nabel and Baltimore, 1987;
Perkins et al., 1993). Despite earlier conflicting results (Leonard
et al., 1989; Ross et al., 1991), later studies strongly suggest that
HIV-1 uses the conserved «kB sites to enhance its replication in
infected host cells (Alcami et al., 1995; Chen et al., 1997).

In addition to NF-«B, increasing evidence suggests that the
related rel family transcription factor nuclear factor of activated
T-cells (NFAT) is also involved in HIV-1 transcription. NFAT was
originally characterized as a transcription factor important for the
expression of the interleukin (IL)-2 gene (McCaffrey et al., 1993;
Northrop et al., 1994; Shaw et al., 1988). Its function has now
been expanded to the regulation of diverse genes both within
and beyond the immune system (Crabtree and Olson, 2002;
Hogan et al., 2003). The prototypical NFAT family of transcription
factors (NFAT1-4) contains an N-terminal calcineurin binding
domain, a DNA binding domain (also known as the rel homology
region [RHR]), and a C-terminal transactivation domain. NFAT
family members often cooperate with other transcription factors,
such as AP-1, GATA, MEF2, and FOXP, that are present depend-
ing on cellular context and costimulatory signals (Chen et al.,
1998b; Giffin et al., 2003; Jain et al., 1993; Molkentin et al., 1998;
Stroud and Chen, 2003; Wu et al., 2006; Youn et al., 2000). This
cooperation often occurs at composite elements containing
adjacent binding sites of NFAT and its partners.

Initial speculation that NFAT may be involved in HIV-1 regula-
tion came from the identification of putative NFAT binding sites
on the HIV-1 LTR upstream of the tandem kB sites (Gaynor,
1992; Shaw et al., 1988). However, subsequent analyses con-
cluded that no activity dependent on NFAT could be correlated
with the presence of these motifs (Lu et al., 1990; Markovitz
et al., 1992). Further studies reveal that the cis elements on the
HIV-1 LTR recognized by NFAT are actually located in the
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same enhancer region (nucleotides —104 to —80) recognized by
NF-kB (Cron et al., 2000; Kinoshita et al., 1997). Meanwhile, ev-
idence has also emerged that NFAT can activate transcription
from kB-like sequences on a number of host and viral promoters
(Goldfeld et al., 1993; Manley et al., 2006, 2008; Okamoto et al.,
1994). Numerous studies now suggest that HIV-1 exploits NFAT
for viral replication (Cron et al., 2000; Fortin et al., 2001; Kinoshita
et al., 1997, 1998; Navarro et al., 1998). Induction of NFAT pro-
teins has been shown to promote HIV-1 infection in primary
CD4* cells, whereas inhibition of NFAT with the immunosuppres-
sive drugs, CsA or FK506, suppresses this process (Argyropou-
los and Mouzaki, 2006). Although CsA may act on multiple steps
of the HIV-1 life cycle (Franke et al., 1994; Luban et al., 1993;
Thali et al., 1994), significant evidence suggests that the inhibi-
tion of HIV-1 replication by CsA and FK506 is at least partly
due to the inactivation of NFAT’s transcriptional function (Cron,
2001; Cron et al., 2000; Kinoshita et al., 1997). Footprinting data
indicate that NFAT binds to the tandem «kB sites onthe HIV-1 LTR
(Cron et al., 2000; Kinoshita et al., 1997; Ranjbar et al., 2006).
NFAT can activate reporter genes driven by the HIV-1 LTR, which
requires the intact kB elements (Cron et al., 2000; Kinoshita et al.,
1997). Interestingly, mutations of the spacer region between the
two kB sites also disrupt the transcription function of the HIV-1
LTR (Kinoshita et al., 1997; Perkins et al., 1994), suggesting that
the spacer binds additional factors or plays a role in coordinating
the function of the two kB sites. Numerous studies also suggest
that HIV-1 can induce cellular programs to promote viral replica-
tion. One prominent consequence of these cellular programs
is the increased expression and activity of NFAT (Cicala et al.,
2006). Taken together, these data strongly suggest that mem-
bers of the NFAT family are involved in HIV-1 replication, but
direct evidence has yet to come. It is interesting to speculate that
the tandem «B sites and their linker region may have evolved to
optimally exploit two different but related host factors (NF-kB and
NFAT) for HIV-1 replication under different cellular conditions.
To aid further functional studies of NFAT in HIV-1 transcription
and replication, we have been carrying out systematic structural
studies of NFAT bound to the HIV-1 LTR. We have previously
characterized the structure of NFAT bound to a single HIV-1
LTR kB site as a dimer (Giffin et al., 2003). Here, we present
the crystal structure of the DNA binding domain of NFAT bound
to the HIV-1 LTR tandem kB enhancer element as a higher-order
complex. Our structure and accompanying biochemical analy-
ses suggest that the binding of NFAT to Core | is affected by
the nearby NFAT dimer bound to Core Il. As a result, NFAT binds
the two identical kB sites on the HIV-1 LTR in distinct modes.
This observation may have general implications for DNA recog-
nition by transcription factors in distinct promoter contexts
in vivo. The DNA shows a significant bend near the 5 end of
Core |, where a lysine residue from NFAT bound to the 3’ end
of Core Il inserts into the minor groove. The insertion of the lysine
residue also seems to cause two DNA bases to flip out toward
the major groove, as suggested by the extra helical electron den-
sity observed in our crystal structure. These structural features
of DNA distortion are consistent with in vivo footprinting data,
and suggest that context-dependent DNA recognition by NFAT
also involve conformational changes of DNA. Our structural and
biochemical studies presented here have general implications
for understanding the combinatorial mechanism of eukaryotic

gene regulation and how this mechanism may be adopted by vi-
ruses in using host transcription machineries for viral replication.

