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ABSTRACT. We have analyzed the functional domains of tisophilaorphan receptor Ultraspiracle
(usp), a homologue of the vertebrate retinoic X receptas well as the ability of heterodimers between

usp and the thyroid hormone receptb(TsRf) to transactivate the human apolipoprotein A-Il (apoA-II)
promoter. DNA binding assays demonstrated that heterodimers of usp and the hsRgaram bind to

the hormone response element (HRE) of the regulatory element-AN34 to—716) of the human apoA-

Il promoter. Cotransfection experiments have shown that the combination of uspRhdah transactivate

the human apoA-Il promoter in COS-1 cells-8-fold in the presence of thyroid hormones)T The
observed transactivation was not affected by the deletion of the amino-terminal resid@&ofLusp,

which represent a putative transactivation domain, suggesting that the function of usp is to rRfuit T
Furthermore, a mutant usp, with impaired DNA binding properties, can form heterodimersaRjfhinm

vitro but has reduced ability to transactivate the human apoA-Il promoter. A minimal thymidine kinase
(tk) promoter driven by four AllJ regulatory elements is repressed to 20% of its original activityRy T

and the repression is relieved by usg®B heterodimers. Deletion analysis demonstrated that factors
bound to the regulatory elements AllJ, AlIAB, and AllH participate in the usiRfFmediated
transactivation of the human apoA-Il promoter. Similarly to element AllJ, element AIIAB binds usp/
T3Rp heterodimers, whereas element AllH binds a COS-1 nuclear activity that is supershifted with anti-
hepatic nuclear factor 1 antibodies. The findings suggest that optimal transactivation of the apoA-Ii
promoter by usp/dRj heterodimers requires complex interactions between these heterodimers and factors
bound to other regulatory elements. The observed transcriptional activation through heterodimer formation
between nuclear receptors from species as divergent in the evolutionary scale as insects and mammals
indicates that the functional domains of these proteins have been highly conserved.

Nuclear hormone receptors represent a superfamily of Qi et al., 1995; Zhang et al., 1992a; Froman & Samuels,
transcription factors. A few members can be activated by 1990), whereas domain A/B is involved in ligand-indepen-
hormones such as steroids, retinoids,! Vitamin D, or dent transcriptional activation. Domains A/B and the E are
ecdysone, whereas the ligand for the majority of them the least conserved (Thomson & Evans, 1989; Nagpal et al.,
remains unknown (Chambon, 1996; Thummel, 1995). All 1992, 1993). Homo- or heterodimers of hormone nuclear
members of the fam|ly contain five Q|st|nct dpm_ams, receptors recognize hormone response elements (HRE),
designated AE. Domain C is involved in DNA binding  which contain a consensus AGG/TTCA half-site motif. The
and is highly conserved throughout evolution and among recognition sequence of the dimers may consist of direct,
different members (Luisi etal., 1991). Domain E is involved jnverted, or palindromic half-site motifs (Umesono et al.,
in ligand binding, dimerization, and ligand-dependent tran- 1991: Ladias et al., 1992; Giguere, 1994; Mangelsdorf et
between the half-sites contributes to the selection of specific

t Supported by NIH Grants GM44520 and HL-33952. sets of homo- or heterodimers (Umesono et al., 1991).
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tor; HNF-1, hepatic nuclear factor 1; HNF-4, hepatic nuclear factor 4; tively. We have shown previously that tizosophilausp

HRE, hormone response element; usp, ultraspiracle; &®XBtinoic and the mammalian R can form heterodimers vitro

X receptora; RARa, retinoic acid receptouw; T, triiodothyronine; that can recognize the regulatory element AllJ of the human
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promoter. Transactivation is reduced by alteration of the
DNA binding domain of usp but not by the deletion of the
amino-terminal residues-185 residues. The findings show
that transactivation requires heterodimer formation between
usp and FRg, which bind to their cognate sites on the apoA-
I, and indicate that the transactivation function is provided
by the ;RS moiety of the usp/IRS heterodimer.

EXPERIMENTAL PROCEDURES

Materials

T, DNA ligase, polynucleotide kinase, and restriction
enzymes were purchased from New England Biolabs.
Transformation-competent bacterial cells GiH&ere pur-
chased from Bethesda Research Laboratorigs>?H]ATP
(5000 Ci/mmol), -*2P]dNTPs, fH]acetyl coenzyme A (200
mCi/mmol), and Econofluor scintillation fluid were pur-
chased from DuPontNew England Nuclear. Reagents for
automated DNA synthesis were purchased from Applied
Biosystems, Inc. The sequencing kit was purchased from
U.S. Biochemical Corp. Bactotryptone and bacto yeast
extract were purchased from Difco. Chloramphenioati-
trophenylf-p-galactopyranoside,sJretinoic acid, Hepes free
acid, tetramethylethylenediamine (TEMED), and mercapto-
ethanol were purchased from Sigma. The plasmid pCH110,
double-stranded poly(dIl-dC), chloramphenicol acetyltrans-
ferase (CAT),f-galactosidase, and dNTPs were purchased
from Pharmacia LKB Biotechnology Inc. The anti-FLAG
antibody M2, acrylamide, sodium dodecyl sulfate (SDS),
Tris, and urea were purchased from International Biotech-
nologies, Inc. Taq polymerase, the Seporter lysis buffer,
and thein vitro transcription-translation coupled reticulocyte
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Table 1: Oligonucleotides Used as Primers for PCR Amplification
and Mutagenesis and in Plasmid Constructions

ame seqguence
ctag-715)TCTACCAGGGTAAAGGTTGAA-

GGCA(-739)

