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ABSTRACT: The steroid hormone (NR3) subfamily of nuclear receptors was until recently believed to be
restricted to deuterostomes. However, a novel nuclear receptor belonging to the NR3 subfamily was recently
identified in theDrosophila melanogastegenome, indicating the existence of an ancestor before the
evolutionary split of deuterostomes and protostomes. This receptor, terméardbephila estrogen-

related receptor (dERR), most closely resembles the human and mouse estrogen-related receptors (ERRS)
in both the DNA binding domain (DBD) (approximately 85% identical) and the ligand binding domain
(LBD) (approximately 35% identical). Here we describe the functional analysis and rational design of
ligand responsive dERR mutants created by protein engineering of the LBD. On the basis of homology
modeling, three amino acid residues in the LBD were identified and mutated to enable ligand-dependent
suppression of transcriptional activity. Our results show that the Y295A/T333I/Y365L triple mutant is
significantly suppressed by the known ERR inverse agonists 4-hydroxytamoxifen (OHT) and diethylstil-
bestrol (DES), in comparison to the wild-type dERR receptor, which was inefficiently suppressed by
these substances. The coactivator mGRIP-1 (mouse glucocorticoid receptor interacting protein 1) was
shown to significantly increase the activity of the triple mutant in transfection experiments, and the addition
of OHT resulted in an efficient suppression of the activity. Accordingly, the ability to functionally interact
with a coactivator is still maintained by the Y295A/T333I1/Y365L mutant. These findings demonstrate
the potential of using rational design and engineering of the LBD to study the function of a nuclear
receptor lacking identified ligands.

One of the largest groups of transcription factors is the  The first members of the orphan receptors, the estrogen-
nuclear receptor (NR)superfamily. Most NRs function as  related receptora andj (ERRo. and ERR, respectively),
ligand inducible transcription factors that, upon interaction were identified on the basis of their amino acid homology
with their cognate ligands, regulate the expression of targetwith estrogen recepton. (ERo) (1), and classified as
genes by binding to DNA response elements (RE) in the members of the NR3 subfamil@), An isoform of ERRY,
relevant promoter regions. For a large number of receptors,ERRu-1, also exists 3). A third member of the ERR
no ligands have so far been identified, and these are therefor%ubfamny, ERR, was more recently identifiedi6). The
termed orphan receptors. ERRs are considered to be constitutively active, wheredRR
- has the lowest and ERRhe highest activityq, 8). Although
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hidden Markov model; ICM, internal coordinate mechanics; LBD,  The NR3 subfamily of the nuclear receptors was until
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TAM, tamoxifen. However, a novel NR belonging to the NR3 subfamily was
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recently identified in the genome Brosophila melanogaster  amplification from a previously described plasmiti5),
(18, 19). DmCG7404 (flybase accession number) (GenBank and the following primers were used: full-length mERR
entry AF359420), termed thBrosophila estrogen-related (5'), 5-GGTACCACCATGTCGTCCGAAGACAGGCAC;
receptor (dERR), most closely resembles the ERRs in bothfull-length mERR (3), 5-CTCGAGTCACACCTTGGC-
the DNA binding domain (DBD) and the ligand binding CTCCAGCAT. The mERR receptor was subcloned into
domain (LBD) @O0), being approximately 85 and 35% the pCDNA3 vector (Invitrogen). PFU polymerase (Strat-
identical, respectively. Including this novel receptor, the total agene) was used for PCR amplification. For the response
number of NRs inD. melanogasteis 21. No members of  element constructs, complementary linkers containing 3
the NR3 subfamily have been found in tBaenorhabditis ERRE or 3x ERE (recognition sequences are underlined)
elegansgenome, raising the question of whether members were annealed and inserted upstream of the simian virus
of the NR3 subfamily are present in other nematodes. The40 promoter in the pGL2-promoter plasmid (Promega):
presence of a member of the steroid hormone receptor familyERRE (8) linker, 5-CCGGACCTCAAGGTCACGTT-
in the D. melanogastegenome indicates also that the NR3 CGGACCTCAAGGTCACGTTCGGACCTCAAGGTCA-
family (like the other five subfamilies) arose before the GGATCCA; ERRE (3 linker, 5-GATCTGGATCC-
evolutionary split of protostomes and deuterostomes, asTGACCTTGAGGTCCGAACGTGACCTTGAGGTCCG-
discussed previously by Maglich et aQj. AACGTGACCTTGAGGTCCGGGTAC; ERE (% linker,
Little is known about the mechanism of activation of 5-CCGGACCAGAGGTCACTGTGACCTCTCGTTCGG-
invertebrate NRs. A number of th2. melanogasteNRs ACCAGAGGTCACTGTGACCTCTCGTTCGGACCAG-
are highly divergent from the other superfamily members in AGGTCACTGTGACCTCTGGATCCA; ERE (3 linker,
their complete lack of the LBD. These receptors are thought 5-GATCTGGATCCAGAGGTCACAGTGACCTCTGGTCC-
to function in a ligand-independent manngd), Ecdysone =~ GAACGAGAGGTCACAGTGACCTCTGGTCCGAACG-
is a steroid known to have biological activity i» melano- ~ AGAGGTCACAGTGACCTCTGTCCGGGTAC. All con-
gaster This steroid is a ligand for the ecdysone receptor, Structs were confirmed by sequence analysis.
and it also regulates approximately half of the knol@n DNA Constructs for GAL4LBD Fusion AnalysisThe
melanogasteNRs indirectly @1). ligand binding domains of the dERR and mERFceptors
Here we present studies of the dERR, the recently Were generated by PCR amplifipation using PFU polymerase
identified D. melanogastemember of the NR3 subfamily. ~ (Stratagene) and subcloned into the pCMXGal4 vector,
We have cloned and verified the predicted dERR sequence containing the GAL4DBD (26). The following primers