RESULTS

Overview of the Structure

We have crystallized the RHR of human NFAT1 (amino acid res-
idues 392-678) bound to a 25-mer double-stranded DNA con-
taining the tandem «B sites from the HIV-1 LTR. The crystals
diffracted to 3.05 A resolution. The structure was solved by the
molecular replacement method using the coordinates of NFAT1
bound to the isolated HIV-1 LTR «B site as a dimer (Giffin et al.,
2003). The statistics of data collection and refinement are pre-
sented in Table S1 in the Supplemental Data available with this
article online. The asymmetric unit of the crystal contains three
molecules of NFAT bound to the HIV-1 LTR DNA (Figure 1), two
of which form a dimer that binds one of the kB sites, whereas
the third NFAT molecule binds the 3’ half site of the other kB site
as a monomer. We have also crystallized a complex of NFAT
bound to the HIV-1 LTR tandem «B sites on a 26-mer DNA and
obtained a nearly identical structure, although at lower resolution
(~3.5 A) (D.L.B. and L.C., unpublished data). In the lattice of both
the 25-mer and 26-mer structures, the NFAT monomer is sur-
rounded by neighboring molecules, and there is no room for an
additional NFAT molecule. But this does not necessarily mean
that the observed 3:1 binding ratio is due to crystal packing. Nev-
ertheless, biochemical verification of the binding stoichiometry in
solution is needed (see below). The RHR of each NFAT molecule
consists of two independently folded Ig domains, RHR-N and
RHR-C; each resembles previously determined crystal structures
in various NFAT complexes (Chen et al., 1998b; Giffin et al., 2003;
Stroud and Chen, 2003; Wu et al., 2006). The DNA has a signifi-
cant bend (about 35°) in the spacer region separating the two
kB sites (discussed further below). Overall, NFAT binds the
HIV-1 LTR tandem «B enhancer element as a mix of monomer
and dimer.

Determining the Orientation of DNA

Since NFAT binds the two kB sites in very different modes, it is
important to determine which site binds the NFAT dimer and
which binds the monomer, or if the orientation of DNA is scram-
bled in the crystal lattice. In our previous study of the NFAT dimer
bound to the HIV-1 LTR kB site, we used a 15-mer double-
stranded DNA containing Core | and its flanking sequences
(AATGGGGACTTTCCA) (Giffin et al., 2003). We used this struc-
ture as a partial search model to locate the NFAT dimer in the
present crystal structure and initially assigned its DNA site as
Core |. The electron density of DNA is very well defined (see be-
low), although it is difficult to define the nucleotide sequence at
3.05 A resolution. To determine the orientation of DNAin the crys-
tal structure, we substituted Thy8 (Figure 1A, see sequence at
bottom) in Core Il with a 5-BrdU analog in the 25-mer DNA used
in crystallization. The NFAT complex made with the modified
DNA crystallized similarly to the native complex, and diffracted
to 3.5 A. We solved this structure by the molecular replacement
method. A Fourier difference map shows clearly that the BrdU an-
alog is located in the region where NFAT binds DNA as a dimer
(Figure 2), whereas the corresponding site of the monomer lacks
the extra density. This result demonstrates unambiguously that
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DNA has a defined orientation in the crystal and that NFAT binds
Core Il as a dimer, while the third NFAT molecule binds the 3’ end
of Core | as a monomer.

Two Distinct Conformations of NFAT on DNA

The NFAT monomer bound to the 3’ half of Core | adopts a
V-shaped conformation. A number of residues from RHR-C en-
gage in van der Waals interactions with residues from RHR-N.
The linker region between RHR-N and RHR-C forms an a helix.
These structural features are characteristic of the folded confor-
mation of the NFAT RHR observed in a number of NFAT com-
plexes characterized previously (Chen et al., 1998b; Giffin et al.,
2003; Stroud and Chen, 2003; Wu et al., 2006). Indeed, the struc-
ture of the NFAT monomer on the HIV-1 LTR superimposes very
well with the NFAT structure in the NFAT/Fos-Jun/DNA complex
(Chen et al., 1998b; Figure 3A). In contrast to the NFAT monomer
on Core |, the two NFAT molecules bound to Core Il adopt an
open conformation, wherein the linker between RHR-N and
RHR-C assumes an extended conformation. There is no interac-
tion between RHR-N and RHR-C. Instead, the RHR-C domains
of both NFAT molecules interact with each other extensively to

Figure 2. Orientation of the HIV-1 LTR Tandem kB DNA in the Crystal
A 5-BrdU base analog is engineered at the Thy8 position (magenta) in Core II.
The Fourier difference map (contour level 3c) shows clearly the extra density
(yellow) corresponding to the heavier bromine atom. This region of DNA is
occupied by the NFAT dimer.
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Figure 1. Overall Structure of the NFAT/
HIV-1 LTR Tandem B Complex

(A) The RHR of three NFAT molecules bind to the
tandem kB sites of the HIV-1 LTR. The proteins
are in ribbon style; the DNA is represented by the
stick model (deep cyan). The NFAT monomer
bound to the 3’ end of Core | is colored ruby red,
and the NFAT dimer bound to Core Il is colored
deep purple (3’ end) and deep blue (5" end). The
N-terminal Ig domain (RHR-N) and the C-terminal
Ig domain (RHR-C) are labeled for all three mole-
cules. The DNA sequence used in the crystalliza-
tion is listed at the bottom. Core | is from Gua15
to Cyt24, whereas Core Il is from Gua1 to Cyt10.
(B) The complex is rotated along the DNA axis by
90° with respect to (A).

form the major dimer interface (discussed further below). The
RHR-N also forms a small dimer interface through the E'F loop.
The overall structure of the NFAT dimer bound to Core Il is very
similar to that observed in the NFAT dimer bound to an isolated
HIV-1 LTR «B site (Giffin et al., 2003; Figure 3B). Thus, NFAT
binds the HIV-1 LTR tandem kB sites in two distinct conforma-
tions, each representing a typical structure of NFAT RHR
observed previously.

