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RORa1 and RORa2 are two isoforms of a novel member of the steroid-thyroid-retinoid receptor superfamily
and are considered orphan receptors since their cognate ligand has yet to be identified. These putative
receptors have previously been shown to bind as monomers to a DNA recognition sequence composed of two
distinct moieties, a 3* nuclear receptor core half-site AGGTCA preceded by a 5* AT-rich sequence. Recognition
of this bipartite hormone response element (RORE) requires both the zinc-binding motifs and a group of
amino acid residues located at the carboxy-terminal end of the DNA-binding domain (DBD) which is referred
to here as the carboxy-terminal extension. In this report, we show that binding of RORa1 and RORa2 to the
RORE induces a large DNA bend of;130& which may be important for receptor function. The overall direction
of the DNA bend is towards the major groove at the center of the 3* AGGTCA half-site. The presence of the
nonconserved hinge region which is located between the DBD and the putative ligand-binding domain (LBD)
or RORa is required for maximal DNA bending. Deletion of a large portion of the amino-terminal domain
(NTD) of the RORa protein does not alter the DNA bend angle but shifts the DNA bend center 5* relative to
the bend induced by intact RORa. Methylation interference studies using the NTD-deleted RORa1 mutant
indicate that some DNA contacts in the 5* AT-rich half of the RORE are also shifted 5*, while those in the 3*
AGGTCA half-site are unaffected. These results are consistent with a model in which the RORa NTD and the
nonconserved hinge region orient the zinc-binding motifs and the carboxy-terminal extension of the RORa
DBD relative to each other to achieve proper interactions with the two halves of its recognition site. Trans-
activation studies suggest that both protein-induced DNA bending and protein-protein interactions are im-
portant for receptor function.

The nuclear receptor superfamily encodes a diverse set of
transcriptional regulators (7). This superfamily includes recep-
tors for steroids, retinoids, and thyroid hormones as well as a
large number of orphan receptors which are structurally and
functionally related but whose ligands have not been identified
(for references, see reference 28). The domain structures of
the receptors are similar in that they each contain four struc-
tural regions (11, 26). There is an amino-terminal domain
(NTD) that is not well conserved among receptors, followed by
a highly conserved DNA-binding domain (DBD). The DBD is
composed of two class II zinc-binding motifs which fold to-
gether to form a single structural unit (52). In some receptors,
a group of amino acid residues that extends carboxy terminal
to the zinc-binding motifs has also been implicated in DNA
binding (31, 62, 66). These DNA-binding determinants are
believed to be involved in both protein-DNA and protein-
protein interactions. The DBD is separated from a moderately
conserved ligand-binding domain (LBD) by a hinge region
which shows little homology within the nuclear receptor super-
family. The LBD has been shown to also function in transcrip-
tional activation and repression and dimerization (59). In con-
trast, the hinge region has no known function.
The nuclear hormone receptors have been shown to bind to

DNA sequences containing a 6-bp element of the form

AGAACA for the glucocorticoid receptor (GR) or AGGTCA
for the estrogen receptor (ER), retinoid receptors, and most
orphan receptors. Some receptors, such as the GR and ER,
bind as homodimers to inverted repeats of these 6-bp elements
(5, 24, 27, 38). Other receptors, such as the retinoic acid re-
ceptor (RAR) and thyroid hormone receptor, bind as het-
erodimers with the retinoid X receptor (RXR) to sites con-
taining direct, inverted, or everted repeats of the form
AGGTCA separated by different spacer lengths depending
upon the nature of the receptor complex (4, 23, 32, 37, 40, 57,
63, 69, 70). Orphan nuclear receptors such as RORa, NGFI-B,
SF-1, FTZ-F1, Rev-ErbAa, and RVR have been shown to bind
as apparent monomers to sites containing a single 39 AGGT
CA element preceded by a 59 AT-rich sequence (14, 18, 29, 45,
61, 65).
The DNA binding properties have been most extensively

studied for those receptors which bind as homodimers. X-ray
crystallographic studies of the GR DBD with GR response
element (GRE) and of the ER DBD with an ER response
element (ERE) indicate that the zinc-binding motifs of each
receptor contact the AGAACA or AGGTCA element within
the major groove (35, 52). The structures of the RAR and
RXR DBDs have recently been determined in solution and
were found to be similar to those of the GR and ER DBDs,
suggesting that they may interact with DNA in a similar man-
ner (25, 31). The way in which nuclear receptors that bind as
monomers interact with their DNA targets is not as well un-
derstood. A number of studies indicate that the 59 AT-rich
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sequences are constituents of the DNA-binding sites (14, 18,
65). In vitro mutagenesis and domain swap experiments have
shown that for the orphan receptors NGFI-B, SF-1, and FTZ-
F1, a region carboxy terminal to the zinc-binding motifs (re-
ferred to as the T- and A-boxes in NGFI-B [67] and as the
FTZ-F1-box in FTZ-F1 [62]) is required for interaction with
these sequences.
RORa is a novel transcription factor that belongs to the

subgroup of orphan nuclear receptors (14). It has recently been
demonstrated that the RORa gene generates at least three
different isoforms that share common DBDs and putative
LBDs but are distinguished by discrete NTDs (14). Our initial
functional analysis has shown that RORa isoforms bind as
monomers to a response element (RORE) composed of two
moieties: a 59 6-bp AT-rich sequence that precedes a 39 AGG
TCA core half-site motif. A domain of RORa that extends
carboxy terminal to the zinc-binding motifs contains the DNA-
binding determinants necessary to recognize the 59 AT-rich
half of the RORE (12), while the zinc-binding motifs are pre-
sumed to interact with the 39 AGGTCA half-site. Interestingly,
differences in the NTDs of RORa1 and RORa2 influence
DNA binding, since RORa1 binds with a more relaxed spec-
ificity than does RORa2 (14). The consensus binding sites for
the two isoforms are 59-DWWWNWAGGTCA (RORa1) and
59-WWAWNTAGGTCA (RORa2), where D represents A, T,
or G and W represents A or T. The major difference between
these two sites is that RORa2 absolutely requires an A residue
4 bp 59 of the AGGTCA element and a T residue 1 bp 59 of
the AGGTCA element for high-affinity binding. Our previous
studies thus suggest a complex domain organization of RORa
isoforms in which the NTD and DBD work in concert to confer
the ability of these proteins to bind the monomeric hormone
response elements with high affinity and specificity.
In the present study, we have extended our investigation of

