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Heterodimerization of Ecdysone Receptor and
Ultraspiracle on Symmetric and Asymmetric Response

Elements

Srini C. Perera,”” Sichun Zheng,l Qi-Li Feng,1 Peter J. Krell,” Arthur Retnakaran,' and

Subba R. Palli**

Heterodimerization of nuclear receptors is facilitated by the interaction of two dimerization inferfaces: one spanning the DNA-
binding (C domain) region and the adjacent hinge (D domain) region, and the other in the ligand-binding (E domain) region.
Ultraspiracle (USP) heterodimerizes with ecdysone receptor (EcR) and this complex participates in ecdysone signal transduc-
tion. The natural ecdysone response elements (EcREs) discovered so far are asymmetric elements composed of either imperfect
palindromes or direct repeats. However, gel mobility shift assays have shown that both symmetric (perfect palindromes) and
asymmetric (imperfect palindromes and direct repeats) elements can bind to the EcR/USP complex. Therefore, we analyzed
EcR/USP domains involved in heterodimerization on different types of response elements (RE). Gel shift assays using full-
length and truncated EcR and USP proteins showed that heterodimerization of these two proteins in the presence of asymmet-
ric RE (DR4 and the natural EcRE hsp27) requires both dimerization interfaces present in (D and E domains of both proteins.
In contrast, the dimerization inferface present in the E domain of either EcR or USP was not essential for heterodimerization
on symmetric RE such as PALT or IR1. We conclude that the use of heterodimerization interfaces present in CD and E domains
of EcR/USP depends on the nature of response elements they bind to. Arch. Insect Biochem. Physiol. 60:55—70, 2005.
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INTRODUCTION

The members of the nuclear receptor superfam-
ily are ligand inducible structurally related tran-
scription factors. These include receptors for steroid
hormones as well as receptors for non-steroidal
ligands such as thyroid hormones, bile acids, fatty
acids, certain vitamins, and prostaglandins (Owen
and Zelent, 2000; Robinson-Rechavi et al., 2003).
This superfamily also includes a large number of
receptors that do not have known ligands. Several
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proteins showing structural similarity to nuclear re-
ceptors have been identified in insects and other
invertebrates (Riddiford et al., 2000).

The nuclear receptors activate gene transcription
by binding to specific hormone response elements
(RE) present in the promoters of target genes. They
recognize derivatives of a hexameric core motif, ar-
ranged as direct repeats (DR), palindromes (PAL),
inverted repeats (IR), or as everted repeats (ER) or
inverted palindromes (IP) with variable spacing
between the repeats. The steroid receptors bind pri-
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marily as homodimers to inverted repeats of the
motif PuG(G/A)(T/A)CA separated by three nucle-
otides (Glass, 1994; Mangelsdorf et al., 1995). In
contrast, the thyroid hormone receptor (TR), vita-
min D receptor (VDR), retinoic acid receptor
(RAR), peroxisome proliferator-activated receptor
(PPAR), and some orphan receptors can form
heterodimers with the retinoid X receptor (RXR),
and bind preferentially to the PuG(G/T)TCA mo-
tif arranged as direct repeats with variable spacing.
In addition to direct repeats, some RXR hetero-
dimers can activate gene transcription by binding
to palindromes and inverted palindromes (Cham-
bon, 1996; Glass, 1994; Mangelsdorf et al., 1995).

All members of the nuclear receptor superfamily
have a common, modular structure with an N-ter-
minal A/B domain, a well-conserved DNA-binding
domain containing two zinc-fingers (DBD or C do-
main), a hinge region D, and a C-terminal ligand-
binding domain (LBD or E domain), and in some
cases an F domain in the extreme C-terminus.
Heterodimerization of RXR with other nuclear re-
ceptors is facilitated by two different dimerization
interfaces. The DBD (C domain) and the hinge re-
gion together provide one of the dimerization in-
terfaces in RXR heterodimers. A second, strong
dimerization interface is present in the LBD (E do-
main). Several amino acids in the Zinc fingers of
the DBD and in the T-box of the hinge region (also
referred to as the C-terminal extension of the
DBD), can form a dimerization interface for RXR/
RAR, RXR/TR (Khorasanizadeh and Rastinejad
2001; Perlmann et al., 1993; Predki et al., 1994;
Rastinejad 2001; Rastinejad et al., 1995; Zechel et
al., 1994a,b), and RXR/PPAR heterodimers (IJpen-
berg et al., 1997; Juge-Aubry et al., 1997) for bind-
ing to direct repeats. The same region (DBD and
the hinge region) was shown to be involved in
heterodimer formation of RXR and VDR in solu-
tion, independent of DNA binding (Nishikawa et
al., 1995).