and studiesn sitro indicate functional DNA binding of the =~ Were used: dERR'LBD_ (3 5"TATGGT'§CCACTAAT'
dERR to ERRE and ERE, resulting in transcriptional GATGAGGCCTCATCC; dERR-LBD (3, S-TATGGATC-

activation. Since the transcriptional activity of the dERR was CTCACCTGGCCAGCGGCTC; mERR-LBD (p 5-GG-
inefficiently suppressed by the known ERR inverse agonists, TACCATGCTGAAGGAAGGTGTGCGC; mERR-LBD ,@

we decided to test if ligand-induced suppression could be ° " CCTAGGTCACACCTTGGCCTCCAGCAT. Mutations
achieved by a limited number of site specific mutations. On &t three different amino acids were introduced: Y295A,
the basis of homology modeling of the dERR LBD, using T333l, and Y365L. A triple mutant (Y295A/T333|/Y365L),
the structure of hER bound to 4-hydroxytamoxifen [PDB @ double mutant (T333I/Y365.L), and a smgle mutant (Y295A)
entry 3ert p2)] as a template, three amino acid residues Were designed. The mutations were introduced by PCR
potentially implicated in ligand interaction were identified Mutagenesis in a two-step reaction. The following primers

and subsequently mutated. With functional studies, we show W€ U'SQd (mutations are shown in lowercase letters): _'—BD
that the predicted amino acid substitutions confer ligand- (8), S-TATGGTACCACTAATGATGAGGCCTCATCC;

induced suppression of dERR activity. LBD (3"), 5-TATGGATCCTCACCTGGCCAGCGGCTC;
Y295A (5), 5-TTAGTGATATcgcaGACAAGGAAT,;
MATERIALS AND METHODS Y295A (3), 5-ATTCCTTGTCtgcgATATCACTAA,

T333lI (3), 5-AGAGATCCTGatcCTCCAGCTGA,;

Cloning of the dERRThe prerelease of thB. melano- T3331 (3), G5-TCAGCTGGAGgatCAGGATCTCT;
gaster genome (shotgun fragments prior to the genome Y365L (3), 5-GGAGTGCGTttaACGGAATTCT;
assembly) from Celera was used to search for and investigatey365L (3), 5-AGAATTCCGTtaAACCGCACTCC. The
previously unknown members of the nuclear receptor super-mutant LBDs were subcloned into the pCMXGal4 vector.
family. Multiple alignments of the DBD of selected receptors All constructs were verified by DNA sequencing. The
were constructed manuall2g) to create a hidden Markov  4xGAL4-RE luciferase reporter plasmid has been described
model (HMM) of the DBD. The HMMs were built using  previously @6).
HMMER version 1.8.3 24), and the model was used to  General PlasmidsThe pRSV-AF control plasmid for
search the complete genome. Theahd 3 ends of the  transfection normalization was previously descritg.(The
identified nuclear receptor, termed the dERR, were cloned mGRIP-1 plasmid used for expression of full-length mouse
by RACE-PCR as previously describe2b). The full-length  GRIP-1 (also denoted TIF-2) was a kind gift from E. Treuter
receptor was cloned with gene specific primers: full-length (CBT, Karolinska Institute).

dERR (3), 5-TACGGATCCATGGCCGACGGCGTCAGC; Electrophoretic Mobility Shift Assay (EMSA)The

full-length dERR (3), 5-AAGGAAAAAAGCGGCCGCT- dERR and mERR proteins were translaiadvitro using

CACCTGGCCAGCGGCTC. the TNT Quick coupled transcription/translation system
DNA Constructs for Full-Length Receptor Analysitie (Promega) according to the manufacturer’'s recommendations.