the functional domains of the monomeric hormone receptors
and of the molecular mechanism(s) by which these receptors
recognize their cognate binding sites. Numerous studies have
indicated that binding of certain proteins to their recognition
sequences induces DNA bending and that DNA bending may
function in transcriptional activation (16, 19, 44, 47), transcrip-
tional repression (42), DNA replication (1, 55, 64), and DNA
recombination (52, 53). We have utilized circular permutation
and phasing analysis to test whether binding of RORa iso-
forms to RORE induces DNA bending. We have found that
binding of RORa1 or RORa2 to the RORE induces a large
DNA bend and have determined which domains of the protein
are required for DNA bending. Transactivation studies suggest
that both protein-induced DNA bending and protein-protein
interaction via a transactivation domain within the C terminus
of RORa are involved in receptor function. We propose a
model for RORa-DNA interaction in which the hinge region
and the NTD of RORa isoforms are involved in orienting the
class II zinc-binding motifs and the carboxy-terminal extension
with respect to each other. Intramolecular interactions be-
tween multiple functional domains may therefore provide the
appropriate configuration to allow strong monomer-DNA in-
teraction by a large subset of nuclear receptors. The confor-
mations of both the protein and the DNA within the complex
may then facilitate interaction of these receptors with other
components of the transcription machinery.

MATERIALS AND METHODS
DNAs. The plasmid pGVRORE contains the RORa2 RORE inserted be-

tween two direct repeats of the 375-bp EcoRI-to-BamHI fragment of pBR322
and was used as the source of substrate for circular permutation analysis. It was
constructed by inserting the complementary oligonucleotides 59-ATAAGTAG

GTCA and 59-GATCTGACCTACTTATAGCT into pGV579 (9) that had been
digested with SacI and BglII. The plasmids pK10RORE, pK12RORE, pK14
RORE, pK16RORE, pK18RORE, and pK20RORE were used for phasing anal-
ysis, and each contains an RORa2 RORE and a sequence-directed DNA bend.
These plasmids were constructed by replacing the 165-bp BamHI-to-XbaI lac
promoter DNA fragment from plasmids pK10, pK12, pK14, pK16, pK18, and
pK20, which were the gift of D. Crothers (71), with the complementary oligo-
nucleotides 59-GATCCATAAGTAGGTCAGGATCCT and 59-CTAGAGGAT
CCTGACCTACTTATG.
The construction of plasmids pCMXRORa1, pCMXRORa2, pCMXRORa1

DN23-71, and pCMXRORa2DN46-103 has been described previously (14). To
construct pCMXRORa1DC180-270, plasmid pSKhR5 (14) was cut with Bpu
1102 and NcoI and the ends were repaired with the Klenow fragment of DNA
polymerase I. This plasmid was subsequently cut with KpnI and BamHI, and the
resulting fragment was introduced into the KpnI-BamHI sites of the expression
vector pCMX (63). To create pCMXRORa1DC235* and pCMXRORa1DC475*,
pCMXRORa1 was cut with EcoRV and AccI or with AccI alone, respectively,
and the ends were repaired with the Klenow fragment of DNA polymerase I. The
cloning procedure led to addition of two amino acids, Leu and His, at the
carboxy-terminal ends of each mutant which is denoted by an asterisk. Deletion
mutant pCMXRORa1DC166 was generated by using a pair of oligonucleotide
primers, one containing the antisense strand encoding amino acids 161 to 166
with a 59 tail containing a stop codon and a BamHI site (59-GCGCGGATCCT
CACTGCATCCGGTGTTTCT-39) and the other containing the sense sequence
(59-GCCAACACTGTCGATTACAG-39) located upstream of the XhoI site at
nucleotide 517 of lhR5 (14), for the PCR using pCMXRORa1 as a template.
The amplified fragment was digested with XhoI and BamHI and then reintro-
duced into the XhoI and BamHI sites of pCMXRORa1. To generate pCMX
RORa1DC157, a similar procedure was used with a primer containing the anti-
sense strand encoding amino acids 152 to 157 with a 59 tail containing a stop
codon and a BamHI site (59-GCGCGGATCCTCAATACAAGCTGTCTCTCT-
39) and the same sense primer as above.
In vitro synthesis of receptors and DNA binding assay. Coupled in vitro

transcription and translation with T7 RNA polymerase and TNT rabbit reticu-
locyte lysate (Promega) was used to synthesize various RORa isoforms or de-
letion derivatives from pCMX- or pSK-based plasmids (according to the manu-
facturer’s protocol). Between 2.5 and 5 ml of programmed reticulocyte lysate was
used in DNA binding reactions. DNA substrates for DNA bending assays were
59 end labeled with [g-32P]ATP and T4 polynucleotide kinase. DNA binding
reactions were carried out essentially as previously described (14) except that the
buffer also contained 10 mg of bovine serum albumin and 6.5 mg of denatured
salmon sperm DNA was substituted for the 10 ng of nonspecific oligonucleotide.
Circular permutation analysis. Circularly permuted DNA substrates contain-

ing the RORE were created by digesting pGVRORE with EcoRV, EaeI, BamHI,
EcoRI, HindIII, BstNI, or RsaI to release a 408-bp fragment. Each fragment was
isolated and end labeled with T4 polynucleotide kinase and [g-32P]ATP and then
used as a substrate in a gel mobility shift assay with in vitro-translated receptor.
RORa-RORE complexes were analyzed on either 5 or 8% polyacrylamide gels.
The relative mobility (m) of a protein-DNA complex was calculated as the
distance migrated by the complex divided by the distance migrated by the sub-
strate. Relative mobilities were then plotted as a function of the position of the
DNA molecular end. The ratio mM/mE was calculated (from data obtained by
using a 5% polyacrylamide gel), where mM and mE are the relative mobilities
from substrates which contain the binding sites near the middle and the end of
the DNA fragments, respectively. This ratio was used to estimate the DNA bend
angle by interpolation from a standard curve of mM/mE versus bend angle which
was plotted for a series of DNA fragments containing known bend angles (56).
Phasing analysis. PvuII-to-RsaI fragments from the plasmids pK10RORE,