The crystal structures of the LBDs of several
nuclear receptors reveal the existence of a com-
mon fold, consisting of 12 a-helices and one
turn arranged as a three-layered antiparallel o-
helical “sandwich” (reviewed in Egea et al., 2000;

Moras and Gronemeyer, 1998). In RXR/RAR and
RXR/PPAR heterodimers, the dimeric interface
found in the LBD is contributed mainly by heli-
ces 9 and 10 (Bourguet et al., 2000a,b; Gampe et
al., 2000). Similarly, residues in helices 10 and
11 were found to be involved in TR hetero-
dimerization with RXR (Ribeiro et al., 2001). This
dimerization region corresponds to the I-box, a
40-amino acid region identified in the LBDs of
RAR, TR, and RXR, that was previously shown to
be involved in heterodimerization and high af-
finity DNA binding (Perlmann et al., 1996).
Aarnisalo et al. (2002) reported that a single
amino acid substitution in the I-box region could
completely abolish RXR heterodimerization with
the orphan nuclear receptor Nurrl. Conserved
amino acids present in helices 9 and10 of LBD
are critical for heterodimerization of RXR and its
partners (Au-Fliegner et al., 1993; Gorla-Bajszczak
et al., 1999; Juge-Aubry et al., 1995; Lee et al.,
2000; Zhang et al., 1994). Furthermore, mutat-
ing a single tyrosine residue (Y402) in helix 9 of
RXR, can disrupt its heterodimerization with RAR,
VDR, or TR (Vivat-Hannah et al., 2003).

In insects, the steroid hormone ecdysone regu-
lates numerous developmental processes including
molting and metamorphosis [ecdysone is used as
a generic term to refer to o-ecdysone, its metabo-
lite 20-hydroxyecdysone (20E) and other natural
ecdysteroids with similar biological action (Riddi-
ford et al., 2000)]. The primary receptor for ecdys-
one is a heterodimer of ecdysone receptor (EcR)
and ultraspiracle (USP) (Thomas et al., 1993; Yao
etal., 1992, 1993). A functional ecdysone response
element (EcRE) was first identified as a 23-bp ele-
ment in the Drosophila hsp27 promoter (Riddi-
hough and Pelham, 1987). The hsp27 EcRE is an
imperfect palindrome in which the two half-sites
are separated by a single nucleotide. Natural ecdys-
one response elements with a similar structure have
been found in several other Drosophila genes such
as Fbpl (Antoniewski et al., 1994), Sgs-4 (Leh-
mann and Korge 1995), Lsp-2 (Antoniewski et al.,
1995), and Sgs-3 (Lehmann et al., 1997). Another
EcRE element (ng-EcRE) has been identified in the
coding region of Drosophila ng-1 and ng-2 genes
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(Crispi et al., 1998; D’Avino et al., 1995). Unlike
most other natural EcCRE elements, which are com-
posed of imperfect palindromes, the ng-EcRE is
composed of two directly repeated half sites of the
AGGTCA motif with 12 intervening nucleotides.
In addition, the distal EcRE of the Eip 28/29 gene
(Cherbas et al., 1991) contains a degenerate direct
repeat with a 3-bp spacer (DR3) that can bind to
the EcR/USP heterodimer (Zelhof et al., 1995).
Hence, all the naturally occurring EcRE’s have an
asymmetric structure containing either imperfect
palindromes or direct repeats. However, synthetic
oligonucleotides composed of symmetric (perfect
palindromes) as well as asymmetric (direct repeats
and imperfect palindromes) elements have been
shown to bind EcR/USP heterodimers in gel mo-
bility shift assays (Antoniewski et al., 1996; Elke
et al.,, 1997, 1999; Horner et al., 1995; Vogtli et
al., 1998; Wang et al.,, 1998; Wu et al., 2004). In
addition, reporter genes expressed under the con-
trol of some of these ecdysone response elements
can be induced by ecdysone in the presence of EcR
and USP (Antoniewski et al., 1996; Wang et al.,
1998).

As mentioned above, there are several reports
on DNA binding of EcR/USP to direct and inverted
(palindromic) repeats, both in vitro and in vivo.
However, the interaction of different domains of
EcR and USP in the presence of specific response
elements is yet to be determined. Previously, us-
ing several truncated versions of Choristoneura
fumiferana EcR proteins and full-length USP, we
found that the minimal EcR region required for
binding to hsp27 includes the C, D, and a part
of the E domains containing the 9th and 10th he-
lices (Perera et al., 1999). In the present study,
using truncated proteins of both EcR and USP,
we examined heterodimer binding to symmetric
and asymmetric response elements. Our results
show that binding to asymmetric RE requires C,
D, and E domains of both EcR and USP. These
regions contain the two heterodimerization inter-
faces previously identified in vertebrate receptors.
However, the second heterodimerization interface
present in the LBD was not essential for binding
to symmetric RE.
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MATERIALS AND METHODS

Construction of Truncated Clones

Truncated EcR clones were constructed as de-
scribed in Perera et al. (1999). For USP truncations,
PCR primers containing Hind III, BamH I, or EcoR
I restriction sites, were designed based on the se-
quence of USP from Choristoneura fumiferana
(Perera et al., 1998). An artificial start site contain-
ing 5 ACC ACC ATG 3’ sequence was included in
the primers used to produce N-terminal truncations
of USP. For USP truncations containing the ABC
and ABCD domains, a stop codon (TAA) was in-
cluded in the reverse primers in addition to the
restriction sites. The primers used for both EcR and
USP are shown in Table 1. The PCR conditions
used were the same as those described previously
(Perera et al., 1999). After PCR amplification, the
amplified fragments were cloned into pGEM-3Zf
vector (Promega, Madison, WI).

