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Structure of the Retinoid X Receptor o
DNA Binding Domain: A Helix Required for
Homodimeric DNA Binding

Min S. Lee,* Steven A. Kliewer, Joan Provencal,
Peter E. Wright,{ Ronald M. Evans¥

The three-dimensional solution structure of the DNA binding domain (DBD) of the retinoid
X receptor a (RXRa) was determined by nuclear magnetic resonance spectroscopy. The
two zinc fingers of the RXR DBD fold to form a single structural domain that consists of
two perpendicularly oriented helices and that resembles the corresponding regions of the
glucocorticoid and estrogen receptors (GR and ER, respectively). However, in contrast to
the DBDs of the GR and ER, the RXR DBD contains an additional helix immediately after
the second zinc finger. This third helix mediates both protein-protein and protein-DNA
interactions required for cooperative, dimeric binding of the RXR DBD to DNA. Identification
of the third helix in the RXR DBD thus defines a structural feature required for selective
dimerization of the RXR on hormone response elements composed of half-sites (5'-

AGGTCA-3’) arranged as tandem repeats.

The mechanisms by which transcription
factors bind to regulatory sequences and
control expression of target genes is a central
problem in eukaryotic molecular biology.
Members of the nuclear hormone receptor
superfamily contain a highly conserved re-
gion of ~70 amino acids, including two zinc
fingers, that is required for specific binding
to DNA sequences termed hormone re-
sponse elements (HREs) (I). Typically,
members of the family bind as dimers to
HREs composed of two copies of a six-
nucleotide motif, termed half-sites. A subset
of the nuclear receptors, including the GR
and ER, bind as homodimers to HRE half-
sites oriented as inverted repeats (I). In
contrast, other members of the nuclear re-
ceptor family, including the peroxisome pro-
liferator-activated receptor (PPAR), vita-
min D receptor (VDR), thyroid hormone
receptor (TR), and retinoic acid receptor
(RAR), preferentially bind and activate
through HREs composed of half-sites ar-
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ranged as direct repeats (DRs), with speci-
ficity conferred by both the half-site se-
quence and the number of nucleotides sep-
arating the two half-sites (2). Instead of
binding as homodimers, these receptors form
heterodimers with the RXR that bind with
high affinity to target DNA (3, 4). In addi-
tion to its role in heterodimeric complexes,
the RXR also forms a homodimer that acti-
vates in response to 9-cis retinoic acid
through HREs composed of DRs (5, 6).

To determine the structural features of
the RXR that promote binding to tandem
repeat HREs, we expressed a 94-residue
peptide (Fig. 1) that comprised the DBD of
RXRa in Escherichia coli and purified it to
near homogeneity (7). In gel mobility-shift
assays (8), the RXR DBD peptide bound
weakly to an oligonucleotide containing a
single AGGTCA half-site (Fig. 2A). In
contrast, the RXR DBD bound coopera-
tively to an oligonucleotide that contained
two half-sites oriented as direct repeats,
which indicates the presence of a dimeriza-
tion signal in the DBD (Fig. 2A). The
isolated RXR DBD retained the binding
specificity of the full-length RXR protein
(6), binding preferentially as a homodimer
to a direct repeat of AGGTCA with a
single nucleotide spacer relative to the oth-
er spacing options (Fig. 2B).
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Nuclear magnetic resonance (NMR)
studies of the 94-residue RXR DBD were
performed. Like the DBDs of the GR, ER,
and RAR (9-11), the RXR DBD was stable
only within a limited range of temperature
(<27°C) and pH (>6.5) (12). Sequence-
specific resonance assignments were made
by standard methods from homonuclear
two-dimensional (2D) spectra and hetero-
nuclear 2D and 3D spectra obtained from
uniformly '*N-labeled protein (13). Ele-
ments of regular secondary structure were
identified on the basis of patterns of nuclear
Overhauser effect (NOE) connectivities.
They include a short stretch of antiparallel
B-sheet (involving residues Cys'*, Ala!3¢,
Ser!®!, and Cys!*?), regions of extended
conformation, and three a-helical regions.
All three helices were characterized by se-
quential NH-NH NOEs and extensive net-
works of medium-range NOE connectivi-
ties. The presence of the third helix was
unexpected because it was not observed in
either x-ray crystallographic analysis of the
GR (14) or NMR studies of the GR (9), ER
(10), and RARB (11). No medium- or
long-range NOEs were observed for residues
beyond the third helix or in the NH,-
terminal region preceding the first zinc
binding domain. These regions are largely
disordered (15), and structure calculations
were therefore limited to an 81-residue core
(lle'3* to Asp?!?). A total of 593 distance
constraints derived from NOEs were used
for structure determination (16), including
197 intraresidue, 155 sequential, 82 medi-
um-range, and 159 long-range NOEs.