pK12RORE, pK14RORE, pK16RORE, pK18RORE, and pK20RORE were
isolated and 32P end labeled for use as binding substrates. Binding reactions were
carried out as described above. A 5% polyacrylamide gel was prerun for 30 min,
and the binding reactions were run at 300 V at 48C for 12 h.
Methylation interference. The binding site used in this study corresponds to

the sequences of the ROREa1 oligonucleotides as previously described (14).
Each oligonucleotide was uniquely end labeled with T4 polynucleotide kinase
and [g-32P]ATP and annealed with the complementary unlabeled oligonucleo-
tide. Following labeling, unincorporated [g-32P]ATP was removed by G-50 chro-
matography. Approximately 50 fmol of oligonucleotide was partially methylated
with dimethyl sulfate in the presence of 10 mg of poly(dI-dC)-poly(dI-dC) (Phar-
macia), as previously described (54). Partially methylated template was used in
binding reactions as described above, and the wet gel was exposed for at least 24
h at 48C. Bands representing bound and free fractions were excised and DNA
was recovered by electrophoretic transfer onto NA45 ion-exchange paper. Re-
covery of DNA was done as described by the manufacturer (Schleicher &
Schuell). DNA was cleaved by being boiled in 1 M NaOH. Equal amounts (in
counts per minute) of DNA from bound and free fractions were analyzed on 12%
sequencing gels.
Cell culture and transfection assays. CV-1 cells were maintained in alpha

minimal essential medium containing 7% fetal calf serum. These cells were
transfected by a calcium phosphate coprecipitation technique with 2 mg of
RORE-thymidine kinase promoter-based luciferase reporter plasmids, 1 mg of
RSVbgal, 250 ng of appropriate expression vector, and 7 mg of pUC18 as
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described previously (14). b-Galactosidase and luciferase assays were carried out
as described elsewhere (14).

RESULTS

The orphan nuclear receptors RORa1 and RORa2 induce
large DNA bends. To determine whether RORa1 and RORa2
induce DNA bending at their recognition site, we have per-
formed a circular permutation analysis (68). This assay is based
on the principle that if a DNA fragment is bent near the
middle, the end-to-end distance is greatly reduced. This will
result in a decrease in the mobility of the protein-DNA com-
plex compared with that of a complex containing unbent DNA.
In contrast, if the DNA fragment is bent near the end, there
will be little effect on the end-to-end distance and complex
mobility. The circularly permuted DNA substrates used in this

study were derived from the plasmid pGVRORE and are di-
agrammed in Fig. 1A.
As seen in Fig. 1B, there was a large decrease in the mobility

of the RORa1-DNA complex when the binding site was in the
center of the DNA molecule (lane 4) compared with when it
was at the end of the DNA molecule (lane 7). The size of the
DNA bend that was induced by RORa1 binding was estimated
by comparison of the ratio of the mobilities of the most slowly
and fastest-migrating complexes (mM/mE) with the bent-DNA
standards of Thompson and Landy (56). In the determination
of the induced bend angle, the ratio of the mobility of the
complex relative to the mobility of the unbound substrate
DNA was used to correct for slight differences in the migration
of the substrates. The size of the DNA bend induced by
RORa1 is approximately 1308. Two or three independent trials
have been performed for all experiments reported. We esti-

FIG. 1. Circular permutation analysis of RORa1-RORE and RORa2-RORE complexes. (A) The region of the plasmid pGVRORE that contains the RORE and
the surrounding tandem duplication is diagrammed at the top. Circularly permuted substrates were generated by cleavage at restriction sites within the duplicated region
as shown. Each DNA fragment has been named according to the restriction enzyme used to generate it. The RORE (box) is indicated. Restriction enzymes: RI, EcoRI;
Hi, HindIII; Bs, BstNI; Rs, RsaI; RV, EcoRV; Ea, EaeI; Ba, BamHI. (B) Gel mobility shift assays using the circularly permuted substrates and RORa1 on a 5%
polyacrylamide gel. The corresponding substrate is indicated above each lane. Substrates were incubated with unprogrammed reticulocyte lysate (lanes 1 to 3 and 11
to 14) or with reticulocyte lysate programmed with RORa1 (lanes 4 to 10). (C) Circular permutation analysis of complexes formed with RORa2. Substrates were
incubated with unprogrammed reticulocyte lysate (lanes 1 to 3 and 11 to 14) or with reticulocyte lysate programmed with RORa2 (lanes 4 to 10). (D) Relative mobilities
of the complexes formed with RORa1 or RORa2 plotted as a function of the position of the DNA molecular end for each substrate. Relative mobilities were calculated
as the mobility of the complex divided by the mobility of the unbound substrate. For RORa2, distances migrated by the unbound substrate were measured from a
shorter exposure. Values are averages of several independent experiments, and standard deviations are indicated. The position of the RORE (box) and the position
of each substrate are indicated below the graph.
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mate the error due to measurement and interpolations from
the standard curve to be 658.
The location of the DNA bend center can be roughly deter-

mined by plotting the relative mobilities of the complexes
formed with the permutation substrates as a function of the
position of the DNA molecular end (numbering according
to the parent fragment) (68). As shown in Fig. 1B, the com-
plex formed with the EcoRI substrate (lane 7) migrated more
rapidly than the complex formed with any of the other sub-
strates, including the BamHI fragment substrate (lane 6). This
indicates that the center of the DNA bend is closest to the
EcoRI site and is thus towards the 39 AGGTCA half of the
RORE, as shown by the graph in Fig. 1D. The center of the
bend cannot be determined to the exact base pair because of
error in both measurement of complex mobilities and extrap-
olation from the plot of relative mobilities as a function of
DNA position.
RORa1 and RORa2 isoforms have distinct N termini which

have previously been shown to influence the binding properties
of these proteins (14). We were therefore interested in deter-
mining if differences in the N termini of RORa1 and RORa2
also influence DNA bending. There was little difference be-
tween the patterns of the mobilities of the complexes obtained
for RORa1 and RORa2 (compare Fig. 1B and C). The mag-
nitude of the DNA bend induced by RORa2 may be slightly
smaller, 1238 6 58, but the bend center appears to be the same
for both receptor-DNA complexes, as shown in Fig. 1D. Thus,
the differences in the distinct NTDs of each RORa isoform
appear to have little influence on DNA bending.
Deletion of the hinge region reduces the DNA bend angle.