Electrophoretic Mobhility Shift Assays (EMSA)

In vitro translated proteins of full-length and
truncated EcR and USP were used in gel mobility
shift assays. The cDNA clones were translated us-
ing the Promega TNT-coupled reticulocyte lysate
system (Promega, Madison, WI), according to the
manufacturer’s instructions. Native EcRE found in
the promoter region of the hsp27 gene (Riddi-
hough and Pelham, 1987), and a DR4 element,
which has been shown to bind to the EcR/USP
heterodimer with high affinity (Wang et al., 1998),
were used as examples of asymmetric elements. The
native hsp27 is an imperfect palindrome of the
half-site GGTTCA with a single base pair spacer,
whereas the DR4 element consists of directly re-
peated AGGTCA half-sites separated by four base
pairs. The PAL1 (Vogtli et al., 1998) and IR1 (Wang
et al.,, 1998) elements containing AGGTCA with a
single A/T base pair spacer were used as examples
of perfect palindromes. We also synthesized and
used three mutant versions of hsp27 (hsp27a, b,
and c) that showed an increased degree of sym-
metry than the native element; the most symmetri-
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TABLE 1. The Primers Used for Constructing EcR and USP Truncations™

Clone Forward primer Reverse primer

EcR1 E20 - 5" TAT AAG CTT ACC ACC ATG AAG AAG GGC CCT GC GAC CG 3" E13 - 5" TAT GGA TCC TCA GAG CAG CGC GGC CG 3

EcR2 E21 - 5 TAT AAG CTT ACC ACC ATG AGG CCT GAG TGC GTA GT 3’ E13

EcR3 E22 - 5 TAT AAG CTT ACC ACC ATG CAG GAC GGG TAC GAG CA 3 E13

EcR4 E17 - 5" TAT GAA TTC AAG CCC GCG TAG GAT GTC 3 E23 - 5" TAT GGA TCC GTT CTT GAG CTT GAG GG 3"

EcR5 E17 B1694 - 5 CGC GGA TCC GCG TAG CTC AGA GAG GAT TG 3
EcR6 E17 B1626 - 5" CGC GGA TCC GGT TCA GGA TAT AGA TGC GG 3
EcR7 E17 B1591 - 5" CGC GGA TCC ACC GCT GGA TTT CTT CCA CC 3"
EcR8?

USP1 U20 - 5 TAT AAG CTT ACC ACC ATG TGC TCT ATA TGC GGC GAC AG 3 U13 -5 CGC GGA TCC CCA TAG TTC TTC TCA CAT CGG 3’
USpP2 U21 - 5 TAT AAG CTT ACC ACC ATG AAG CGA GAG GCG GTG CAA & u13

USP3 U22 - 5 TAT AAG CTT ACC ACC ATG TCG GTG CAG GTA AGC GATG ¥ ut3

USP4 U17 - 5" TAT AAG CTT TTA GTG GAG TGC AGG GAT AG 3’ U26 - 5 TAT GGA TCC TTA GCT ACT CGG GTG CGC ATC CTC 3
USP5 utr U27 - 5" TAT GGA TCC TTA CAT ACC GCA AGC CAA ACA CTT 3’

*The EcR and USp primers are based on C. fumiferana EcR-b sequence (Kothapalli et al., 1995) and C. fumiferana USP sequence (Perera et al., 1998).
“The EcR8 truncation was constructed by digesting EcR-b with Kpn I, and re-ligating the fragment containing the pGEM-3Zf (Promega, Madison, WI) vector, the 5

untranslated region and the coding region for the N-terminal 297 residues.

cal being hsp27b, which is a perfect palindrome
of the half-site GGTTCA. Ecdysone response ele-
ments were end-labeled with [y-*P] ATP (6,000 Ci/
mmol), and used for binding to ECR/USP complex.
The conditions for DNA binding were the same as
those described in Kothapalli et al. (1995). The
components of the binding reaction mixture were
separated on a 6% non-denaturing polyacrylamide
gel. The gel was fixed in 7% acetic acid, dried, and
exposed to X-ray film for autoradiography.

RESULTS

EcR and USP Clones, and Response
Elements Used in EMSA

We were interested in determining the func-
tional domains involved in heterodimerization of
EcR and USP in the presence of symmetric vs.
asymmetric response elements. Previously, we have
prepared several truncated versions of EcR, and
tested their binding to the asymmetric response el-
ement present in hsp27 gene, in the presence of
full-length USP (Perera et al., 1999). In this study,
we determined EcR/USP domains required for
binding to several symmetric as well as asymmet-
ric elements.

The maps of EcR and USP truncations used in

EMSA are shown in Figure la. For both EcR and
USP, three truncations were made from the N-ter-
minus, by deleting the A/B (EcR1, USP1), A/BC
(EcR2, USP2), and A/BCD (EcR3, USP3) domains.
Two truncated USP clones were constructed with
C-terminal deletions, one lacking the E domain
(USP4), and the other lacking both D and E do-
mains (USP5). For EcR, we used five clones carry-
ing deletions in the C-terminus. One clone lacked

Fig. 1. a: Schematic representation of EcR, USP, and the
truncated clones used in EMSA. The EcR and USP se-
quences are based on EcR-B (Kothapalli et al., 1995) and
USP (Perera et al., 1998) sequences, respectively. In full-
length EcR and USP, the numbers refer to the first amino
acid of each domain and the extreme C-terminal amino
acid. In the truncated EcR and USP clones, only the num-
bers corresponding to the N-terminal and C-terminal
amino acids are shown. b: The response elements used in
EMSA. The hexameric half-sites are underlined. The six
base pairs in the left half-site are designated -6 to -1,
and those in the right half-site are designated +1 to +6, as
shown above hsp27. The elements hsp27a and hsp27c
contain single base pair mutations (boxed) at positions
+3 (C/G to A/T) and +6 (T/A to C/G), respectively. The
hsp27b element is a perfect palindrome, which differs from
wild type hsp27 at both +3 and +6 positions (boxed).