dERR receptor was subcloned into the pCDNA3 vector Complementary oligonucleotides, containing either the ERRE
(Invitrogen). Full-length mERR was generated by PCR or ERE sequences, were annealed and labeled WA#-[
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dCTP by Klenow polymerase (New England Biolabs) fill-
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cells were treated with the same amount of DMSO (0.1%).

in reactions, according to the manufacturer’s recommenda-The chemicals were purchased from Sigma.

tions. Binding reactions were performed in a buffer containing
10 mM Tris-HCI (pH 8.0), 40 mM KCl, 0.1% NP-40,

Protein Modeling of the dERR Ligand Binding Domain.
Homology modeling was performed by molecular mechanics

60% glycerol, and 1 mM DTT, supplemented with protease energy minimization of the model structure with restraints

inhibitors and 0.2uM poly(dI-dC). One microliter of
the respective probe and AL of translation product
were mixed with binding buffer to a final volume of 2QL..

derived from the template structure, using the internal
coordinate mechanism (ICM) softwar2g]. All aligned
residues in the model were tethered to the corresponding

A 100-fold molar excess of unlabeled oligonucleotides was residues in the template structure, using harmonic restraints
used for competition in the indicated lanes. The reaction centered on the template residues. Tethers were not set for
products were analyzed by 4% polyacrylamide gel electro- one flanking residue on each side of an insertion gap or three
phoresis, and the results were visualized using a phos-flanking residues of a deletion gap. The minimization
phorimager (Molecular Dynamics). The following oligo- procedure was carried out in a simulated annealing-type four-
nucleotides were used (recognition sites are underlinedstep procedure. A starting model was built by minimizing

and mutations are in lowercase letters): ERRE), (5
5'-AGCAGTGGCGATTGTCAAGGTCA; ERRE (3,
5'-ACTGTGTGACCTTGACAATCGCCA; ERREmut (5,
5'-AGCAGTGGCGATTGTCAAGtaCA; ERREmut (3
5'-ACTGTGTGtaCTTGACAATCGCCA; ERE (3,
5'-ACGGGTAGAGGTCACTGTGACCTCTA; ERE (3,
5-CGGGTAGAGGTCACAGTGACCTCTA; EREmut (5
5'-ACGGGTAGAGtaCACTGTGtaCTCTA; EREmut (8
5'-CGGGTAGAGtaCACAGTGtaCTCTA.

Reporter Gene Assays. (1) Full-Length Receptés.

the harmonic restraints only. The side chain conformations
were sampled using Biased Probability Monte Ca8)(
minimization. Both side chain and backbone conformations
of all loops (marked by magenta in Figure 5) and flanking
residues were sampled, and finally, the side chain conforma-
tions were sampled again, using a more sensitive but less
robust force field for the energy calculations.

RESULTS
Cloning of dERRUsing hidden Markow models (HMMs),

transient transfection experiments were performed in CaCo-2a novel nuclear receptor termed dERR, belonging to the NR3

subclone TC7 (CaCo-2/TC7) cells in six-well plates. Cells
were seeded at a concentration of 2.0 cells per well and
incubated for 24 h at 37C in 2 mL of growth medium
containing Dulbecco’s modified Eagle’s medium (DMEM),

family, was identified. dERR was cloned and verified by
sequence analysis, resulting in a DNA fragment encoding a
protein of 482 amino acid residues. The deduced amino acid
sequence was homologous to those of the human and mouse

10% fetal bovine serum (FBS), nonessential amino acids ERRs [also shown by Maglich et aR@)], by approximately

(NEA) (10 mL/L), and glutamine (GLUT) (20 mL/L).

85% in the DBD and 35% in the LBD (Figure l1la). The

(DMEM was purchased from SVA. FBS, NEA, and GLUT sequence was identical to the deduced amino acid sequence
were purchased from Life Technologies.) The medium was of flybase clone CG7404 (AF359420), except for the absence
replaced with 2 mL of transfection medium containing of two amino acid residues in positions 105 and 106. The
Optimem (Invitrogen) and 10% charcoal/dextran-treated fetal numbering of amino acid residues was done according to
bovine serum (Hyclone). The cells were cotransfected with our identified sequence in this paper.