The DBD of RORa contains two class II zinc-binding motifs
which presumably interact with the 39 AGGTCA half of the
RORE in a fashion similar to that for the ER with ERE (52).
In addition, a region that extends C terminal to the zinc-
binding motifs is required to interact with the 59 AT-rich half
of the RORE (12). Together, the zinc-binding motifs and the
carboxy-terminal extension form a bipartite DBD that contains
the information essential for DNA recognition by RORa iso-
forms. It is possible that full DNA bending is induced by the
minimal DBD, as seen for the high-mobility-group (HMG)-
binding domain (9). Alternatively, other parts of the protein in
addition to the minimal DBD may be required for full DNA
bending, as seen for proteins such as ABF1, RAP1, and Fos
and Jun (15, 20, 21, 39). We therefore analyzed the DNA
bending properties of several RORa deletion derivatives (Fig.
2A) to determine which regions of the protein are important
for DNA bending. As summarized in Fig. 2A, deletion of the
C-terminal 48 amino acids of RORa1 in derivative RORa1D
C475* had little effect on either the size or the center of the
DNA bend. In contrast, deletion of the residues C terminal to
amino acid positions 235, 166, and 157 caused a large decrease
in the mM/mE ratio, and hence the bend angle, as shown in Fig.
2B for RORa1DC157. Similarly, an internal deletion of resi-
dues 180 to 270 also caused a large reduction in the mM/mE
ratio, as shown in Fig. 2C. The sizes of the bends induced by
these derivatives are listed in Fig. 2A. Each DNA bend is
reduced by at least 50% compared with that induced by intact
RORa1. These results suggest that a domain of the protein
which is required for maximal DNA bending appears to reside
in the hinge region between the DBD and the LBD, as deletion
of much of this region in derivative RORa1DC180-270 causes
a marked reduction in the DNA bend angle. Derivative ROR
a1DC235* induced a slightly smaller bend than did RORa1D
C180-270, suggesting that the region required for bending may
extend beyond residue 270. Residues between positions 166
and 235 are likely involved in bending, as derivative RORa1D

C166 induces a slightly smaller bend than does RORa1D
C235*.
To determine if the DNA bend centers also changed when

these residues were deleted, the relative mobilities of the com-
plexes were plotted versus the position of the DNA molecular
end. The results for studies with derivatives RORa1DC180-270
and RORa1DC235* using a 5% gel are plotted in Fig. 2D. For
both of these derivatives, the bend center is towards the 39
AGGTCA half of the binding site, as seen for the intact
RORa1 protein-DNA complex. The differences in the mobil-
ities of the complexes obtained on a 5% polyacrylamide gel
were small for the RORa1DC157, RORa1DC166, and RORa1
DC235* derivatives. We therefore used an 8% gel to obtain
better resolution and therefore a better estimate of the DNA
bend center. These results are plotted in Fig. 2E and show that
the bend centers for each of these complexes are also towards
the 39 AGGTCA half of the RORE. Therefore, although the
size of the DNA bend was reduced, the center of the DNA
bend that was induced by the C-terminal deletion derivatives
was similar to that for intact RORa1.
Deletion of the N terminus alters the DNA bend center.We

have also studied DNA bending induced by derivatives of
RORa1 and RORa2 which contain deletions within the
unique NTDs of these receptors. As summarized in Fig. 2A,
deletion of residues 23 to 71 of RORa1 and of residues 46 to
103 of RORa2 had little effect on the angle of the induced
bend. However, as shown in Fig. 3A for RORa1, deletion of
these residues caused a 59 shift (on the top strand) in the bend
center relative to that for intact RORa1, as evidenced by the
comigration of the complexes formed with the EcoRI and
BamHI fragment substrates (Fig. 3A, lanes 3 and 4). This
indicates that the center of the DNA bend induced by the
RORa1DN23-71 protein is near the center of the RORE (Fig.
3B). Similar results were seen with RORa2DN46-103 (Fig.
3C). Thus, although differences between the N termini of
RORa1 and RORa2 do not cause a drastic change in RORa-
induced DNA bending, deletion of the N terminus of either
receptor isoform alters the interaction of the receptor with the
DNA (see below).
RORa1 and RORa2 bend the DNA towards the major

groove at the center of the 3* AGGTCA element. We have
performed a phasing analysis (71) to determine the directions
of the DNA bends that are induced by RORa1 and RORa2
and their derivatives. The results of the phasing analysis for
RORa1 are shown in Fig. 4A. As previously observed (71), the
unbound substrates show some variation in their mobilities
which is believed to be due to the presence of a second, small
sequence-directed bend. However, there are several differ-
ences in the patterns of mobilities for the complexes and un-
bound substrates, indicating that there is phasing between the
RORa1-induced DNA bend and the oligo(dA) sequence-di-
rected bend. Similar results were obtained with each deletion
derivative. The results for RORa1DC166 are shown in Fig. 4B,
in which the differences in the mobilities of the complexes are
more apparent because of better resolution of the lower-mo-
lecular-weight complexes.
The mobility of each complex (or substrate) has been nor-