A family of 310 structures was calculated
with the distance geometry program DIS-
GEO (17, 18). From the initial family of
distance geometry structures, 119 structures
were subjected to an additional 4D refine-
ment procedure. The 58 distance geometry
structures with the lowest residual error were
then used as starting structures for restrained
molecular dynamics (rtMD) calculations (19)
with the AMBER all-atom force field (20).
The conformation of the 81-residue DBD of

Fig. 1. Schematic repre- 2
sentation of the 94-residue
segment (Phe'20 to Thr223) H )4
of the human RXRa DBD R v
used in this study (28). The P
locations of the three heli-
ces determined from the
NMR data are indicated by
boxes. Circled residues in-
dicate amino acids essential

ey,

the RXR is well defined by the NOE con-
straints and zinc coordination, except for the
metal binding loops. The best 15 structures
have a mean AMBER energy of —1154
kcal/mol and a mean NMR constraint vio-
lation energy of 11.1 kcal/mol. There are
only 6.9 constraint violations larger than 0.1

per structure, on average, with a maxi-
mum violation of 0.46 A. The rtMD struc-
tures clearly show the presence of three a
helices with characteristic ¢, { torsion an-
gles and CO~NH,, , hydrogen bonds. The
average root-mean-square (rms) deviation
from the mean is 2.6 A for backbone heavy
atoms of residues 134 to 214 in the family of
15 structures. The average backbone rms
deviation from the mean for a superposition
of the helical regions is 1.04 A. When the
structures are superimposed to give a best fit
for backbone heavy atoms for helix 1, helix
2, and helix 3 independently, the average
backbone rms deviations from the mean are
0.37, 0.28, and 0.43 A, respectively. Al-
though the local backbone structure of helix
3 is very well defined, some disorder is
apparent in the packing of this helix against
helices 1 and 2.

The family of structures that result from
™MD refinement is shown in Fig. 3, togeth-
er with a backbone representation of the
structure with lowest residual constraint
violations. The helices are well defined,
with considerable disorder in the two zinc
binding domains. The first zinc binding site
consists of residues Cys!*® to Cys!>®, with
the last cysteine ligand situated near the
NH,-terminus of the first helix (Glu'** to
Lys'%%). The second zinc binding domain
encompasses Cys!”! to Cys!?. Helix 2 ex-
tends from Tyr'® to Gly'*® and is packed
against helix 1 so that the two helices cross
at an angle of ~90°. Helix 3, which packs
against helix 1 and the tip of the first zinc
binding domain, is formed by residues
Arg?? to Arg®®. It is separated from helix
2 by a distinct bend in the backbone at the
invariant Gly-Met sequence. The molecule
contains an extensive hydrophobic core
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half-site sequences (P box).
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Individually boxed residues

indicate amino acids (172 to 176) responsible for protein-protein interactions in the dimeric GR-DNA
complex (D box). Truncation points for derivatives 130-209, 130-204, and 130-200 are indicated by
vertical lines. Amino acid substitutions in mutants K201T,R202A and R209A are indicated above the
sequence. Flanking residues from the expression vector are shown in lowercase letters.
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formed by the side chains of Phe!%8, Phe!%°,
Vall63, Leul67, Tyrl69, Tyr189, Tyr192, and
Leu!®, all of which are in or near helices 1
and 2. Val?*® on helix 3 also forms part of
this hydrophobic core, making close con-
tacts with the side chains of Phe!*® and
Val'®3. There may be additional stabilizing
interactions between oppositely charged
residues on helices 1 and 3 that are in close
proximity in the NMR structures. The
overall fold of the RXR DBD is similar to
that of the GR (9, 14) and ER (10) DBDs,
except that the RXR domain contains an
additional helix (helix 3).

To determine whether the third helix
functions in the binding of the RXRa DBD
to its cognate HRE, we generated trunca-
tion derivatives of RXR DBD 130-223 (21)
and tested them in a gel mobility-shift
assay. An RXR DBD construct truncated at
the COOH-terminal end of the third helix
(RXR DBD 130-209) retains the ability to

A Half-site DR-1

|

Dimer» " ’ .