0.075ug of receptor plasmid, 8g of reporter plasmid, and Analysis of DNA Binding by Electrophoretic Mobility Shift
0.1 ug of RSV-AF plasmid (alkaline phosphatase activity Assay.The human and mouse ERRs are known to interact
was used for normalization of transfection efficiency) using with two types of response elements. They bind DNA either
FUGENE-6 (Roche) according to the manufacturer’s instruc- to the single-repeat ERRE (TNAAGGTCA) or to the repeated
tions. Where indicated, 0.07bg of coactivator plasmid ERE (AGGTCAnnnTGACCT)§, 13—16). To analyze the
(mGRIP-1) was cotransfected. After 204 h, the medium DNA binding properties of dERR, dERR and mERR proteins
was replaced (Optimem, 2% charcoal/dextran-treated fetalwere synthesized bin uitro translation and analyzed by
bovine serum). Following incubation for 24 h, the medium EMSA. Binding of the two receptors to labeled ERRE and
was analyzed for alkaline phosphatase activity according to ERE was tested, and unlabeled probes were used as competi-
the manufacturer’'s recommendations (Great EscAPe SEAP tors (Figure 1b,c). Mutated oligonucleotides were used as
Promega). Cells were harvested in lysis buffer (0.1 M Tris, negative controls, and background controls were obtained
2 mM EDTA, and 0.25% Triton X-100), and the cell lysates by in uitro translation of pPCDNAS3 lacking an insert. dERR
were analyzed for luciferase activity with a Luciferase assay was shown to bind to the ERRE, and formation of the lower-
kit (BioThema AB). All experiments were performed at least molecular weight complex was competitively inhibited by
three times in duplicate, and luciferase activity was normal- unlabeled probe (Figure 1b). dERR was also shown to
ized for alkaline phosphatase activity and subsequently interact with the ERE, and unlabeled probe competitively

divided by reporter activity of pPCDNA3 lacking an insert.
(2) GAL4-LBD FusionsGAL4—LBD transfections were
performed as described above with the following excep-
tion: the cells were cotransfected with«g of 4XGAL4-RE
luciferase reporter and 0,29 of dERRwt/mERRwt/dERR

inhibited the observed complexes (Figure 1c). These results
agree with earlier studies on the DNA binding of the ERRs
(3, 13—16). The control, MERR, interacted with the ERRE
and ERE (Figure 1b,c), also in agreement with earlier studies
(14). Unlabeled probes were shown to successfully compete

mutant plasmid (where the LBD of the receptor is fused to with the ERRE and the ERE probes for mERR binding

the GAL4-DBD). Where indicated, 0.2g of coactivator

(Figure 1b,c). Binding of dERR and mERR to the mutated

plasmid (MGRIP-1) was cotransfected. After 24 h, cells were probes (Figure 1b,c) could not be detected.

treated with tamoxifen (TAM), 4-hydroxytamoxifen (OHT),
or diethylstilbestrol (DES), dissolved in DMSO. As a control,

Transcriptional Actiity of dERR.To analyze the tran-
scriptional activity of the receptors, CaCo-2/TC7 and HEK293
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a dERR DBD : CLVCGDVASGFHYGVASCEACKAFFKRTIQGNIEYTCPANNECEINKRRRKACQACRFQKCLLMGM
mERR DBD : CLVCGDIASGYHYGVASCEACKAFFEKRTIQGNIEYNCPATNECEITKRERKSCQACRFMKCLEVGM

b ERRE c ERE

— ' 2 @m-‘w!m

1 2 3 45 6 7 8 9 12 3 45 6 7 8 9
PCDNA3 o L PCDNA3 =+ - s e e ...
dERR - -+ + - - -+ - dERR - -+ + - - -+ -
mERR = = = =+ + - - + mERR = = = =+ + - -+
ERRE + + + + + + - - - ERE + + + + + + - - -
ERREmut = = = = = = + + + EREmut - = = = = =+ + +
unlabeled probe - = =+ - + - - - unlabeled probe - = = * - + - -

Ficure 1: Alignment of dERR and mERR DBDs (a), with approximately 85% identical amino acids. Nonidentical amino acids are boxed.
DNA binding of dERR and mERR to ERRE (b) and ERE (c) was analyzed by EMSA using proteins tramslaited.

a ERRE b ERE
7
*
c c 61
o 3 8 5] *x
Q Q
=] 3 44
T 2 i=] *
£ £ 34
ie] T 54
o 1 5 2
- © oL [
pCONA3  dERR mERR 0 pCONA3  pCONAZI  dERR dERR/ mERR ~ mERR/
mGRIP-1 mGRIP-1 mGRIP-1

Ficure 2: Transcriptional activity of dERR and mERR analyzed in CaCo-2/TC7 cells using full-length receptors. (a) The ERRE reporter
plasmid was transfected in combination with pPCDNA3 lacking an insert or expressing dERR or mERR as indicated. (b) The ERE reporter
plasmid was transfected in combination with pCDNA3 lacking an insert or expressing dERR or mERR, with or without the mGRIP-1
expression plasmid, as indicated. The transfections were performed at least three times in duplicate. A typical experiment is shown. Data
are shown as fold induction where luciferase activity was normalized for alkaline phosphatase activity and subsequently divided by reporter
activity of pPCDNA3 lacking an insert. Statistical analysis was carried out (Studetg&). Compared to pCDNA3, one asterisk meBns