malized to the average mobility of the complex (or substrate)
for each experiment, and the ratio of the normalized mobility
of the complex to the normalized mobility of the substrate has
been plotted versus linker length in Fig. 4C to F. From the plot
in Fig. 4C, it appears that for the RORa1 complexes the
mobility ratio was a minimum when the linker length was 14
bp, indicating that the sequence-directed bend and the
RORa1-induced bend are in-phase in this complex. Taking
into consideration the standard deviations, there could be an
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error of61 bp in this estimate of the linker length at which the
mobility ratio is a minimum. The sequence-directed bend is
towards the major groove at its bend center (71). We have
shown that the center of the RORa1-induced DNA bend is
towards the 39 AGGTCA half of the site. If it is assumed that
the center of the RORa1-induced bend is at the middle of the
39 AGGTCA element, then the separation of the two bend
centers in the 14-bp linker substrate is 84 bp, or 8.0 helical
turns (assuming 10.5 bp per turn). Since the two bends are
in-phase and are separated by an integral number of turns, the
RORa1-induced bend must occur in the same direction as the
sequence-directed bend and is thus towards the major groove
at the center of the 39 AGGTCA element. The error in deter-
mining the direction of the DNA bend is equivalent to only
6348 of rotation for an error of 61 bp in linker length. Since
the zinc-binding motifs likely interact in the major groove of
the 39 AGGTCA element, as seen for the ER (52), the DNA
appears to be bent around the RORa1 protein. Similar results
were obtained for RORa1DN23-71, RORa2, and RORa2D
N46-103 (Fig. 4C and D). For RORa1DC180-270 and RORa1
DC235*, the mobility ratio appears to be a minimum when the
linker length is between 14 and 16 bp (Fig. 4E), while for
RORa1DC166 and RORa1DC157 (Fig. 4F) the mobility ratio
is a minimum when the linker length is 16 bp. These results
indicate that the plane of the DNA bends induced by these
RORa deletion derivatives may be slightly different from that
induced by intact RORa1.
N-terminal deletion of RORa1 alters protein-DNA contacts.

The observation that the centers of the DNA bends induced by
RORa1DN23-71 and RORa2DN46-103 were shifted relative
to those produced by RORa1 and RORa2 suggests that these
NTD deletion derivatives may contact DNA in a slightly dif-
ferent manner from the intact RORa1 and RORa2 proteins.
To test this hypothesis, we have performed methylation inter-
ference experiments with RORa1 and RORa1DN23-71 to de-
termine if there are any differences in the DNA contacts for
these receptors (Fig. 5). Figure 5A shows the results and a
summary of the interference data for RORa1. On the top
strand, methylation of guanine residues at positions 2 and 3
interfered with RORa1 binding, while methylation of the ad-
enine residue at position 1 enhanced RORa1 binding. On the
bottom strand, methylation of the guanine residue at position
5 and the adenine residues at positions 27, 25, 23, 4, and 7
interfered with RORa1 binding.
The methylation interference data for RORa1DN23-71 are

shown and summarized in Fig. 5B. On the top strand, methyl-
ation of guanines at positions 2 and 3 interfered with
RORa1DN23-71 binding, while methylation of the adenine at
position 1 enhanced binding. On the bottom strand, methyl-
ation of the guanine at position 5 and the adenines at positions
29, 27, 25, 4, and 7 interfered with binding of RORa1DN23-
71.
The interference patterns observed for RORa1 and RORa

1DN23-71 within the 39 AGGTCA half of the RORE are
similar; however, there are marked differences in the interfer-
ence patterns observed in the 59 AT-rich half of the RORE.

RORa1 appears to contact adenine residues at positions 27,
25, and 23, while for RORa1DN23-71 the contact at 23 is
missing and a new contact is present at 29. This indicates that
for RORa1DN23-71, the contact positions in the 59 AT-rich
half of the RORE have been shifted upstream relative to those
for RORa1, which is consistent with the observed change in
the DNA bend center for the RORa1DN23-71–RORE com-
plex.
DNA bending and protein-protein interactions play a role in

transactivation. A large number of proteins have been shown
to induce DNA bending. In the case of integration host factor
(IHF), the major function of the protein appears to be to
bend DNA (16, 17, 19). IHF does not appear to contact other
proteins, but the IHF-induced DNA bend facilitates the inter-
action of other adjacent proteins. For transcription factors
such as catabolite activator protein (CAP) and LEF-1, both
protein-induced DNA bending and direct protein-protein in-
teractions appear to be important for their function (2,
10, 49). To determine if there is a correlation between DNA
bending and receptor function, we have assessed the abili-
ties of various RORa1 deletion derivatives to activate tran-
scription from the RORE. Plasmids containing the RORa1
derivatives in the expression vector pCMX were cotransfected
into CV-1 cells with a luciferase reporter construct driven
by the thymidine kinase promoter linked to three copies of
the RORE (14). DNA binding by each RORa1 derivative
was assessed, and all deletion derivatives bound DNA at a
level comparable to that of intact RORa1, except that RORa
1DC235* bound slightly better than intact RORa1, and ROR
a1DC75-140 (which has the DBD deleted) did not bind. As
shown in Fig. 6, cotransfection of intact RORa1 led to an
approximately 45-fold stimulation in luciferase activity com-
pared with that of the control vector. In contrast, deletion of
the DBD in derivative RORa1DC75-140 resulted in a total
loss of transactivation. Deletion of the C-terminal 47 amino
acids in RORa1DC475* caused a 27-fold decrease in activa-
tion compared with that of RORa1, which is due to the loss
of a transactivation function (TAF) within the C terminus.
The C-terminal domain is the only region of RORa1 that
acts as a transcriptional activator when fused to a GAL4
DBD (58). Both RORa1DC235* and RORa1DC166 show
a reduction in transactivation and induce a smaller DNA
bend than does RORa1; however, it is difficult to assess
the role of DNA bending, as the C-terminal TAF is also ab-
sent. The derivatives RORa1DC180-270 and RORa1DN23-71
each contain an intact C-terminal TAF but show an alteration
in protein-induced DNA bending. In addition, these deriva-
tives show a 3.5- or 3.0-fold decrease in transactivation, respec-
tively. Thus, there appears to be some correlation between
DNA bending and transcriptional activation; however, as seen
for other transcription factors, protein-protein interactions
(via the C-terminal TAF) are also important for transactiva-
tion.