DNA Conformation

A simulated-omit map shows that the refined DNA in the crystal
structure has well-defined electron density (Figure 4A). Despite
the application of B-DNA constraints during the refinement, the
electron density shows that the middle region of the DNA is
clearly bent from ideal B-DNA. Superposition of the DNA with
an idealized B-DNA of the same sequence shows a 35° bend
in the spacer region between the two kB sites (Figure 4B). The
center of the bend is located near the 5 end of Core I. Here,
the major groove of DNA from Gua14 to Gual17 becomes wid-
ened, whereas the minor groove becomes narrowed. As dis-
cussed below, NFAT binding may contribute to or facilitate the
DNA bend observed here. But we cannot rule out that HIV-1
LTR has an intrinsic tendency to bend between the two tandem
kB sites.

Protein-Protein Interactions

Protein-protein interactions in the NFAT/HIV-1 LTR complex oc-
cur primarily between the two NFAT molecules bound to Core Il
The RHR-C domains of both molecules interact with each other
extensively to form a major dimer interface. On the other side of
the DNA, the RHR-N domains also make contacts with each
other, albeit to a lesser degree. As a result, the two NFAT mole-
cules form a closed dimer that encircles the DNA (Figure 5A). The
dimer interface formed by the RHR-C domains is asymmetric, in-
volving strands gaa’be of one monomer and strands fgcc’ of the
other. The dimerization is mediated by extensive van der Waals
contacts and hydrogen bonds between the main chain and side
chain atoms of interface residues. Overall, the detailed dimeriza-
tion interactions between the two NFAT molecules bound to
Core Il are very similar to those observed in the NFAT dimer
bound to the isolated kB site (Giffin et al., 2003; Jin et al., 2003).
Finally, the RHR-C of the NFAT monomer on Core | makes a small
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Figure 3. Two Distinct Conformations of
the NFAT RHR on the HIV-1 LTR Tandem
kB Sites

(A) Superposition of the NFAT monomer on the
HIV-1 LTR Core | (protein, ruby red; DNA, dark
cyan) and the NFAT monomer in the NFAT/Fos-
Jun/ARRE2 complex (yellow). The Fos-Jun com-
plex and the NFAT dimer on Core Il are omitted
for clarity. It is clear that the NFAT has a very
similar structure in the two distinct complexes, in-
cluding the relative orientation of the RHR-N and
RHR-C. However, the DNA in the HIV-1 LTR com-
plex (dark cyan) has a greater bend than that in the
NFAT/Fos-Jun/ARRE2 complex (yellow) (dis-
cussed further in the text).

(B) Superposition of the NFAT dimer bound to Core Il of the HIV-1 LTR tandem kB sites (dark blue) and the NFAT dimer bound to an isolated kB site (green). Both
the protein and DNA superimpose very well in this region. The NFAT monomer bound to Core | is omitted.

contact to the RHR-N of the NFAT molecule bound to the 5’ end
of Core Il (Figure 5B).

Protein-DNA Interactions

The three NFAT molecules bind the HIV-1 LTR tandem «B sites
through extensive interactions in the major and minor grooves
and on the phosphate backbone. DNA recognition by NFAT is
primarily mediated by a set of conserved structural elements in
the RHR-N (Chen et al., 1998b). These elements include the
AB loop and the RHR-N/RHR-C linker that interact with DNA
bases in the major groove to specify the NFAT core sequence
(GGAA) and the E’F loop that contacts the DNA backbone and
minor groove. This general mode of DNA binding is largely con-

Corell

Figure 4. DNA conformation of the HIV-1 LTR tandem «B sites

(A) A simulated omit map (contour level 26) showing well-defined density of
the HIV-1 LTR tandem «B sites and the distorted DNA helix. The sequence
of the top strand is labeled.

(B) Superposition of the DNA in the crystal (dark cyan) and an ideal B-DNA
containing the sequence of the HIV-1 LTR tandem «B sites (magenta) shows
that the DNA bend is located at the 5’ end of Core I.