< 0.05 and two asterisks me&h< 0.01.

cells were transfected with a full-length receptor construct ligand-induced transcriptional activity2§). By using the
and either an ERRE or an ERE reporter plasmid. BecauseGAL4 system, ligand-dependent effects originating from
of the high background generated with pPCDNA3 lacking an endogenous ERs/ERRs were avoided. The cell lines evalu-
insert and either of the reporter plamids in HEK293, likely ated for the cell-based reporter assays were HEK293 and
originating from the presence of endogenous ERRS, this cell c5co-2/TC7. The latter cell line was chosen because of a

line was disregarded (data not shown). Using CaCo-2/TC7, pyayer signal-to-noise ratio when tested for the LBD con-

the dERR and mERR receptors exhibited increased constitu- ) : :
tive activity when transfected with the ERRE reporter structs. CaCo-2/TC7 cells were transiently transfected with

plasmid (Figure 2a). Cotransfection of mGRIP-1 did not a GAL4—dERR LBD fusion construct and a 4XGAL4-RE

affect the activity (data not shown). In contrast, dERR luciferase reporter, and subsequently treated with the known
exhibited no constitutive activity when cotransfected with ERR inverse agonists 4-hydroxytamoxifen (OHT), diethyl-
the ERE reporter plasmid, while mERR exhibited significant Stilbestrol (DES), and tamoxifen (TAM). dERR exhibited
constitutive activity with this reporter (Figure 2b). Cotrans- constitutive activity [like ERR (7, 10)] which was slightly
fection of mMGRIP-1 increased the activity of dERR and to suppressed by 10M OHT (Figures 3a and 8a) and 1M
some extent also that of mERR (Figure 2b). DES (Figures 3a and 8b). In comparison, the activity of
Transcriptional Actiity of ERRSs in the GAL4 System. MERRS was significantly suppressed by 1 OHT and
Next, we examined whether dERR activity could be sup- DES (Figure 3b) as expectef, (L0). At a lower concentra-
pressed by known ERR inverse agonists. Here we used thetion (1 xM), OHT and DES (Figure 3b) still suppressed the
GAL4 system, commonly used for NRs in the study of activity of mERR efficiently. TAM (10uM) suppressed
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dERR involved in the OHT response of hieR A single mutant
3 Y295A, a double mutant T333I/Y365L, and a triple mutant
2.5 1 Y295A/T3331/Y365L were created. Isoleucine and leucine
2 1 x were chosen since these are the corresponding residues in
154 the three human ERRs, with the exception that T333
corresponds to a valine in hERR

To further test this hypothesia silico, OHT and DES
were docked to the wild-type dERR LBD and to two of the
DMSQ ~ OHT1uM OHT10uM DES1pM DES 10 M mutant dERR LBD models (Y295A and Y295A/T333l/

Y365L). We hypothesized that if the docking program [ICM
mERR (29)] would be able to automatically dock the compounds
into the binding pocket of the mutants but not to the wild-
type protein, this would indicate that the mutations enable
OHT and DES to bind to the dERR mutaimsvitro. Figure
7a shows that OHT cannot fit into the pocket of the wild-
type protein, while it probably can fit sterically into the single
z . * mutant. However, the lower lipophilicity of the single mutant,
|"1 Bl = compared to that of hEdR resulted in a different docking
DMSO  OHT1 UM OHT10 M DES 1 uM DES 10 uM mode. In contrast, OHT docked to the triple mutant in a
Ficure 3:Ligand modulation of dERR activity. Transfections of manner similar to the binding mode observed in the GER

GAL4—LBD fusion plasmids in combination with the 4xGAL4- : ;
RE luciferase reporter plasmid were performed. Cells transfected OHT cocrystal structure2g), with the hydrophobic, bulky

with dERR (a) or mERR (b) were treated with OHT or DES ata Part of the ligand inside the pocket and the aminoethoxy
final concentration of 10 or &M as indicated. The transfections ~ side chain protruding outward, toward helix 12. DES was
were performed at least three times in duplicate. A typical also predicted not to fit into the binding pocket of the wild-

experiment is shown. Data are shown as fold induction where type protein. DES was predicted to bind in the same manner
luciferase activity was normalized for alkaline phosphatase activity o .

and subsequently divided by the reporter activity of pCMXGal4. [© Poth the single mutant and the triple mutant, but the
Statistical analysis was carried out (Studetvsst). Compared to  increased lipophilicity of the triple mutant probably increases

DMSO, one asterisk mears < 0.05. the affinity of the triple mutant for DES compared to that of
the single mutant (Figure 7b).

mMERR efficiently but had no effect on dERR (data not Transcriptional Actiity of GAL4A-dERR LBD Mutants.
shown). To examine whether the mutations increased the susceptibil-