FIG. 2. Circular permutation analysis of RORa deletion derivatives. (A) Deletion derivatives of RORa1 and RORa2 and summary of their DNA bending
properties. The primary structures of intact RORa1 and RORa2 are depicted. The unique N-terminal regions (dotted and filled boxes) and the zinc-binding motifs,
the carboxy-terminal extension, and the putative LBD (boxes Zn, C, and LBD, respectively) are indicated. Deletion derivatives are shown below the diagram of each
intact protein. The DNA bend angles induced by binding of each protein derivative are indicated on the right. The positions of the DNA bend centers are shown
(AGGTCA, complexes in which the bend center is towards this element; Shifted 59, complexes in which the bend center is shifted 59 relative to the 39 AGGTCA
element). (B and C) Results of circular permutation analysis on a 5% acrylamide gel of complexes formed with in vitro-translated RORa1DC157 and RORa1DC180-
270, respectively. For substrate abbreviations, see Fig. 1 legend. The relative mobilities of complexes formed with RORa1 or RORa1 C-terminal deletion derivatives
are plotted as a function of the DNA molecular end for each substrate as described for Fig. 1D. (D and E) Circular permutation data for the indicated receptors on
5% and 8% polyacrylamide gels, respectively.
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DISCUSSION

RORa is a novel subfamily of orphan nuclear receptor iso-
forms characterized by the unique ability of its distinct NTDs
to modulate the DNA binding properties of each protein (14).
In this report, we demonstrated by both circular permutation
and phasing analysis that RORa isoforms induce large DNA
bends at the RORE which may be important for receptor
function. The presence of the nonconserved hinge region is
required for maximal DNA bending, whereas the deletion of
the NTD does not significantly change the DNA bend angle
but shifts the DNA bend center 59 relative to the bend induced
by intact protein. Methylation interference studies using an
NTD-deleted receptor indicate that some DNA contacts in the
59 AT-rich moieties of the RORE are also shifted 59. The
results of these experiments allowed us to put forward a model
in which the RORa NTD and nonconserved hinge region
properly align the zinc-binding motifs and the carboxy-termi-
nal extension of the DBD with respect to each other.
The DBD of RORa contains two type II zinc-binding motifs

which are highly conserved among nuclear receptor proteins
(8). The cocrystal structure of the ER DBD with its response

element (ERE) shows that the analogous zinc-binding domain
of ER contacts the DNA within the major groove at the center
of the 39AGGTCA element (52). Presumably, the zinc-binding
domain of RORa also makes major groove contacts at the 39
AGGTCA half-site. The results of methylation interference
studies with intact RORa1 are consistent with this assumption.
It was seen that methylation of three guanines within the major
groove (top strand positions 2 and 3 and bottom strand posi-
tion 5) interfered with RORa1 binding. The analogous posi-
tions within the ERE are each contacted by the ER DBD (60).
Several minor groove contacts are made by RORa1 within

the 59 AT-rich half of the RORE (bottom strand positions 27,
25, and 23). Similar results have been observed for the mo-
nomeric binding receptor NGFI-B, in which a region C termi-
nal to the second zinc-binding motif interacts with the minor
groove of the DNA 59 to the AGGTCA element in its binding
site (65). We have recently shown that a region C terminal to
the second zinc-binding motif of RORa1 is required for inter-
action with the minor groove of the 59 AT-rich half of the
RORE (12). The above results are consistent with a model for
RORa-RORE interaction in which the RORa protein is ori-

FIG. 3. Circular permutation analysis of N-terminal deletion derivatives of
RORa1 and RORa2. (A) Results of analysis on an 8% polyacrylamide gel of
complexes formed with RORa1DN23-71. Substrates are labeled as for Fig. 1. (B
and C) Relative mobilities of complexes formed with intact or N-terminal dele-
tion derivatives of RORa1 and RORa2, respectively, plotted as a function of the
DNA molecular end, as described for Fig. 1D.
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FIG. 4. Phasing analysis of DNA bends induced by RORa1 and RORa2 and
their deletion derivatives. Complexes were formed with in vitro-translated re-
ceptor and resolved on a 5% polyacrylamide gel. (A) Analysis of complexes
formed with RORa1 and the RORE phasing substrates. Substrate fragments are
indicated above each lane as follows: K10, pK10RORE; K12, pK12RORE; K14,
pK14RORE; K16, pK16RORE; K18, pK18RORE; and K20, pK20RORE. (B)
Analysis of complexes formed with RORa1DC166 and the phasing substrates.
Substrate fragments are indicated as for panel A. (C to F) Ratio of normalized
complex mobility to normalized substrate mobility plotted as a function of linker
length for intact RORa1 and RORa2 and the indicated deletion derivatives. The
mobilities for the complex (or substrate) were normalized to the average com-
plex (or substrate) mobility for each experiment. Values are averages for three
independent experiments, and standard deviations are indicated.
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FIG. 5. Methylation interference with RORa1-RORE and RORa1DN23-71–RORE complex formation. (A) The interference pattern for RORa1 with the top and
bottom strands of the RORE is shown on the left (F and B, free and bound DNA, respectively). The DNA sequence is indicated on the sides; asterisks indicate residues
whose methylation alters DNA binding by RORa1. The interference data are summarized on the right. The fold decrease or increase in binding as determined by
quantitation with a phosphorimager is indicated. (B) The interference pattern for RORa1DN23-71 with the top and bottom strands of the RORE is shown on the left
and is labeled as for panel A. Interference data are summarized on the right.
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ented mainly along one face of the DNA helix so that the
zinc-binding motifs interact with the major groove of the 39
AGGTCA element and the carboxy-terminal extension inter-
acts with the adjacent minor groove of the 59 AT-rich moieties
of the RORE (Fig. 7). The DNA appears to be bent around
the RORa protein, since the RORa-induced DNA bend is
towards the major groove at the center of the 39 AGGTCA
element.
Analysis of the DNA bending properties of several C-termi-

nal deletion derivatives of RORa1 indicated that a region C
terminal to the DBD is required for maximal DNA bending.
This region appears to be localized to the nonconserved hinge
region, as the derivative RORa1DC180-270, which has most of
this region removed, shows a marked reduction in the size of
the receptor-induced DNA bend. The position of the DNA
bend center for each C-terminal deletion derivative was not
altered, suggesting that the zinc-binding motifs and the car-
boxy-terminal extension contact the DNA at the same posi-
tions as the intact RORa1 protein. The above results lead us to