served in the present structure. For the NFAT monomer bound to
the 3’ end of Core |, Arg430, Arg421, GIn571, Glu427, and Tyr424
bind the major groove of DNA from Cyt19 to Cyt24. The stem of
the E'F loop and the fg loop also make numerous contacts to the
DNA backbone. Most notably, Arg537 inserts deeply into the
minor groove (Figure 6). The NFAT molecule bound to the 3
end of Core |l interacts similarly with DNA from Cyt5 to Cyt10.
The 5’ end of Core Il contains a cryptic NFAT site (GGGA) instead
of the consensus sequence (GGAA). On the consensus NFAT
site, Arg430, Arg421, and GIn571 of NFAT form a stack of biden-
tate hydrogen bonds with the GGA trinucleotide motif. However,
on the cryptic site of Core Il, Arg430 and Arg421 form bidentate
hydrogen bonds with Gual and Gua2, respectively, while the
side chain of GIn571 forms only a single hydrogen bond with
Gua3 (Figure 6). The detailed protein-DNA interactions on Core
Il are similar to those observed in the NFAT dimer bound to the
isolated kB site (Giffin et al., 2003). In the present study, we also
observed a novel protein-DNA contact by NFAT not seen in pre-
vious NFAT/DNA complexes. Lys482, which is located on the XY
loop of the NFAT molecule bound to the 3’ end of Core Il, inserts
deeply into the minor groove between Guai14 and Gua15. The
precise location of this insertion at the DNA bend suggests
that Lys482 facilitates DNA bending by introducing a positive
charge in the DNA minor groove.

Biochemical Analyses of the NFAT/HIV-1 LTR Complex

Previous studies have shown that full-length NFAT1 and NFAT2
from cell extracts bind the HIV-1 LTR tandem kB sites as two ma-
jor bands in the electrophoresis mobility shift assay (EMSA) gel
(Cron et al., 2000). Since these two bands were not affected by
mutations at the 5’ end of both «B sites, it was thought that
NFAT binds at the 3’ end of the tandem kB sites as two indepen-
dent monomers (Cron et al., 2000). We used highly purified
NFAT1 RHR to observe a similar EMSA pattern for the binding
of NFAT1 to the HIV-1 LTR tandem «B sites (Figure 7, lanes 1-3).
We also found that the binding was not affected qualitatively by
mutations at the 5’ end of both kB sites (data not shown). How-
ever, this observation does not necessarily suggest that NFAT
binds only to the 3’ end consensus NFAT motif of the two kB sites
as a monomer, because both NFAT5 and NF-«kB have previously
been shown to bind DNA with only one consensus half site as a
dimer (Chen et al., 1998a; Stroud et al., 2002). We have previ-
ously shown that NFAT1 binds the isolated HIV-1 LTR «kB site
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as a highly cooperative dimer (Giffin et al., 2003). Moreover, we
found that NFAT can still bind 5’ end mutated HIV-1 LTR «B site
as a dimer (Figure S1). Based on these observations and the
present crystal structure, we favor the interpretation that the
lower band in Figure 7 corresponds to one NFAT dimer bound
to DNA, and the upper one corresponds to three NFAT mole-
cules on DNA. Consistent with this interpretation, mutation at
the 5’ end of Core |, which is unoccupied in the crystal structure,
did not show any apparent effect on EMSA (Figure 7, lanes 4-6),
but further mutation of the 3’ end consensus NFAT site of Core |
eliminated the top band in EMSA, presumably by preventing the
binding of the third NFAT molecule to Core | (Figure 7, lanes 7-9).

Since the molecular weight of protein-DNA complex on EMSA
cannot be reliably predicted by its mobility, we further analyzed
the binding stoichiometry by isothermal titration calorimetry
(ITC). We used the isolated HIV-1 LTR kB site (AATGGGGAC
TTTCCA) as a control to reliably obtain a titration ratio of 2:1 be-
tween NFAT1 and DNA (data not shown), which is consistent
with the crystal structure (Giffin et al., 2003). However, on the
HIV-1 tandem «kB sites with various flanking sequences, the
binding ratio between NFAT1 RHR and the DNA measured by

Dimer 1

R430 R421 Q571

Structure
Structure of NFAT Bound to the HIV-1 LTR

Figure 5. Protein-Protein Interactions in the
NFAT/HIV-1 LTR Complex

(A) The NFAT dimer bound to Core Il is shown in
surface representation superimposed on the rib-
bon structure. The arrow indicates the major dimer
interface formed by RHR-C. The E'F loop also
makes a dimer interface on the opposite side of
the DNA. As aresult, DNA is encircled by the NFAT
dimer. In this view, the NFAT monomer is omitted
for clarity.

(B) Side view of the NFAT/HIV-1 LTR complex
showing the small contact between the RHR-C
of the NFAT monomer bound to Core | and the
RHR-N of the NFAT molecule bound to the 5’
end of Core Il. The DNA bend is also clearly visible,
which may facilitate the interactions between
NFAT molecules bound to Core | and Core Il

ITC fluctuates between 2 and 3, and shows large error. A typical
ITC runis shown in Figure 8. This behavior of binding ratio uncer-
tainty was also observed in filter binding assays, which gave
a stoichiometry of about 2.3-2.8. So far, we have been unable
to determine the source of this apparent problem. One possibility
is that the NFAT monomer binds the deformed Core | site with
such weak affinity that the titration was not completed under
our experimental conditions. In the crystal structure, the NFAT1
monomer bound to Core | indeed showed much higher B factors
than the NFAT1 dimer bound to Core Il. The NFAT/HIV-1 LTR
complex is not stable enough for molecular weight analysis by
gel filtration and multiangle light scattering. Chemical cross-link-
ing of the NFAT/HIV-1 LTR complex and subsequent mass spec-
troscopy analyses revealed NFAT trimer, but also higher-order
oligomers (M.J.G., D.L.B., and L.C., unpublished data).