Archives of Insect Biochemistry and Physiology



()

N-terminal truncations

C-terminal truncations

EcR4

EcRS

EcRé

EcR7

EcR8

{b)
hsp27
hsp27a
hsp27b
hsp27¢
DR4
PAL1
IR1

October 2005

Heterodimerization of EcR and USP

EcR| AB [c] D ] E G usp| AB |Cc| D | E
1 140 206 296 520 539 1 119185 208 472
N-terminal truncations
EcR1 [[c] b | E |Gl uspt [c[ D] E |
129 539 119 472
EcR2 [D] E |Fi usP2 { D] E |
207 39 185 472
298 539 208 472

1

C-terminal truncations

| A8 {c| p | E | uspa | aB lc| bl
508 1 208
(A [e[o] € ] usps
491 1 185
| AaB [c[Dp] E ]
468
{ aB [¢c] o] E |
456
L aB [c]| D]
297
6 4+ 46

\ I I
5" AGAGACAAGGGTTCAATGCACTTGTCCAAT 3’

5' AGAGACAAGGGTTCAATGAACTTGTCCAAT 3’

5" AGAGACAAGGGTTCAATGAACCTGTCCAAT 3’

5' AGAGACAAGGGTTCAATGAACICTGTCCAAT 3

5 CGATGGACACAGGTCACAGGAGGTCACTTGAAGCT 3

5§ GATCTAGAGAGGTCAATGACCTCGTCCAAG ¥

5" AGCTTCAAGAGGTCAATGACCTTGTCCATCG 3’

Figure 1.

59



60 Perera et al.

the entire E and F domains (EcR8), while the oth-
ers (EcR4, EcR5, EcR6, EcR7) were constructed by
making a series of deletions in the E domain. The
clones, EcR4 and EcR5, contain the entire hetero-
dimerization interface in the E domain, while the
highly conserved helix 10 was deleted in clone
EcR6, and both helix10 and part of helix 9 were
deleted in EcR7.

Figure 1b shows the symmetric (PAL1, IR1,
hsp27b) and asymmetric (hsp27, hsp27a, hsp27c,
DR4) response elements used in this study. We se-
lected the REs hsp27, DR4, PAL1, and IR1 because
they have been shown to bind to the EcR/USP
heterodimer with high affinity (Elke et al., 1999;
Wang et al.,, 1998). The hsp27 element was derived
from the natural EcRE found in the Drosophila
hsp27 gene (Riddihough and Pelham, 1987), and
contains an imperfect palindrome of the half-site
GGTTCA. The DR4 element used in this study con-
sists of a direct repeat of the AGGTCA motif with
a four-nucleotide spacer. The two palindromic re-
sponse elements PAL1 and IR1, both contain an in-
verted repeat of the AGGTCA motif separated by a
single nucleotide. However, PAL1 and IR1 sequences
differ from each other in the regions adjacent to
the half-sites. We also used three mutant versions
of hsp27: hsp27a, hsp27b, and hsp27c. The hsp27b
element contains mutated nucleotides at positions
+3 (C/G to A/T) and +6 (T/A to C/G), thus convert-
ing it into a perfect palindrome. The hsp27a and
hsp27c each contain a single nucleotide mutations
at +3 and +6 positions, respectively.

The DBD and LBD Are Involved in ECR/USP
Heterodimerization on Asymmetric
Response Elements, hsp27 and DR4

Full-length USP and USP containing CDE do-
mains heterodimerize with full-length EcR and
bind to hsp27 (Fig. 2a) and DR4 (Fig. 2¢) response
elements. In contrast, USP proteins that contained
DE, E, A/BCD, or A/BC domains did not bind to
either hsp 27 (Fig. 2a) or DR4 (Fig. 2c) response
elements in the presence of full-length EcR. There-
fore, only the A/B domain of USP can be deleted
without affecting its binding to hsp27 and DR4 as

(a) hsp27 (b) hsp27
+ EcR -EcR
o I T < W W Y o I W < W N W s
0w v ww 0w wvwwwnw
2323232 23 2D DRI

(c) DR4
+ EcR
— o M = W - N M = W0
s IR « TR « N = I - TR = = WO =« T T« IR « T s
L7 I 7 B ) R ) I 7 “wwmw unwm
= 2 SNE 2 D S =2 20 32

Fig. 2. Ultraspiracle or its truncated versions binding to
hsp 27, in the presence (a) or absence (b) of EcR. Ultra-
spiracle or its truncated versions binding to DR4 in the pres-
ence (c) or absence (d) of EcR. In vitro translated EcR and
USP (full-length and truncated) proteins were used for bind-
ing to [y**P]-labeled hsp27 or DR4 elements as described
previously (Kothapalli et al., 1995). The components of the
reaction were resolved in a 6% non-denaturing polyacryla-
mide gel and detected by autoradiography.

a heterodimer with EcR. To determine if USP or
any of its truncations can bind to hsp27 or DR4
elements as monomers or homodimers, we con-
ducted EMSA using only the USP proteins. None
of the USP proteins bound to hsp27 (Fig. 2b) or
DR4 (Fig. 2d) elements, confirming that the bands
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observed in Figure 2a and c are a result of EcR/
USP heterodimer binding to the respective re-
sponse elements.