propose a model in which the hinge region of the RORa
receptor plays a structural role in orienting the class II zinc-
binding motifs and the carboxy-terminal extension at the
proper angle with respect to one another (Fig. 7A). When the
hinge region is removed, the halves of the bipartite DBD still
contact the proper DNA sequences, but they are no longer
held at the proper angle with respect to each other, so the bend
angle decreases and the overall plane of the bend changes
slightly (Fig. 7B). To our knowledge, this is the first function
ascribed to the hinge region of a nuclear hormone receptor. It
will be interesting to determine if the hinge region plays a
similar role in other monomeric binding receptors. Although
there is no homology within the hinge regions of the nuclear
receptors, it is interesting that this region appears to be longer
among monomeric binding receptors, such as RORa (14),
RVR (45), and RevErbAa (30), than in receptors such as
RARa (13) and RXRa (36), which bind as dimers. This sug-
gests that a large hinge region may be of functional importance

FIG. 6. Transcriptional activation by RORa1 deletion derivatives. The derivatives are illustrated and labeled as in Fig. 2. CV-1 cells were transfected with 2 mg of
RORE3TKLUC reporter and 250 ng of pCMX (negative control) or pCMX containing an RORa1 derivative and were harvested after 36 h. Luciferase activity is
reported as a percentage of the induction obtained with intact RORa1, which is 47-fold greater than that obtained with pCMX. The DNA bending properties of each
RORa1 derivative and the presence or absence of the C-terminal TAF are indicated. w.t., wild type; Y, yes; N, no; N/A, not applicable.

FIG. 7. Model for RORa-induced DNA bending. (A) DNA bending induced by the intact RORa receptor is diagrammed. The zinc-binding motifs (Zn) contact
the 39 AGGTCA element in the major groove, and the carboxy-terminal extension (C) contacts the AT-rich region in the adjacent minor groove. The carboxy-terminal
extension and the zinc-binding motifs are held at a sharp angle relative to one another by the action of the hinge region (H) and the NTD (N). As a result, a large
DNA bend (;1308) is induced by RORa. The domains of the protein are represented by the ovals. The LBD has been omitted for simplicity. DNA is represented by
the black line, and the RORE sequence is shown below. Gray lines indicate the regions that are believed to be contacted by each DNA-binding element. (B) DNA
bending by RORa derivatives that lack the hinge region. The carboxy-terminal extension and the zinc-binding motifs contact the same DNA elements as shown in panel
A; however, the angle between the two binding elements is considerably decreased because of the absence of the hinge region. (C) DNA bending by RORa derivatives
that lack the N terminus. The zinc-binding motifs still contact the 39 AGGTCA element as in panel A. However, in the absence of the N terminus, the orientation of
the zinc-binding motifs and the carboxy-terminal extension relative to each other has changed slightly. As a result, the carboxy-terminal extension no longer contacts
the DNA properly so that its contacts are shifted 59 in the AT-rich half of the RORE. Position 23 is no longer contacted, and a new contact is made at position 29.
A large DNA bend is still made, but the center is shifted 59 relative to that for the intact protein.
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in monomeric binding receptors which contain two DNA-bind-
ing determinants within a single protein.
The DNA bends induced by the RORa1 and RORa2 iso-

forms were of similar sizes (1308 and 1238 6 58, respectively)
and were each oriented towards the major groove at the center
of the 39 AGGTCA element. Thus, although differences in the
NTD of the two isoforms alter the DNA binding specificities of
RORa1 and RORa (14), they have little effect on the degree
and direction of the induced DNA bends. We have also ana-
lyzed the DNA bending properties of N-terminal deletion de-
rivatives of both RORa1 and RORa2. In both cases, no sig-
nificant difference was seen in the induced DNA bend angles
or in the plane of the DNA bend. However, the center of the
DNA bend was shifted 59 for both the RORa1DN23-71 and
the RORa2DN46-103 proteins compared with the bend in-
duced by the intact receptors. Methylation interference results
indicated that the contacts made by RORa1DN23-71 are
shifted 59 in the AT-rich half of the RORE but are unaltered
in the 39 AGGTCA half. These results are consistent with a
model in which the NTD plays a role in fine-tuning the orien-
tation of the zinc-binding motifs and the carboxy-terminal ex-
tension with respect to one another (Fig. 7A and C). The NTD
may interact with the hinge region (or directly with the car-
boxy-terminal extension) to properly align the halves of the
bipartite DBD (Fig. 7A). When the NTD is absent, the hinge
region holds the carboxy-terminal extension and the zinc-bind-
ing motifs at a slightly different angle relative to each other
than in the wild-type protein. As a result, the carboxy-terminal
extension no longer contacts the DNA properly, so that a base
contact at position 23 is lost and a new contact is made at
position29. The end result is a complex with a large bend that
is centered 59 of the normal position. Differences in the intact
NTDs of RORa1 and RORa2 may cause slight structural
changes which fine-tune the interaction of the carboxy-termi-
nal extension with the 59 AT-rich sequences, resulting in the
observed different binding specificities of the RORa isoforms
(14).
Other nuclear receptors which normally bind as homodimers

or heterodimers have previously been shown to bend DNA.
The bend angles induced by these receptors appear to be
smaller than those observed for RORa: ER, ;508 (49); ER
DBD, ;348 (41); thyroid hormone receptor-RXR, ;65 to 758
(22, 34); RXR-RXR, ;928; and RXR-RAR, 57 to 638 (34).
Although no function for DNA bending by nuclear receptors
has been directly demonstrated, a correlation between tran-
scriptional activation by the thyroid hormone receptor and the
degree of DNA bending induced by the receptor has been
made (33). Although DNA bending may be important for
transcriptional activation by hormone receptors, it is likely that
protein-protein interaction with the basal transcription ma-
chinery or other transcription factors is also required for tran-
scriptional activation. We have observed this for RORa1, in
which deletion of the C terminus causes a loss of transcrip-
tional activation which is due to the loss of an activation do-
main. However, there also appears to be some correlation
between protein-induced DNA bending and transcriptional ac-
tivation, since deletion derivatives which contain an intact C-
terminal TAF but show altered DNA bending also show a
decrease (;3.5-fold) in transactivation compared with that of
the intact protein. These results are in keeping with those of
studies of several other transcription factors which bend DNA.
For example, in certain contexts, DNA bending seems to be a
major function of CAP (2), yet additional evidence indicates
that CAP functions by interacting with the a subunit of RNA
polymerase (48). Similarly, both protein-induced DNA bend-
ing and protein-protein interactions with other transcription