Homology Modeling and Dockinglhe inefficient sup- ity to OHT as suggested by the modeling, CaCo-2/TC7 cells
pression of dERR activity by known ERR inverse agonists ere transiently transfected with pCMX vectors encoding
Igd ustoa closer examination of the diffe;rences inthe ligand gL 4 fusions of the triple (Y295A/T3331/Y365L), double
binding pockets of dERR and mammalian ERRs and ERS. (1333|/y365L), and single (Y295A) dERR mutants and the
On the basis of the hypothesis that amino acid differences 4y a| 4-RE Iuciferase reporter. The constitutive activity of
in the ligand binding pockets of the ERRS/ERs and dERR g three mutants was lower compared to the wild-type dERR
contribute to the inefficient suppression of dERR by 4-hy- o\ (Figure 8). The single mutant Y295A was significantly
droxytamoxifen _(OHT), a homology model of dERR LBD suppressed by OHT and DES at a concentration giiQ
i SR s A o bt o o P10 & 1M (Fgute Sab). Th (e mtar s

) ’ significantly suppressed by both of the substances 0

human Ef bound to OHT [Protein Data Bank (PDB) entry whereas M OHT more efficiently suppressed the g'(:f;vity
sert @2)] was used as a template_. h&FWas the cI_osest . of the triple mutant than &AM DES (Figure 8a,b). The double
homo'og‘!e in the datapa_se at }S\h's time. Al am'”o.?‘c'd mutant was not significantly suppressed by any of the
residues in the model within 5.0 A of OHT were identified substances (Figure 8a,b). Titration of OHT dose-dependently

(F'gufe 4. Slnce O.HT binds to h.Ei za_nd antagonizes its suppressed the activity of the triple mutant in a concentration
coactivator interaction22), the similarities and differences
range from 0.6 to 1M (data not shown).

between the ligand binding pockets of hieBnd dERR are . . )
interesting. Our homology model of dERR LBD (Figure 5) Finally, the interaction between mutant dERRs and the
suggested a pocket similar to that of &Rand three coactivator mGRIP-1 was analyzed. When cotransfected with
potentially interesting differences (Figure 6) were observed, MGRIP-1, mutants as well as wild-type dERR exhibited
namely, amino acid residues Y295, T333, and Y365. Figure increased constitutive activity (data not shown), indicating
6 clearly shows that Y295 almost completely fills the space that the mutants have retained functional coactivator interac-
in the ligand binding pocket, which therefore cannot be tion. To verify the ability of ligand-dependent suppression
occupied by OHT. The model further suggests that T333 of this increased activity, cells cotransfected with the triple
and Y365 also contribute to the inefficient suppression of (Y295A/T3331/Y365L) mutant and the coactivator mGRIP-1
dERR activity by OHT, since T333 and Y365 are polar were treated with 1«M OHT. As seen in Figure 9, the
residues in a region which is mostly hydrophobic in kER  activity of the triple mutant (Y295A/T333I/Y365L) cotrans-
and Y365 is more bulky than the equivalent methionine fected with mGRIP-1 was efficiently repressed by OHT,
residue in hER. We proceeded to construct mutants of these indicating that the coactivator is released upon interaction
three residues based on the hypothesis that they werebetween OHT and the triple mutant receptor.
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*

* * &%k
hERa 306 : --LALSLTADQ DAEPPILYSEYDPTREFSEASMMG, R : 363
dERE 252 : DEASSESGSIKLEESVVTPNGTCIFQONNNNND---NEILSV#SDI S Q : 308

hERa Ss : _HHH__ HHHHHHHHHHH HHHHHHHHHHHHHHHHHHHHHH
dERR S5 HHH H HHHHHHHHHHHHHHHHHHHHHHHEH

* ok ok ok * * ek
hERa 364 : Q) I EHPEYERT JSACNLLLIERN OGS - WVEEMY : 422
dERR 309 : I I oM IR0 S| L F PFNeyaR ClgpATDV! EH EM--gYT : 266
hERa Ss : HHH___ HHHHHHHHHHHHHHHHHHHHHHHH EEEEE__EEEEHHHHH H
dERR S8 EE_HHHHHHHHHHHHHHHHHHHHHHH EEEE EE_HHH
hERa 423 : @IFDMLLATSSEFRMMNLQO W ITMLMSCGVYTFLSSTLE EKDHIHRV, : 482
dERR 367 : WFYYHIVQIA ERISPR! b's CDE--------- DOSSLRAF : 417
hERa S8 : _HHHHHHHHHHHHHHH HHHHHHHHHHHHHH HHHHHHHHHHHHHHHHH
dERR SS : HHHHHHHHHHHHHHH HHHHHHHHHHHHH ___ HHHHHHHHHHH