Next, we examined binding of full-length USP
and various truncations of EcR proteins to hsp27
and DR4 elements (Fig. 3). In the presence of full-
length USP, the full-length EcR as well as three
truncated EcR proteins (EcR1 lacking the A/B do-
main; and EcR4 and EcR5 lacking F domain and
with C-terminal deletions in the E domain) showed
binding to both hsp27 (Fig. 3a) and DR4 (Fig. 3¢)
elements. The two C-terminal truncations (EcR4
and EcR5) that bound to both response elements,
contain the entire dimerization interface in the E
domain. When the region corresponding to heli-
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ces 9 and 10 were deleted from EcR (EcR 6-8),
they did not bind to either hsp27 or DR4 element.
Hence, the complete A/B And F domains can be
deleted from EcR without affecting the hetero-
dimerization with USP, and binding to hsp27 or
DR4 elements. To determine if full-length EcR or
any of its truncations can bind to hsp27 or DR4
elements as monomers or homodimers, we con-
ducted EMSA using only EcR proteins. None of the
EcR proteins bound to hsp27 (Fig. 3b) or DR4 (Fig.
3d) elements in the absence of USP confirming
that the shifted bands observed in Figure 3a and c
are a result of ECR/USP heterodimer binding to the
respective response elements.

The data presented in Figures 2 and 3 suggest

(a) hsp27 (b) hsp27
+ USP -UspP
— N < W W M~ — N M T W W M~
rrXxoeorowowowo @ oroeoow £ o
o o o o o 0 o O 0 L0 o0 0 o o 0 e O
W W w ww wwww W ww ww wwww
L
.D
(c) DR4 (d) DR4
+ USP - USP
— N MO F N WO M~ o = & M 9T W W~ @
rroreeow:erw:erEowrr XX ooer oo
o L o o o o o o Q Q o o o oo 0o OO0 o O
W W www W w wuw W ww ww www w

Fig. 3. Ecdysone receptor or its trun-
cated versions binding to hsp27, in
the presence (a) or absence (b) of
USP. Ecdysone receptor or its trun-
cated versions binding to DR4, in the
presence (c) or absence (d) of USP.
In vitro translated EcR and USP (full-
length and truncated) proteins were
used for binding to [y*?P]-labeled hsp
27 or DR4 elements.
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that hsp27 and DR4 act in a similar manner in
promoting EcR/USP heterodimerization. They re-
quire the presence of CDE domains of both EcR
and USP for heterodimer formation and binding
to response elements. In EcR LBD, the region cor-
responding to helices 9 and 10 appear to play a
crucial role in mediating heterodimerization in the
presence of both hsp27 and DR4 elements.

The DBD and Hinge Regions Are Sufficient for
EcR/USP Heterodimerization on Symmetric
(Palindromic) Response Elements PAL1 and IR1

Figure 4 shows full-length or truncated USP pro-
teins binding to two different palindromic response
elements (inverted repeats), PAL1 and IR1, in the
presence or absence of EcR. None of the USP pro-
teins bound as monomers or homodimers to PAL1
(Fig. 4b) or IR1 (Fig. 4d). Full-length USP and two
USP truncations (USP1 lacking the A/B domain
and USP4 lacking the E domain) showed binding
to PAL1 (Fig. 4a) and IR1 (Fig. 4c) as heterodimers
with EcR. Hence, neither the A/B nor the E do-
main of USP is required for EcCR/USP heterodimer
binding to PAL1 or IR1. A similar observation was
made when truncated EcR proteins were used in
DNA binding assays (Fig. 5). EcR proteins lacking
the A/B domain (EcR1) or the entire E and F re-
gions (EcR8) formed heterodimers with full-length
USP, on PAL1 (Fig. 5a) and IR1 (Fig. 5¢). All the
EcR proteins containing C-terminal deletions in the
E domain (EcR4, EcR5, EcR6, EcR7) also bound
the two response elements in the presence of USP
(Fig. 5a and c) albeit at a lower level. Some of the
truncated EcR proteins also showed binding to
PAL1 and IR1, as monomers or homodimers, but
only very weakly (Fig. 5b and d). These results sug-
gested that removing the A/B or the E domain of
either partner of the EcR/USP complex does not
adversely affect its binding to perfect palindromes.

As mentioned above, we observed heterodimer
formation between full-length EcR with USP4 (con-
tains A/BCD domains), and full-length USP with
EcR8 (contains A/BCD domains), on PAL1 and IR1
(Figs. 4 and 5) elements. Next, we tested EcR8
(contains A/BCD domains) in combination with

(a) PAL1 (b) PAL1
+ EcR -EcR
- - o ® w0
P P
B BH BB BB B D BB DD
5O 5D oo S D oo 2>

-

(c) IR1 {d) IR1
+ EcR -EcR
= o @ = w0 - ™ M =
o I « T« N+ WY « WY+ [ T« I = N« R+ W+
m v ;W nwnm 0 v B B W
e (s Wl Tl 1 e e s Sl s s T

LAl

Fig. 4. Utlraspiracle or its truncated versions binding to
PAL1, in the presence (a) or absence (b) of EcR. Ultra-
spiracle or its truncated versions binding to IR1, in the
presence (c) or absence (d) of EcR. In vitro translated EcR
and USP (full-length and truncated) proteins were used
for binding to [y**P]-labeled PAL1 or IR1 elements.

all USP truncations for binding to PAL1 and IR1
elements (Fig. 6a and b). We also tested USP4
(contains only A/BCD domains) in combination
with all EcR truncations for binding to the same
response elements (Fig. 6c and d). EcCR8/USP4 (EcR
A/BCD /USP A/BCD) heterodimers bound to PAL1
and IR1. Since both proteins lacked the entire LBD
(E domain) and were able to form heterodimers and
bind to both PAL1 and IR1, it can be concluded
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that the heterodimerization interface present in the
E domain is not essential for ECR/USP hetero-
dimerization in the presence of perfect palindromes.