To further address the question of whether the binding of
NFAT1 to Core | is affected by the nearby Core Il and/or the
bound NFAT1 dimer, we inserted four bases between the two
kB sites and compared the binding of NFAT1 RHR to the wild-
type (WT) HIV-1 LTR DNA and the insertion mutant (insert mu-
tant) (Figure 9). The inserted bases were added to the flanking

Q571 R421 R430
Dimer 2

Corell

Q571 R421

R430

Monomer

Corel

Figure 6. Schematic of Interactions between NFAT and the HIV-1 LTR Tandem «B Sites

DNA is represented as a ladder, with bases as ovals and labeled according to the text and Figure 1A. The backbone phosphates are represented as circles, with the
letter P inside. “Monomer” represents the NFAT molecule bound to the 3’ end of Core |, the residues of which are colored ruby red. “Dimer 2” represents the NFAT
molecule bound to the 3’ end of Core I, the residues of which are colored deep purple. “Dimer 1” represents the NFAT molecule bound to the 5’ end of Core Il, the
residues of which are colored deep blue. Hydrogen bonding interactions are represented by solid arrows, while van der Waals interactions are represented by
dashed arrows. The guanine nucleotides protected in the in vivo DMS footprinting are highlighted by bold, dashed ellipses, whereas guanine residues with en-
hanced reactivity toward DMS are highlighted by bold, red ellipses. For clarity, only representative protein-DNA contacts are shown in the figure.
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Figure 7. EMSA of NFAT1 RHR Binding to the HIV-1 LTR Tandem
kB Sites

DNA containing the WT HIV-1 LTR tandem «B sequences (lanes 1-3), the mu-
tant modified at the 5’ end of Core | (lanes 4-6), or the mutant modified at both
the 5" and 3’ ends of Core | (lanes 7-9) are used in three sets of binding reac-
tions. The detailed sequence changes in both mutants are described in Exper-
imental Procedures. The DNA concentration was kept at 1 nM. For each set of
DNA (lanes 1-3, lanes 4-6, or lanes 7-9), the concentration of NFAT RHR varies
between 0, 4, and 40 nM. DNA = unbound free DNA; Dimer = two NFAT
molecules bound to DNA; Trimer = three NFAT molecules bound to DNA.

region of the WT probe to make the length equal. Titration of the
WT HIV-1 LTR DNA with NFAT1 RHR (Figure 9A, lanes 1-6)
showed two major bands, as seen in Figure 7. However, with
high concentration of DNA probe and longer exposure here, we
also observed a minor band between the two major bands. The
identity of this minor band is not clear, but probably corresponds
to a different intermediate other than the NFAT1 dimer bound to
Core Il before the fully titrated complex is formed (Figure 9A, lane
6). Titration of the insert mutant (Figure 9A, lanes 7-12) also gen-
erated two bands. Our previous biochemical and structural stud-
ies have demonstrated that NFAT1 RHR can bind isolated Ig kB
sites in various DNA contexts as a highly cooperative dimer
(Giffin et al., 2003; Jin et al., 2003). We can therefore reasonably
assign the lower band as the dimer and the higher band as two
dimers on the insert mutant. The formation of the two dimers
on the insert mutant seems to be noncooperative, suggesting
that the binding of NFAT to the two further separated kB sites
are independent. We can use the bands of the insert mutant as
calibration to see that the lower band formed on the WT probe
has the same mobility as that of the insert mutant (Figure 9A, com-
pare lanes 2-4 and 8-10), whereas the higher band has a slightly
faster mobility than the corresponding band of the insert mutant
(Figure 9A, compare lanes 6 and 12). We have also stained the gel
for DNA (Figure 9A) and protein (Figure 9B), and analyzed the
band intensity by densitometry. Although we could not obtain
a quantitative measurement of the binding stoichiometry by this
method, we observed reproducibly that the protein:DNA ratio
for the lower band is significantly less than that for the higher
band on the WT probe, and that the protein:DNA ratio of the
higher band formed on the WT probe is significantly less than
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Figure 8. ITC Analysis of NFAT1 RHR Binding to the HIV-1 LTR
Tandem kB Sites

The top panel presents heat effects associated with the injection of DNA into
the solution of NFAT1 RHR. The bottom panel presents DNA concentration
dependence of the heat released upon DNA binding to NFAT1 after normaliza-
tion and correction for the heats of dilution. The horizontal axis represents the
NFAT versus DNA molar ratio. The DNA sequence used in this experiment is at
the bottom (see Experimental Procedures for further details).

that of the higher band formed on the insert mutant (Figure 9B,
compare lanes 6 and 12). These observations are consistent
with the interpretation that the lower and higher bands on the
WT probe correspond to 2:1 and 3:1 complexes, whereas those
on the insert mutant correspond to the 2:1 and 4:1 complexes.

Comparison with In Vivo Footprinting Data

Protein binding to the HIV-1 LTR has been analyzed by in vivo
dimethylsulfate (DMS) footprinting, which reveals potential pro-
tein contacts under physiological conditions (Demarchi et al.,
1992, 1993). In these studies, HIV-1-infected T cells were treated
with DMS. The resulting footprinting pattern revealed extensive
protection of guanine nucleotides in both the Core Il and Core |
regions, including Gua2, Gua3, Gua5’, Gua9’, Gua10’, Gua16,
Gua19’, and Gua24’ (Figure 6). Most of the protected guanines,
such as Gua2, Gua3, Gua9’, Gua10’, and Gua24’, are contacted
by NFAT in our crystal structure, but some of them (Gua%’,
Guai16, and Gua19’) are apparently open to solvent. Protection
of these guanines might arise from the binding of other factors
in vivo. Alternatively, full-length NFAT may make additional
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Figure 9. Effect of the Spacing between the
Two kB Sites in the HIV-1 LTR

(A) EMSA of NFAT1 RHR binding to the WT HIV-1
LTR (WT) (lanes 1-6) or the insert mutant (lanes
7-12). The sequences of both probes are listed
below the gel, with the inserted bases italicized.
The DNA was kept at 0.1 nmol. For each set of DNA
probe (lanes 1-6 or lanes 7-12), the molar ratio of
protein (NFAT RHR) to DNA varies between 0, 0.5,
1,2, 4, and 6. The gel was stained for DNA.