L * *

hERa 483 : TDTJ®IHLMAKA LOQOHQRL II®SHI SNEGMEHLYSMEC PLY. : 542
dERE 418 : LN VY - - HSSAVSHQ PS ADDILRRFWRGIARDEQJYI TME : 475
hERa S5S : HHHHHHHHHH _ HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH HHHHHHH
dERR SS : HHHHHHHHH H HHHHHHHHHHHHHHHHHHHHHHHHHHH _HHHHH

dERR 476 : PLAR--- : 482
hERa SS : HH
dERR SS : HH

hERa 543 : E}\HRLHAP : 552

FiGure 4: Sequence alignment and secondary structure (marked ss in the alignment) prediction used for constructing the dERR homology
model based on hER The alignment shows 27.7% amino acid identity. Identical residues are highlighted in black, and conserved residues
are highlighted in gray. The alignment was rendered using GeneDoc [http://www.psc.edu/biomed/genedoc/; Nicholas, K. B., and Nicholas,
H. B., Jr. (1997)GeneDoc: Analysis and Visualization of Genetic Varialidrhe secondary structure of hieRvas taken from PDB entry

3ert 22), and the secondary structure of dERR was predicted using PSI-PBEResidues within 5.0 A of OHT and having more than

5% surface accessibility are marked with asterisks. The residues marked with asterisks that were selected for engineering are highlighted
in gray. H denotes helices and/Esheets. Residues are considered homologous according to the PAM250 substitution matrix, giving the
following amino acid groupings: DENQH, SAT, KR, FY, and LIVM.

Ficure 6: Close-up view of OHT in the ligand binding pocket of
the dERR model, placed as in the iE®HT cocrystal structure.
Three residues were mutated to increase the affinity of OHT for
dERR. Wild-type dERR amino acid residues are shown in yellow
and mutant residues in green.

receptors byin vitro assays. In this report, we demonstrate
the rational design of ligand-induced suppression of this
receptor, based on homology modeling amdilico docking.
Functional Analysis of dERRhe results from the EMSA
indicate that dERR is able to bind both ERE and ERRE
FiGurRe 5. Generated homology model of dERR LBD, with the itro. The nature of the observed higher-molecular weight
template structure (hEd shown in blue. OHT from 3ert2g) is complex, which could not be inhibited by unlabeled probe,
shown in tgreen. The parts of the model treated as gaps are shoqu unknown (Figure 1b). It should be noted that others have
' magenta- observed additional stimulating factors present in serum
DISCUSSION bound to ERF\LDNA complexes _30). Itis possib_le that the
observed higher-molecular weight complex in our study
We have cloned and verified the sequence of the novel originates from an additional component present in the
member of the NR3 family, dERR [previously report@d)q, reticulocyte lysate; however, further elucidating the nature
and performed functional studies of wild-type and mutant of this complex and how it affects DNA binding would
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Ficure 7: Comparison of ligand docking in different dERR models. (a) OHT was automatically docked to the model of wild-type dERR
(black), the Y295A single mutant (gold), and the Y295A/T3331/Y365L triple mutant (blue). OHT derived from the cocrystal structure with
hERa is shown in cyan. (b) Analogous docking results for DES, where the docking to the model of Y295A and Y295A/T3331/Y365L is
more or less similar and therefore overlaps. The figures were generated using RiB&ons (

HT Homology Modeling of the dERR LBDhe fact that dERR

w

2.5

o]
responded poorly to the known ERR inverse agonists led us
21 to compare the ligand binding pockets of the dERR, ERRS,
151 A and ERs, to identify crucial amino acid residues that could
11 * be involved in the different observed responses. The crucial
0s h :Dmo issue of homology modeling is the choice of template and
= g 1041 the construction of the alignment. hER2?2) is the structure

4ERR v205h TIBAYISL  YZISATIIAYIGSL most homologous to dERR present in a relevant holo form
DES in the PDB. A structure of human hERR3 was recently

25 reported [PDB entry 1kv63()]. hERR3 is more homologous

% to dERR than hER; however, the crystal structure of RERR3

vs x is in its apo form as opposed to the h&Rtructure 22),
1 . and therefore, the crystal structure of hiERias used as a
CTIES) template. The alignment of dERR and h&lg not trivial,
05 ﬂ‘-‘ M o 20 in particular, the placing of helix 1 and the position of the
gap between helices 8 and 9. Because of the relatively low

dERR Y254 TA331Y 3651 ¥ 295ATIIIYIBEL
o ;
Ficure 8: Ligand modulation of mutant dERR activity using level qf homolqu (:30% identical), emphasis was put on
transfections, performed as described in the legend of Figure 3.Matching predicted3?) secondary structure elements and