Surprisingly, deleting the A/B domain from USP
(USP1) abolished binding to PAL1 and IR1 in the
presence of truncated EcR8 (Fig. 6a and b). How-
ever, when the A/B domain of EcR was deleted, the
truncated EcR protein (EcR1) was still able to bind
to PAL1 and IR1 in the presence of both the full-
length USP (Fig. 5a and c) and the truncated USP4
(Fig. 6¢ and d). It is possible that the removal of
the A/B domain in USP affected the stability of the
heterodimer complex, when a truncated EcR pro-
tein was used as its partner for dimerization.
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Fig. 5. Ecdysone receptor or its
truncated versions binding to PAL1,
in the presence (a) or absence (b) of
USP. Ecdysone receptor or its trun-
cated versions binding to IR1, in the
presence (c) or absence (d) of USP.
In vitro translated EcR and USP (full-
length and truncated) proteins were
used for binding to [y°?P]-labeled
PAL1 or IR1 elements.

The data on EcR/USP binding to PAL1 and IR1
suggest that the dimerization interface in the LBD
does not play a role in heterodimerization on these
two response elements. However, the dimerization
interface in the DBD and hinge region was essen-
tial for the formation of the heterodimer complex.

Converting the Asymmetric hsp27 Into a Perfect
Palindrome Enables the Mutated Response Element
to Bind EcR/USP Complexes Lacking the LBD

Our EMSA data showed that EcR/USP complexes
could bind to perfect palindromes (PAL1 and IR1)
even in the absence of an intact LBD for both pro-
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g8 88 888 8 S8 88 8838 8 Fig. 6. Ultraspiracle and its truncated
_ versions (a,b) or EcR and its truncated
!' z' versions (c,d) binding to PAL1 (a,c)
- . a and IR1 (b,d) in the presence of EcR8

(a truncated EcR containing only the
A/BCD domains) or USP4 (a truncated
USP containing only the A/BCD do-
mains). In vitro translated EcR and USP
(full-length and truncated) proteins
were used for binding to [y**P]-labeled
PAL1 or IR1 elements.

teins (Figs. 4-6). In contrast, ECR and USP lacking
LBD would not bind to asymmetric elements such
as direct repeats (DR4) or the natural EcRE hsp27
(Figs. 2 and 3). These observations led us to explore
the interaction of EcR and USP dimerization inter-
faces, while binding to mutant hsp27 elements. To
this end, we synthesized oligonucleotides for three
variations of hsp27 element by altering the +3 (C/
G to A/T) and/or +6 (T/A to C/G) positions (Fig.
1b). Single nucleotide mutations at +3 (hsp27a) and
+6 (hsp27c) conferred an increased degree of sym-
metry to hsp27, whereas altering nucleotides at both
positions (hsp27b) converted it into a perfect pal-
indrome. Figure 7 shows EcR and USP heterodimer

binding to wild type and mutant hsp27 elements.
All four elements were able to bind to complexes
containing full-length EcR and USP (Fig. 7a). EcCR
and USP proteins that lack E domain were able to
bind to hsp27a and hsp27b but not wild type or
hsp27c elements (Figs. 7b-d). These data show that
converting the hsp27 element into a perfect palin-
drome (hsp27b) increases its affinity for binding to
EcR and USP even in the absence of their LBDs.

DISCUSSION

Most of the naturally occurring ecdysone re-
sponse elements identified to date are asymmetric
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Fig. 7. Ecdysone receptor and USP (a), EcR and USP4 (b),
EcR8 and USP (c), or EcR8 and USP4 (d) binding to hsp27,
hsp27a, hsp27b and hsp27c elements. ECR8 and USP4 are
truncated clones containing only the A/BCD domains.

elements composed of either imperfect palindromes
or direct repeats containing the half-site (Pu)G(G/
T)TCA (Antoniewski et al., 1994, 1995; Cherbas et
al., 1991; Cirispi et al., 1998; D’Avino et al., 1995;
Lehmann and Korge 1995; Lehmann et al., 1997;
Riddihough and Pelham 1987; Zelhof et al., 1995).
However, ECR/USP heterodimers showed a higher
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binding affinity to more symmetric elements such
as perfect palindromes. The most preferred re-
sponse element for EcCR/USP heterodimer was
found to be a PAL1 (IR1) element, which is a per-
fect palindrome of the AGGTCA half-site sepa-
rated by a single nucleotide (Vogtli et al., 1998;
Wang et al., 1998). In this study, we set out to
determine if there are differences in the hetero-
dimerization and binding of EcR and USP to these
two types of response elements (symmetric vs.
asymmetric).