(B) The same gel was stained for protein.

(7/819[10 11

it

5" - TTCAGGGACTTTCCGCTGGGGACTTTCCAGTT-3"

Insert

contacts to the HIV-1 LTR DNA through domains that are not
included in the current crystal structure. Interestingly, upon tran-
scriptional activation, the most significant change in the foot-
printing pattern is a dramatic increase in DMS reactivity of
Gua14 and Gua15 in the spacer region between the two kB sites
(Demarchi et al., 1993). Our structure reveals a 35° DNA bend
around Gual4 and Gua15, where Lys482 (see above) interacts
with the two guanines in the minor groove. A simulated omit
map of this region of DNA reveals extra helical density around
Gual14 and Gua15 (Figure 10), suggesting that Gua14 or Gua15,
or both, have a tendency to flip out the DNA helix, probably due
to the DNA bend and/or the insertion of Lys482 in the minor
groove. These structural features may explain the enhanced re-
activity of the two guanines toward DMS. These observations,
together with the partial agreement of guanine protection, hint
that NFAT might bind the HIV-1 LTR tandem «B sites in vivo in
a structure similar to that observed here.

Figure 10. Detailed View of the DNA Bending Region

A simulated omit map (contour level 3c) showing well-defined density of
Lys482 of the NFAT molecule bound to the 3’ end of Core II. This lysine residue
inserts deeply into the minor groove opposing Gua14 and Gua15. Although, at
the current resolution, the exact conformation of individual bases cannot be
refined without B-DNA constraints, a pronounced density is observed in the
major groove of Gual4 and Gua15, suggesting that these two bases are dis-
torted, perhaps becoming extrahelical. These two bases showed enhanced
reactivity toward DMS in the in vivo footprinting (see text for further details).

3’ -AAGTCCCTGAAAGGCGACCCCTGAAAGGTCAA-5"

DISCUSSION

5" -CAGGGACTTTCCTTGCTG TTGGGACTTTCCAG-3"
3" -GTCCCTGARAGGAACGACAACCCTGAAAGGTC-5"

Although many cellular promoters con-
tain multiple kB sites, the specific config-
uration of the tandem «B sites conserved
on the HIV-1 LTR has not been found in any known host pro-
moters (M. Hartwig and L.C., unpublished data). This observa-
tion raises an intriguing question if the NFAT or the NF-kB com-
plexes formed on the HIV-1 LTR are structurally unique and,
therefore, may be selectively inhibited by small molecules. Based
on the structure of NFAT dimer bound to the isolated HIV-1 LTR
kB site (Giffin et al., 2003), we built a model of NFAT bound to the
HIV-1 LTR tandem «B sites (Figure S2). The model suggests that
the two NFAT dimers bound to the adjacent kB sites would clash
with each other, which may explain why NFAT binds the HIV-1
LTR tandem kB sites as a mix of monomer and dimer. There is
little protein-protein interaction between the NFAT dimer bound
to Core Il and the NFAT monomer on Core |. Consistent with this
assembly, EMSA and filter binding assays show that NFAT binds
the HIV-1 kB site as a cooperative dimer (Hill coefficient, 1.85),
but the binding of the additional NFAT molecule seems nonco-
operative (Hill coefficient for the tandem «kB sites, 1.87) (M.J.G.
and L.C., unpublished data). However, inside cells, full-length
NFAT bound to Core | and Core |l may interact with each other
through regions outside RHR. The three NFAT molecules on the
HIV-1 LTR may, therefore, act together to recruit transcription
coactivators to drive HIV-1 transcription.

The tandem kB sites on the HIV-1 LTR have identical core se-
quences (GGGACTTTCCQ). It is, therefore, intriguing that NFAT
binds these two sites in such drastically different modes. The
main differences between the two sites are the immediate flank-
ing sequences and their relative arrangement on DNA (i.e., Core |
is located on the 5’ side of Core Il reading from the coding strand).
Our previous studies have shown that NFAT can bind the isolated
Core | with its native flanking sequences (TGGGGACTTTCCA)
as a cooperative dimer (Giffin et al., 2003). Thus, the immediate
flanking sequences are unlikely the cause of the difference. The
HIV-1 LTR tandem kB sites have a severe bend near the 5’ end
of Core |, which may prevent the binding of NFAT to this site.
This DNA bend is apparently facilitated by Lys482 from the
NFAT molecule bound to the 3’ end of Core Il. Why does NFAT
not bind Core | as a dimer and induce a bend at the 3’ end of
Core Il so that Core Il binds an NFAT monomer? It is possible
that the 5’ end of Core | in the HIV-1 LTR has an intrinsic bend
or has a high propensity to bend as compared with the 3’ end
of Core Il. The asymmetric nature of the spacer sequences
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(coding strand GCTG, noncoding strand CAGC) may partially
account for this difference. Thus, the function of a cis-regulatory
element may be affected by the flanking DNA sequences and
proximal cofactors. These observations have general implica-
tions for understanding the allosteric effect of DNA and the com-
binatorial mechanism of eukaryotic gene regulation (Lefstin and
Yamamoto, 1998; Yamamoto et al., 1992).