Transfected cells were treated with OHT (a) or DES (b) and DMSO using multiple alignments of dERR orthologues and homo-
at the indicated concentrations. Respective structures are shown tdogues. The resulting alignment is quite consistent with the

Fold Induction

=3

Fold Induction

(=}

the right. Statistical analysis was carried out (Studenttsst). alignment between hERR3 and h&Rresented by Greschik
Compared to DMSO, one asterisk me#ns: 0.05. et al. 1), with slightly different gaps, suggesting that the
Y295A/T3331/Y365L ligand binding pocket of our model is more or less correctly
7 predicted. The resulting model is well relaxed in the force
. 61 field used during modeling, with no significant high-energy
g5 contacts. To evaluate the protein-likeness of the model,
24 PROCHECK 83) was used. In the Ramachandran plot, 191
=y - mored of 214 non-Gly and non-Pro residues are in the most favored
g 5 e O+ moriP region, only one residue is in the disallowed region, one is
1 in the generously allowed region, and the number of bad
. ) contacts is five, which is comparable to the statistics of a
BMsG OHT 10 M typical high-resolution crystal structure.
Ficure 9: Effect of mGRIP-1 on the activity of the triple mutant Mutational AnalysisTransfection experiments with the

and suppression by OHT. Cells were transfected as described in . .
the legend of Figure 3 with the dERR triple mutant and mGRIP-1 Wild-type dERR construct revealed that the activity of the

as indicated, and treated with 1 OHT or DMSO. Statistical receptor is inefficiently suppressed by the known ERR
analysis was carried out (Student'sest). Compared to DMSO,  inverse agonists OHT, TAM, and DES. These results are in

one asterisk mear < 0.05, two asterisks medh < 0.01, and agreement with our model of the wild-type dERR LBD
three asterisks mea < 0.001. where OHT cannot dock into the ligand binding pocket of
) ) ) . dERR due to sterical hindrance. This is probably due to the
require more detailed studies. Results from transfection gige chain of Y295 filling out the space where OHT would
experiments revealed that dERR is able to activate transcrip—presumab|y bind (Figure 7). As expected, the mutation of
tion through the ERRE and ERE in a human cell line. This y295 into an alanine results in stronger suppression of the
indicates a conserved mechanism of transcriptional activationreceptor by OHT as well as DES and TAM. In addition,
for NRs within the NR3 subfamily. Also, the mechanism of this mutation was also shown to lower the constitutive
coactivator recruitment seems to be conserved for the ERRsactivity as compared to that of wild-type dERR (Figure 8).
as indicated by our transfection experiments. This agrees with results from previous studies of BERR
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where a F329A mutant loses its transcriptional activa®) ( receptors lacking defined ligands by introducing a limited
An explanation for this phenomenon could be that the side number of site specific mutations that confer ligand respon-
chain of Y295 stabilizes the protein. The active conformation siveness. As an increasing number of crystal structures of
of dERR is probably one where H12 is folded back over the NRs in complex with ligands become available, it will be
putative ligand binding pocket, forming close contacts with possible to more accurately predict such site specific muta-
H4, in accordance with the general mechanism of NR LBD tions for functional analysis of other orphan nuclear receptors.
activation B5). These results suggest that Y295 normally This is useful in the elucidation of ligand-modulated activities
occupies a large proportion of the putative ligand binding and functions of the receptor, as well as a guidance tool for
pocket, and changing it to an alanine decreases the stabilitystructure-based design of new synthetic compounds targeting
of the active conformation and hence decreases the basahuclear receptors.
activity of the receptor and simultaneously opens the LBD
for ligand binding. Our results are supported by earlier studies ACKNOWLEDGMENT
of the corresponding amino acid residues in b&ER, 34), o _
hERRS, hERRy (9, 10), and hERR (9). Taken together, We thank Annelie Sjgren for t.he clonmg of dERR and
these results identify this amino acid residue as being Sven-Ae FranZe, Andrea Varadi, and Marianne Israelsson
important in ligand binding as well as transactivation. The for DNA sequence analysis. Patrik Blomquist, Thomas
results from the reporter gene assays revealed that the T333Perimann, and Jonas Uppenberg are acknowledged for
and Y365L mutations are not by themselves sufficient for critical reading of the manuscript. The mGRIP-1 plasmid
suppression of OHT, but result in a decrease in the Was a generous gift from Dr. Eckardt Treuter (CBT,
constitutive activity of the receptor, likely by destabilization Karolinska Institute). The TC7 subclone of CaCo-2 cells was
of the protein. This indicates that the active conformation Kindly provided by Dr. Monique Rousset (Institut National
of wild-type dERR might be stabilized by hydrogen bonding de la Santeet de la Recherche Mecale U178, Villejuif,
of T333 and Y365, thereby making the structure more France).
compact 85).
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