Monomer» wi

Dimer|” - &

L . ;
ik
Monomer| == - - £

Fig. 2. The RXR DBD binds cooperatively to a
DR-1 HRE. (A) Gel mobility-shift assays em-
ployed progressively increasing amounts of
RXR DBD 130-223 and 32P-labeled oligonucle-
otides encoding either an intact DR-1 HRE
(lanes 5 to 8) or a DR-1 HRE in which a single
half-site had been mutated (lanes 1 to 4).
Amounts of partially purified RXR DBD used
were 12.5 ng (lanes 1 and 5), 37.5 ng (lanes 2
and 6), 113 ng (lanes 3 and 7), and 340 ng
(lanes 4 and 8). Positions of monomeric and
dimeric RXR DBD complexes with DNA are
indicated. (B) Gel mobility-shift assays were
done with 340 ng of partially purified RXR DBD
130-223 and 32P-labeled oligonucleotides con-
taining two AGGTCA half-sites separated by a
spacer ranging from zero to five nucleotides in
length (DR-0 through DR-5) as indicated. Posi-
tions of the monomeric and dimeric RXR DBD
complexes with DNA are shown.



bind cooperatively as a dimer to the DR-1
HRE (Fig. 4A). However, further trunca-
tion to Ala?®* (RXR DBD 130-204), dis-

Fig. 3. (A) Superposition of 15 structures of the
RXR DBD derived from distance geometry and
molecular dynamics calculations. A stereo view
of the Ca chain tracing is shown, with the
coordinating Cys residues indicated in yellow.
The disordered COOH-terminus is at the upper
left. (B) Structure of the RXR DBD with the
fewest residual constraint violations, showing
the packing of the three helices. The NH,-
terminus is at right center; the COOH-terminus
is at the upper left. Helix 1 extends from right to
left across the center, helix 2 extends from
bottom to top, and helix 3 is located at the top
of the figure. The zinc atoms are represented as
spheres.

Fig. 4. Helix 3 mediates DNA-protein and pro-
tein-protein interactions required for coopera-
tive binding of the RXR DBD to a DR-1 HRE. (A)
Gel mobility-shift assays used progressively
increasing amounts of RXR DBD 130-223 and
truncation derivatives 130-209, 130-204, and
130-200 and 32P-labeled oligonucleotide en-
coding a DR-1 HRE. Positions of the monomeric
(arrowhead) and dimeric (bracket) RXR DBD
complexes with DNA are indicated on the left.
Amounts of partially purified RXR DBD deriva-
tives used were 12.5 ng (lanes 1, 5, 9, and 13),
37.5 ng (lanes 2, 6, 10, and 14), 113 ng (lanes
3, 7, 11, and 15), and 340 ng (lanes 4, 8, 12,
and 16). (B) Gel mobility-shift assays were
done with increasing amounts of RXR DBD
130-209, RXR DBD 130-204, point mutants
K201T,R202A and R209A, and 32P-labeled oli-
gonucleotide encoding a DR-1 HRE. Positions
of the monomeric (M) and dimeric (D) RXR DBD
complexes with DNA are indicated on the right.
Amounts of partially purified RXR DBD proteins

rupting the third helix, resulted in changes
in binding properties (22). In contrast to
RXR DBD 130-209, which binds almost
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used were 37 ng (lanes 1, 5,9, and 13), 111 ng (lanes 2, 6, 10, and 14), 333 ng (lanes 3, 7, 11, and

15), and 1000 ng (lanes 4, 8, 12, and 16).
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exclusively as a dimer at all concentrations
tested, RXR DBD 130-204 binds predomi-
nantly as a monomer at lower protein con-
centrations (Fig. 4A). These data establish a
role for the third helix in mediating the
protein-protein interactions necessary for
cooperative binding of the RXR DBD to an
HRE. A final truncation construct that de-
leted residues beyond Met?® (RXR DBD
130-200) failed to bind DNA as either a
monomer or dimer (Fig. 4A). Thus, the
third helix of the RXR DBD facilitates both
DNA-protein and protein-protein interac-
tions required for high-affinity binding of the
RXR DBD to its cognate HRE. Our results
are consistent with a recent study of chime-
ras between RXRB and the orphan receptor
NGEFI-B in which a 12—-amino acid region of
the RXRB DBD, which includes the third
helix in the RXRa DBD, was implicated in
specifying RXR binding activity (23).