Dimerization Interfaces in EcR and USP

The results of EMSA are summarized in Table
2. Our data indicate the presence of two distinct
regions in both EcR and USP that can interact to
form the heterodimers. As in other RXR-type re-
ceptors, these two domains are present in the C
and D domains (DBD and hinge region), and in
the E domain (LBD). In the presence of full-length
EcR (EcR A/BCDEF) or USP (USP A/BCDE), only
the A/B domain of its partner could be deleted
without affecting binding to any of the four re-
sponse elements. A further N-terminal deletion into
the C domain completely abolished DNA bind-
ing, indicating that this domain is involved in EcR/
USP heterodimer binding to DNA. The hinge (D
domain) region of USP also played a role in
heterodimer formation, as evidenced by the fact
that in the presence of full-length EcR, USP4 (con-
taining A/BCD) but not USP5 (containing A/BC)
was able to bind to PAL1 and IR1 elements. We
have shown that deleting the hinge region of EcR
can affect dimerization with USP (Perera et al.,
1999). The role of C and D domains in hetero-
dimerization of nuclear receptors is well docu-
mented for vertebrate RXR-type receptors. Specific
amino acids in the zinc fingers of DBD and in the
T-box of the hinge region (the region adjacent to
the DBD) are involved in forming the protein-pro-
tein and protein-DNA contacts and are necessary
for heterodimer binding to response elements.
Consequently, RXR heterodimers are formed on a
DNA-supported interface, primarily through amino
acid interactions between their DBDs and hinge
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TABLE 2. Summary of ECR/USp Binding to Symmetric and Asymmetric Response Elements Used in This Study*

USP (ABCDE) USP4 (ABCD)
EcR hsp27 DR4 PAL1* IR1? PAL1? IR1
EcR (ABCDEF) + + + + + +
EcR1 (CDEF) + + + + + +
EcR2 (DEF) - - - - - -
EcR3 (EF) - - - - - -
EcR4 (ABCDE) + + + + + +
EcR5 (ABCDE) + + + + + +
EcR6 (ABCDE) - - + + + +
EcR7 (ABCDE) - - + + + +
EcR8 (ABCD) - - + + + +
EcR (ABCDEF) EcR8 (ABCD)
usp hsp27 DR4 PAL1T*® IR1? PAL1? IR1?
USP (ABCDE) + + + + +
USP1 (CDE) + + + + - -
USP2 (DE) - - - - - -
USP3 (E) - - - - - -
USP4 (ABCD) - - + + + +
USP5 (ABC) - - - - - -
USP (ABCDE) USP4 (ABCD)

EcR hsp27 hsp27a hsp27¢ hsp27b* hsp27 hsp27a hsp27¢ hsp27b*
EcR (ABCDEF)  + + + + - + - +
EcR8 (ABCD) - + - + - + - +

*The different domains found in each protein are shown in parentheses.
‘Symmetric elements.

regions (Nishikawa et al., 1995; Perlmann et al.,
1993; Predki et al., 1994; Rastinejad, 2001; Rastin-
ejad et al., 1995; Wilson et al., 1992; Zechel et al.,
1994a,b).

As mentioned above, we found a second hetero-
dimerization interface in the LBD of EcR and USP.
EcR A/BCD (EcR8) or USP A/BCD (USP4) failed
to bind to hsp27 or DR4 element as heterodimers
with full-length USP or EcR, respectively. There-
fore, removing the entire E domain prevented EcR/
USP heterodimerization on these two response el-
ements. Removing only the C-terminal 48 amino
acids in EcR (EcR5) did not have any effect on DNA
binding; whereas a further truncation of an addi-
tional 23 amino acids in the E domain (EcR6),
which removed the 10th helix, impaired binding
to hsp27 or DR4 elements. In RXR/RAR and RXR/
PPAR heterodimers, the dimeric interface found in
the LBD is contributed mainly by helices 9 and 10

(Bourguet et al., 2000a,b; Gampe et al., 2000).
Therefore, as in the case of RXR-type vertebrate
nuclear receptors, the highly conserved 10th helix
of EcR is also involved in heterodimer formation
with USP.

Differential Utilization of Dimerization
Interfaces for Binding to Symmetric and
Asymmetric Response Elements

The RXR-heterodimers assume a defined polar-
ity upon binding to direct repeats, imposed by the
asymmetric nature of these response elements
(Rastinejad, 2001). In RXR/TR and RXR/VDR
heterodimers bound to direct repeats, RXR occu-
pies the 5" half-site (Mader et al., 1993; Perlmann
et al., 1993; Rastinejad et al., 1995), whereas it is
located in the 3" half-site in the PPAR/RXR hetero-
dimer (IJpenberg et al., 1997). In the case of RXR/
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RAR heterodimers, the polarity of the complex is
determined by the spacing between the half-sites,
with RXR occupying the 5 half-site in DR2 and
DR5 elements and the 3” half-site in DR1 elements
(Mader et al., 1993; Perlmann et al., 1993; Predki
et al., 1994; Rastinejad et al., 2000; Zechel et al.,
1994b). Devarakonda et al. (2003) found the
dimerization and DNA-binding interfaces to be the
same for ECR-USP and EcR-RXR complexes. The
binding polarity of the heterodimer is reflected by
the dimerization interface contributed by each part-
ner. Structural and biochemical analyses showed
that the two zinc fingers in the DBD and the T-
box of the hinge region are involved in the forma-
tion of dimer contacts (IJpenberg et al., 1997;
Niedziela-Majka et al., 2000; Perlmann et al., 1993;
Rastinejad et al., 1995; Zechel et al., 1994a,b).
Niedziela-Majka et al. (2000) have reported that
EcR/USP heterodimers assume a defined orienta-
tion upon binding to the imperfect palindrome
hsp27. In vitro DNA binding assays using truncated
EcR and USP proteins showed that USP is located
in the 5" half-site of the response element. These
observations led to the authors’ suggestion that
hsp27 acts as a functionally asymmetric element,
similar to directly repeated elements, in their abil-
ity to differentially orient the ECR/USP heterodimer
complex (Niedziela-Majka et al., 2000). In con-
trast, response elements composed of perfect pal-
indromes confer no polarity on the EcR/USP
heterodimer (Vogtli et al., 1998).