factors are believed to be important for the function of the
transcription factor LEF-1 (10). The relative importance of the
activation domain and of DNA bending for LEF-1 function
appears to be similar to what we observe for RORa1.
For monomeric DNA-binding proteins such as the RORa

isoforms, DNA bending may be essential to promote full con-
tact between the bipartite DBD of the proteins and their rec-
ognition site. As has been proposed for a number of DNA-
bending proteins, receptor-induced DNA bending could also
be involved in the activity of these proteins by facilitating the
interaction of the receptors with the basal transcription ma-
chinery. In some contexts, hormone receptors act coopera-
tively with other transcription factors (3, 6, 46, 51), and pro-
tein-protein interactions may be important in such cases (3,
51). It is possible that the role of receptor-induced DNA bend-
ing could be more pronounced in such contexts, as DNA bend-
ing may facilitate protein-protein interactions with the adja-
cent transcription factors. In the case of receptors which bind
as dimers, receptor-induced DNA bending could also be re-
quired to facilitate dimerization interactions. In support of this
suggestion, it has recently been demonstrated that the DNA-
bending protein HMG-1 enhanced DNA binding by the pro-
gesterone receptor (43).
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51. Schüle, R., M. Muller, H. Otsuka-Murakami, and R. Renkawitz. 1988. Co-
operativity of the glucocorticoid receptor and the CACCC-box binding fac-
tor. Nature (London) 332:8790.

52. Schwabe, J. W. R., L. Chapman, J. T. Finch, and D. Rhodes. 1993. The
crystal structure of the estrogen receptor DNA-binding domain bound to
DNA: how receptors discriminate between their response elements. Cell
75:567–578.

53. Schwartz, C. J. E., and P. D. Sadowski. 1989. FLP recombinase of the 2 mm
circle plasmid of Saccharomyces cerevisiae bends its DNA target. Isolation
of FLP mutants defective in DNA bending. J. Mol. Biol. 205:647–658.

54. Siebenlist, U., and W. Gilbert. 1980. Contacts between Escherichia coli RNA
polymerase and an early promoter of phage T7. Proc. Natl. Acad. Sci. USA
77:122–126.

55. Stenzel, T. T., T. MacAllister, and D. Bastia. 1991. Cooperativity at a dis-
tance promoted by the combined action of two replication initiator proteins
and a DNA bending protein at the replication origin of pSC101. Genes Dev.
5:1453–1463.

56. Thompson, J. F., and A. Landy. 1988. Empirical estimation of protein-
induced DNA bending angles: applications to l site-specific recombination
complexes. Nucleic Acids Res. 16:9687–9705.

57. Tini, M., G. Otulakowski, M. L. Breitman, L.-T. Tsui, and V. Giguère. 1993.
An everted repeat mediates retinoic acid induction of the gF-crystallin gene:
evidence of a direct role for retinoids in lens development. Genes Dev.
7:295–307.

58. Torchia, J., and V. Giguère. Unpublished observations.
59. Truss, M., and M. Beato. 1993. Steroid hormone receptors: interaction

with deoxyribonucleic acid and transcription factors. Endocr. Rev. 14:459–
479.

60. Truss, M., G. Chalepakis, E. P. Slater, S. Mader, and M. Beato. 1991.
Functional interaction of hybrid response elements with wild-type and mu-
tant steroid hormone receptors. Mol. Cell. Biol. 11:3247–3258.

61. Tsukiyama, T., H. Ueda, S. Hirose, and O. Niwa. 1992. Embryonal long
terminal repeat-binding protein is a murine homolog of FTZ-F1, a member
of the steroid receptor superfamily. Mol. Cell. Biol. 12:1286–1291.

62. Ueda, H., G.-C. Sun, T. Murata, and S. Hirose. 1992. A novel DNA-binding
motif abuts the zinc fingers domain of insect nuclear hormone receptor
FTZ-F1 and mouse embryonal long terminal repeat-binding protein. Mol.
Cell. Biol. 12:5667–5672.

63. Umesono, K., K. K. Murakami, C. C. Thompson, and R. M. Evans. 1991.
Direct repeats as selective response elements for the thyroid hormone,
retinoic acid, and vitamin D3 receptors. Cell 65:1255–1266.

64. Williams, J. S., T. T. Eckdahl, and J. N. Anderson. 1988. Bent DNA func-
tions as a replication enhancer in Saccharomyces cerevisiae. Mol. Cell. Biol.
8:2763–2769.

65. Wilson, T. E., T. J. Fahrner, M. Johnson, and J. Milbrandt. 1991. Identifi-
cation of the DNA binding site for NGFI-B by genetic selection in yeast.
Science 252:1296–1300.

66. Wilson, T. E., T. J. Fahrner, and J. Millbrandt. 1993. The orphan receptors
NGFI-B and steroidogenic factor 1 establish monomer binding as a third
paradigm of nuclear receptor-DNA interaction. Mol. Cell. Biol. 13:5794–
5804.

67. Wilson, T. E., R. E. Paulsen, K. A. Padgett, and J. Milbrandt. 1992. Par-
ticipation of non-zinc finger residues in DNA binding by two nuclear

VOL. 15, 1995 DNA BENDING BY AN ORPHAN NUCLEAR RECEPTOR 807



orphan receptors. Science 256:107–110.
68. Wu, H.-M., and D. M. Crothers. 1984. The locus of sequence-directed and

protein-induced DNA bending. Nature (London) 308:509–513.
69. Yu, V. C., C. Delsert, B. Andersen, J. M. Holloway, O. V. Devary, A. M. Näär,
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