Binding of the RXR DBD to a DR-1
repeat was modeled on the basis of the x-ray
structure of the GR DBD complexed with
DNA (14). Because two of three residues in
the GR that make base-specific contacts
and all five residues that contact the phos-
phate backbone within the consensus half-
site are conserved in the RXR, it is highly
likely that the RXR will bind each half-site
in a manner similar to that of the GR, with
helix 1 lying across the major groove. In
this orientation, helix 3 projects toward the
minor groove of the DNA, such that
Lys?°!, Arg??, and Arg?® can make con-
tact with the phosphate backbone and may
stabilize the protein-DNA interaction. The
binding of two RXR DBDs to a DR-1 repeat
sequence would bring helix 3 of one RXR
domain into close proximity to the second
zinc finger of the other monomer. This
suggests that homodimerization on the
DR-1 repeat may involve a dimer interface
that consists of the region between residues
in the second metal binding loop (residues
172 through 186, including the D box) in
one subunit and helix 3 of the other. This is
different from the GR DBD, which dimer-
izes on its consensus target sequence, an
inverted repeat, through symmetrical con-
tacts that involve residues in the second
zinc binding loop of each DBD (14).

To test the prediction from modeling
that basic residues located on either end of
the third helix (Lys®°!, Arg?®?, and Arg?®)
interact with the phosphate backbone
across the minor groove, we generated RXR
DBD mutants (24) that contained alter-
ations of either Lys?®! and Arg?®? [Lys®°!
and Arg?®? mutated to Thr and Ala, respec-
tively (K201T,R202A)] or Arg?® [Arg®®
mutated to Ala (R209A)]. In gel mobility-
shift assays, K201T,R202A and R209A
bound approximately seven- and threefold
less efficiently, respectively, to the DR-1
HRE relative to the wild-type protein RXR
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DBD 130-209 (Fig. 4B). These data sup-
port the prediction that basic amino acids
on either end of the third helix may
directly interact with DNA. We note that
although both mutants K201T,R202A
and R209A displayed reduced overall
binding affinities, they retained the ability
to bind cooperatively as dimers (Fig. 4B).
Thus, the dimerization and DNA binding
activities of the third helix appear to be
separable functions.

We have identified a helical region in the
RXR DBD that provides external surfaces for
two additional functions. First, this third
helix positions basic amino acids required for
high-affinity interactions with DNA. Sec-
ond, it serves as a dimerization interface for
interactions between RXR molecules. Iden-
tification of this additional helix thus pro-
vides insight into the structural features that
underlie receptor binding to direct repeat
HREs. Interestingly, the eight amino acids
that comprise the third helix are conserved
in the isoforms of the RXR identified in
human, mouse, and Xenopus laevis (25) as
well as in Ultraspiracle (Usp), the Drosophila
melanogaster homolog of the RXR (26). The
Usp protein, like the RXR, preferentially
binds as a homodimer to a DR-1 HRE and
can form heterodimers with the mammalian
PPAR, VDR, TR, and RAR as well as with
the Drosophila ecdysone receptor (27). This
strict conservation suggests that the third
helix in the RXR DBD functions not only in
RXR homodimerization but may function in
the interaction of RXR-Usp with other
members of the nuclear hormone receptor
superfamily.
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Generation of Allospecific Natural Killer Cells by
Stimulation Across a Polymorphism of HLA-C

Marco Colonna, Edward G. Brooks, Michela Falco,
Giovan Battista Ferrara, Jack L. Strominger

The cytotoxicity of human natural killer (NK) cells is modulated by the major histocom-
patibility complex human leukocyte antigen (HLA)-C molecules on the surface of the target
cell. Alloreactive NK cells specific for the NK-1 alloantigen could be reproducibly generated
from individuals that were homozygous for HLA-C with asparagine at residue 77 and lysine
at residue 80 [HLA-C(Asn”’, Lys®°)] by stimulation with target cells that were homozygous
for HLA-C(Ser”?, Asn®°); the reciprocal stimulation yielded NK cells specific for the NK-2
alloantigen. However, neither homozygous target cell stimulated the generation of allore-
active NK cells from heterozygous individuals. Thus, these data reveal an unanticipated
difference between human NK alloreactivity defined by this system and murine “hybrid

resistance.”