Interestingly, our results indicate that the type
of response element can dictate the interaction of
specific dimerization interfaces in the heterodimer
formation. In directing EcR/USP heterodimeriza-
tion, the imperfect palindrome hsp27 behaved in
a manner similar to the asymmetric DR4 element,
rather than to the perfect palindromes PAL1 and
IR1. In the presence of hsp27 and DR4, both
dimerization interfaces in CD and E domains were
involved in heterodimerization of EcR and USP.
However, converting hsp27 into a perfect palin-
drome (hsp27b) enabled it to bind to truncated
EcR/USP heterodimers lacking the entire E domain.
Similarly, the entire E domain of both EcR and USP
could be deleted without affecting binding to PAL1

October 2005

Heterodimerization of EcR and USP 67

and IR1, which indicates that the dimerization in-
terface in the E domain was not essential for EcR/
USP heterodimerization on perfect palindromes.
In RXR heterodimers, the major factor that deter-
mines the specificity of DNA binding has been
found to be the dimer contacts within the C and
D domains. It has been suggested that the strong
dimerization function in the E domain has no se-
lective power for response element recognition, but
serves only to stabilize the heterodimer complex
(Rastinejad et al., 1995; Zechel et al., 1994a). Our
results also indicate that the dimerization function
in the C and D domain is essential for the forma-
tion of EcR/USP heterodimer. Nevertheless, the
dimerization function in the E domain was also
required for ECR/USP heterodimerization on func-
tionally asymmetric elements like hsp27 and DR4,
but not on perfect palindromes. It is possible that
the formation of strong dimer contacts between
the LBDs of EcR and USP favors the positioning
of the heterodimer in a preferred orientation (USP
on the 5" half-site and EcR on the 3’ half-site;
Niedziela-Majka et al., 2000) for binding to asym-
metric response elements. Although the dimeriza-
tion interface in LBD is not directly involved in
response element recognition, the EcR/USP hetero-
dimer may not be able to achieve the correct po-
larity on functionally asymmetric elements without
the additional stability offered by the dimerization
interface in the E domain. Since the heterodimer
complex does not have a preferred orientation on
symmetric elements such as PAL1 and IR1 (Vogtli
et al., 1998), the dimerization function in the LBD
would be dispensable for EcR/USP heterodimer-
ization on these response elements.

As mentioned above, a perfectly symmetrical
form of hsp27 (hsp27b) facilitated the binding of
a truncated EcR/USP complex lacking the E do-
main. This symmetrical element differed from the
native hsp27 at nucleotide positions +3 (C/G con-
verted to A/T) and +6 (T/A converted to C/G). In
hsp27 elements containing a single nucleotide
mutation at either +3 (hsp27a) or +6 (hsp27c) po-
sition, only the latter seems to have an effect on
the binding of truncated EcR/USP complex. These
results concur with a previous study by Ozyhar and
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Pongs (1993), which showed that the +3 position
but not the +6 position of hsp27 can be altered
without affecting its binding affinity to a partially
purified ecdysone receptor complex.

To determine the polarity of EcR/USP complex
on hsp27 element, Niedziela-Majka et al. (2000)
used truncated EcR and USP proteins from Droso-
phila melanogaster. Using only the EcR and USP pro-
teins containing C and D domains, they observed
heterodimer binding to hsp27, as well as mono-
mer and homodimer binding. In our DNA binding
assays, we failed to detect any heterodimer binding
to hsp27 when the E domain was deleted from ei-
ther EcR or USP proteins. Moreover, we did not ob-
serve monomer or homodimer binding of EcR or
USP to the hsp27 element. Therefore, the hetero-
dimerization and DNA binding properties of C.
fumiferana ecdysone receptor appear to be slightly
different from those of D. melanogaster. In contrast
to our data with C. fumiferana EcR/USP, the LBD of
D. melanogaster EcR and USP does not seem to play
a role in stabilizing the heterodimer in its preferred
orientation on asymmetric response elements.

In conclusion, we found that there are two sur-
faces involved in DNA-dependent heterodimer-
ization of the C. fumiferana EcR and USP complex.
The requirement for these surfaces is influenced
by the nature of the response element (symmetric
vs. asymmetric) used for DNA binding. The dimer-
ization interface present in the C and D domains
was proven to be essential for heterodimer forma-
tion on direct repeats as well as on perfect and
imperfect palindromes. The second dimerization
interface present in the E domain is required only
for EcR/USP heterodimerization on functionally
asymmetric elements like hsp27 and DRA4.
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