Structural analyses of various NFAT/DNA complexes have so
far revealed two major conformations of NFAT RHR on DNA. In
the NFAT/Fos-Jun/DNA complex and the NFAT/FOXP2/DNA
complex (Chen et al., 1998b; Wu et al., 2006), the RHR of NFAT
assumes a fold-up structure, wherein RHR-N and RHR-C inter-
act with each other and with other transcription factor partners.
In the NFAT dimer bound to the kB site (Giffin et al., 2003; Jin
etal., 2003), the RHR of NFAT adopts an extended conformation,
wherein the RHR-C domains of each protein interact with each
other to form the major dimer interface. Structural analyses of
a NFAT monomer bound to the consensus NFAT site also reveal
that the RHR of NFAT adopts one of these two conformations,
even in the absence of interaction partners (Stroud and Chen,
2003). Here, we have observed the two representative confor-
mations of NFAT in the same complex. These results suggest that
the relative conformations of RHR-N and RHR-C are not com-
pletely flexible as initially thought (Chen et al., 1998b), but, rather,
have a high propensity to adopt one of two distinct conforma-
tions. This conclusion has important implications for understand-
ing the interaction between NFAT and other transcription factors
on composite sites. For example, in the NFAT/Fos-Jun/DNA
complex, RHR-C makes a contact to Fos (Chen et al., 1998b).
In the NFAT/FOXP2/DNA complex, RHR-N and RHR-C fold up
to form a groove into which the wing1 of FOXP2 inserts (Wu
etal., 2006). All these interactions are unlikely incidental contacts
induced by crystal packing that locks the RHR-C position, but,
rather, represent functional interactions intrinsic to NFAT.

The dimer interface formed by the RHR-C of NFAT differs sig-
nificantly from the classical rel dimer interface observed in NF-kB
(Ghosh et al., 1995; Muller et al., 1995). The interface is asym-
metric and highly hydrophilic, atypical of protein-protein inter-
faces seen in many stable protein complexes. This structural fea-
ture is consistent with the fact that NFAT does not form a stable
dimer without binding to DNA. In the present study, the two
NFAT molecules bound to Core Il show identical protein-protein
interactions with those observed in previous studies, providing
further support for the unusual mode of dimerization observed
in NFAT. Our previous study of the NFAT dimer bound to the iso-
lated HIV-1 LTR kB site reveals that NFAT encircles the DNA
through two dimer interfaces, one formed by the RHR-C, and
the other by the RHR-N (Giffin et al., 2003). By contrast, the
NFAT dimer bound to a kB site from the IL-8 promoter adopts
an open conformation, wherein only the RHR-C dimer interface
is formed (Jin et al., 2003). Based on the DNA interaction details,
we have proposed a mechanism by which subtle nucleotide se-
quence variations in the kB site can induce a large conformation
change in NFAT (Giffin et al., 2003). Although this model is con-
sistent with the observations that kB sites with single nucleotide
differences can confer distinct functions in vivo (Leung et al.,
2004), we cannot rule out the possibility that the closed confor-
mation of the NFAT dimer is caused by crystal packing (Giffin
et al., 2003). Here, on the tandem kB sites and in a very different

crystal packing environment, the NFAT dimer bound to Core Il is
nearly identical to the previously observed structure (Figure 5).
This observation strongly suggests that the closed conformation
of the NFAT dimer on the HIV-1 LTR is a result of binding to the
specific kB sequences.

NFAT binds the HIV-1 LTR tandem «B sites following the gen-
eral model of DNA recognition by NFAT previously defined in a
series of NFAT/DNA complexes (Chen et al., 1998b; Giffin et al.,
2003; Jin et al., 2003; Stroud and Chen, 2003; Wu et al., 2006).
Namely, a set of highly conserved residues (Arg430, Arg421,
and GIn571) from the AB loop and the RHR-N/RHR-C linker bind
the consensus GGA sequence or the cryptic GGG sequence. The
XY loop of the RHR has been predicted to bind DNA based on the
structure of NF-kB (Muller et al., 1995). Indeed, as observed here
onthelonger DNA of the HIV-1 LTR tandem kB sites, Lys482 from
the XY loop of the RHR-N inserts in the minor groove of the spacer
region. This observation suggests that flanking sequences out-
side the consensus site (GGAA) may affect NFAT binding and its
transcription functions, and that NFAT may affect protein-DNA
interactions and DNA structure far beyond its core binding site.

Our structure is consistent with a large body of biochemical
data on the HIV-1 LTR. Mutations in the kB sites have been
shown to diminish the transcription function of the HIV-1 LTR
in reporter assays (Cron et al., 2000; Kinoshita et al., 1997). In our
structure, these mutations correspond to bases that make criti-
cal contacts to NFAT. Interestingly, mutations of the spacer
region have also been shown to disrupt the function of the HIV-1
LTR (Kinoshita et al., 1997; Perkins et al., 1994). This result was
interpreted as indicating another factor binding to the spacer re-
gion (Perkins et al., 1994). Our structure suggests that the spacer
region, together with the unoccupied 5' end of Core I, may ac-
commodate another factor. Alternatively, mutations in the spacer
region may alter the DNA bend and, hence, disrupt the function of
the HIV-1 LTR. Most strikingly, the DNA structure distortion
observed in our crystal structure matches exactly with the DMS
hypersensitivity in in vivo footprinting (Demarchi et al., 1993).
Nevertheless, additional work is necessary to determine the func-
tional relevance of this structure. Our structural and biochemical
studies presented here will provide a molecular framework for
further exploration of the regulatory mechanisms of HIV-1 tran-
scription and replication.