Natural killer cells make up a subpopula-
tion of about 10 to 15% of peripheral blood
lymphocytes (PBLs) that lyse tumor and
virus-infected cells independently of anti-
gen presentation by the major histocompat-
ibility complex (MHC) molecules (1).
Some NK cells can specifically recognize
and lyse normal allogeneic cells (2, 3). The
alloantigen NK-1 on target cells is con-
trolled by HLA-C or by a closely linked
gene (4-6). Target cells that are susceptible
to allospecific lysis are homozygous for a
two—amino acid polymorphism of HLA-C,
namely, Ser’’ and Asn®® [HLA-C(Ser”’,
Asn®)] in the a1l domain (shared by HLA-
Cwl, -Cw3, -Cw7, -Cw8, and by some of
the -Cw blank alleles). In addition, a sec-
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ond alloantigen (NK-2) correlates with ho-
mozygosity for a different pair of amino
acids at the same positions [HLA-C(Asn”?,
Lys89)] (shared by HLA-Cw2, -Cw4, -Cw5,
-Cw6, and some other -Cw blank alleles).
Cells heterozygous for these pairs of amino
acids cannot be lysed by NK clones that
recognize NK-1 or NK-2.

The requirement for both HLA-C alleles
of the target to be of the same type for lysis
by a given NK clone to occur (recessive
susceptibility) implicates the alternative
HLA-C allele as having an inhibitory func-
tion on that NK clone (dominant suppres-
sion). It also provides a rationale for the
reproducible generation of NK cells with
NK-1 and NK-2 allospecificities that have so
far only been generated by stimulation be-
tween random donors. Assuming a recipro-
cal inhibitory function for the two types of
alleles of HLA-C, NK cell lines that specif-
ically recognize cells homozygous for HLA-
C(Ser?, ‘Asn®%) or for HLA-C (Asn”,
Lys®) should be reproducibly established by
reciprocal stimulation between cells ho-
mozygous for the alternative polymorphisms.

Individuals chosen at random (n = 28)
were DNA typed for residues 77 and 80 of
HLA-C with sequence-specific oligonucle-
otides; 12 were homozygous for HLA-
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C(Ser’?, Asn®%) (42.9%), 4 were homozy-
gous for HLA-C(Asn™, Lys®%) (14.3%),
and 12 were heterozygous (42.9%) (Table
1). In the homozygotes Ser’’ was always
linked to Asn®, and Asn? to Lys®, in
agreement with the known HLA-C se-
quences (Fig. 1) (7). To generate an NK
cell line with specificity for NK-1, we puri-
fied CD3-, CD4-, CD8~ lymphocytes
from the PBLs of an HLA-C(Asn?’, Lys®°)
homozygous donor (EB) by complement-
mediated depletion and cocultured the lym-
phocytes with +y-irradiated PBLs from an
HLA-C(Ser”?, Asn®) homozygous donor
(HD). After 3 days, interleukin-2 (IL-2)
was added to the culture medium, and
CD3~, CD4~, CD8~ lymphocytes were
expanded four to five times in a 7-day

Fig. 1. Oligonucleotide K 8 R.: =3
typing of residues 77 K § s %
and 80 of HLA-C in the . @
blood donors from EB
whom the NK cell lines  zm o°
were derived. Genomic

o @
DNA was extracted ‘
from PBLs by standard K @ '
techniques. The sec- MC . XX
ond exon of HLA-C was EF @ ‘ e

selectively  amplified
from genomic DNAs by PCR. Primer pairs and
reaction conditions for the amplification were
previously described (6). Amplified fragments
were denatured in 0.4 N NaOH and applied to
Hybond-N (Amersham) with a slot blot appara-
tus (Schleicher & Schuell, Inc.). Membranes
were hybridized with 32P-labeled oligonucleo-
tides specific for Ser”” or Asp”? (6) and oligo-
nucleotides [CCTGCGGAA(A or C)CTGCGC-
GGC] (nucleotides 303 to 321) specific for
Asp® or Lys®, respectively. Hybridization was
carried out for 2 hours at 42°C in 5x Denhardt’s
solution, 5x standard saline phosphate-EDTA
[SSPE; 1x SSPE contains 0.18 M NaCl, 10 mM
phosphate (pH 7.4), and 1 mM EDTA] plus
0.5% SDS, and probe at 2 x 108 cpm/ml.
Membranes were washed in 6x standard sa-
line citrate (SSC)-0.1% SDS for 10 min at room
temperature and for 10 min at the calculated ¢,
(melting temperature) for each oligonucleotide.
Similar data were obtained for each of the
target cells shown in Table 1.
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