EXPERIMENTAL PROCEDURES

Sample Preparation and Crystallization

Recombinant human NFAT1 (392-678, with an 18 residue N-terminal His-tag)
was expressed and purified as previously described (Chen et al., 1998b). DNA
oligonucleotides were purchased from Integrated DNA Technologies and pu-
rified by Mono Q column (Pharmacia). The NFAT1-DNA complex was prepared
by mixing 4:1 equivalents of NFAT1 and DNA at a concentration of 0.1-0.2 mM
in a dilution buffer containing 10 mM HEPES (pH 7.5), 100 mM NaCl, 8% (v/v)
glycerol, and 350 mM NH4OAc. Crystals of the NFAT1-DNA complex were
grown at 18°C by the hanging-drop method with a reservoir buffer of 50 mM
HEPES (pH 7.0), 15 mM magnesium acetate, 250 mM ammonium acetate,
and 7.5% PEG4K. Typically, crystals grew to 200 x 70 x 70 um in 1 wk. The
crystals belong to the space group P2(1)2(1)2(1), with cell dimensions
a=93.691A, b=95299 A, and ¢ = 159.227 A,

Data Collection, Structure Determination, and Analysis
Crystals were stabilized in the harvest-cryoprotectant buffer: 10 mM HEPES
(pH 7.0), 200 MM ammonium acetate, 15 mM magnesium acetate, 10%-12%
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(w/v) PEG4K, and 25% (v/v) glycerol. All crystals were flash frozen in liquid ni-
trogen for storage and for data collection under cryogenic conditions (100 K).
The native data were collected at the Advanced Photon Source (Argonne Na-
tional Laboratory, Argonne, IL) beamline (14-BM-C, wavelength 0.9795 A).
Bromine data were collected at the Advanced Light Source (Lawrence Berke-
ley National Laboratory, Berkeley, CA) beamline (8.2.2, wavelength 0.9204 A).

Data were reduced with HKL2000 (Otwinowski and Minor, 1997). The struc-
ture of the NFAT1-DNA complex was solved by the molecular replacement
method, with the dimer of NFAT1 from NFAT1 bound as a dimer to the HIV-1
LTR element as a partial search model (Giffin et al., 2003). Refinement, model
building, and analysis were carried out with CNS (Brunger et al., 1998) and O
(Jones et al., 1991). Final models have very good geometry. All residues have
backbone and angles in the “allowed” region of a Ramachandran plot, with
80% in the most favored region. The statistics of the crystallographic analysis
are presented in Table S1. Figures illustrating structure were prepared with
PyMOL (DeLano, 2002).

EMSA

The EMSA was performed in a buffer of 20 mM HEPES (pH 7.7), 100 mM NaCl, 1
mM DTT, and 10% glycerol, with various concentrations of the NFAT1 RHR and
DNA containing the WT or modified HIV-1 LTR tandem kB sequences. For Fig-
ure 7, the WT sequence (5'-CAAGGGACTTTCCGCTGGGGACTTTCCAGG-3
[kB sites underlined]) or the mutant modified at the 5’ end of Core | (5'-CAAGGG
ACTTTCCGCTGACAACTTTCCAGG-3' [mutated bases italicized]), or the mu-
tant modified at both the 5" and 3’ ends of Core | (5'-CAAGGGACTTTCCGCTG
ACAACTTTGTAGG-3' [mutated bases italicized]) were used. For all binding re-
actions, the DNA was kept at 1.0 nM, while the concentration of NFAT1 RHR
varied between 0, 4, and 40 nM. The total reaction volume was 20 pl. In Figure 9,
the sequences are listed below the gel and the concentration of DNA and pro-
tein are as indicated in the figure legend. The binding reactions were incubated
at room temperature for 30 min and run on 5% native polyacrylamide gel in 0.5x
TBE buffer. The gel was stained for DNA with SYBR safe DNA stain (Invitrogen)
or for protein with Coomassie blue.

ITC Analysis

The ITC was carried out at 30°C with a MicroCal VP-ITC titration calorimeter
(MicroCal, Inc). NFAT1 RHR (50 pM) in ITC buffer (10 mM HEPES [pH 7.5],
250 mM NaCl, 0.5 mM EDTA) was added to the sample cell (~1.45 ml), and
a 200-500 uM solution of DNA titrant was loaded into the 293 ul injection
syringe. Each titration consisted of a preliminary 3 pl injection, followed by
20-50 subsequent injections of 8-10 pl of DNA into the sample cells. To correct
for dilution and mixing effects, a series of control injections was carried out, in
which DNA was injected in buffer alone. The heat signal of this control was then
subsequently subtracted from the raw data for each NFAT/DNA titration. The
ITC data were analyzed with MicroCal ORIGIN software. The ITC data could
not be fitted to a simple Langmuir model, indicating a complicated binding
mode of NFAT to the HIV-1 tandem kB sites. The binding stoichiometry
between NFAT and DNA obtained from ITC shows a large error and fluctuates
between 2 and 3.

ACCESSION NUMBERS

Coordinates and structural factors have been deposited in the RCSB protein
database under accession code 2093.
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Supplemental Data include one table and two figures and are available with
this article online at http://www.structure.org/cgi/content/full/16/5/684/DC1/.
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