Js ctagt-739)TGCCTTCAACCTTTACCCTGGT-
AGA(—715)

ATGKP  ggggGTACCATGGAGTTAACACGTGCTG-
CAgggg

F3PR ccccTGCAGCACGTGTTAAC

FLAG  ggggGTACCATGGACTACAAGGACGACGATGACA-
AGTTAACACGTGCTGCAgggy

TRNH4D ATCGAGCTAGTCCAAGTGGTC

TRNH4U GTGAAAATGGCCTTACAGCTTG

mutPD  CCTTGCAGCCCTCACAG-TGTACACGCC

mutPU  GCTGCAAGGGCTTCG*TTTAAACGCACA

KS TCGAGGTCGACGGTATC

T7 GTAATACGACTCACTATAGGGC

1990), and TRS (Weinberger et al., 1986) full-length cDNA
sequences cloned into thedRI site of the pMT2 eukaryotic
expression vector have been described (Ladias et al., 1992).
The Hindlll—Xbad usp sequence was excised from the
pcDNA-I plasmid (Khoury Christianson et al., 1992), was
blunt-ended with the Klenow fragment of DNA polymerase

I, and was cloned into thBanH]I site of the pSG5 expression
vector (Stratagene) to generate the pSG5-usp plasmid. The
inserted sequence contained #®sl, EcoRV, BsiXIl, Not,

Xhd, SpH, and Nsil polylinker sites of the parent plasmid

on its 3 end, thus generating a modified pSG5 vector. Two
additional eukaryotic expression vectors were generated using
PCR amplification and the above modified pSG5 vector. The
Kpnl—Pst fragment, containing the usp coding sequence,
was excised from the pSG5-usp plasmid. Either an ATG or

lysate system were purchased from Promega. The plasmid® FLAG cassette was inserted into tipnl—Pst sites of

pBluescript KSt was purchased from Stratagene. Immo-
bilon-P membranes were purchased from Millipore.

Methods

Oligonucleotide SynthesisOligonucleotides were syn-

the remaining vector to create pSG5-ATG or pSG5-FLAG
derivatives, respectively. Th&pnl—Pst ATG cassette

provided a strong translation initiation sequence (Kozak,
1989) that contains the consensus Kozak translation initiation
sequence (Table 1, underlined). To generate the ATG
cassette, the single-stranded ATG KP oligonucleotide of

thesized by the solid-phase phosphite triester method usingTable 1 was used as a template for Taq polymerase in one

an automated oligonucleotide synthesizer (Applied Biosys-
tems, Model 380-B). The oligonucleotides were purified by
electrophoresis on 20% polyacrylamide/7 M urea gels and
labeled with eitherj}-32P]JATP or [a-*2P]dNTPs.

Plasmid Construction.The wild-type and mutant911/
+29 apoA-Il CAT constructs containing the wild-type (wt)
human apoA-Il promoter sequences or deletions of the
regulatory elements AM have been described (Chambaz
et al., 1991; Cardot et al., 1993). The construct containing
the minimal thymidine kinase (tk) promoter under the control
of four copies of the AllJ element (J4tk) was generated by
using pBLCAT?2 as a vector (Luckow & Schutz, 1987). This
plasmid derivative contains the herpes simplex virus tk
promoter sequence from105 to +51 nucleotide fused
upstream of the coding region of the CAT gene. A synthetic
double-stranded oligonucleotide corresponding to the AllJ
—739 to —716 bp region (Table 1) and carrying &ba
half-site was phosphorylated and cloned into ¥i® site
of the polylinker region upstream of the tk promoter in the
pBLCAT2 plasmid. Plasmid construction was verified by
DNA sequencing and contains three copies of the AllJ
sequence in the'50 3 and one in the '3to 5 orientation.
RARa (Giguere et al., 1987), RX®R (Mangelsdorf et al.,

cycle of PCR synthesis using the oligonucleotide F3PR of
Table 1 (complementary to thé 8nd of the ATGKP) as
primer. The FLAG epitope cassette was created in the same
way, using the single-stranded oligonucleotide FLAG of
Table 1 as a template in one cycle of PCR synthesis by the
Taq polymerase employing the F3PR oligonucleotide of
Table 1 as a primer. The FLAG sequences contain the
consensus Kozak ATG translation initiation sequence (Table
1, underlined) and the FLAG epitope (DYKDDDDK)
encoding sequence, which is recognized by anti-FLAG
antibodies. After synthesis of the complementary strand of
the ATGKP and FLAG, the double-stranded oligonucleotide
was digested witkKpnl and Pst restriction enzymes, purified
through a low-melting agarose gel (2%), and ligated to
Kpnl—Pst sites of the modified pSG5 vector. The sequences
of the resulting pSG5-ATG and pSG5-FLAG plasmids were
verified by DNA sequencing. To generate usp®®8, the
usp derivative that lacks amino acids 85, pSG5-usp was
digested withPsti. The Pst fragment, containing the DNA
and the ligand binding domains of usp,was subcloned into
the Pst site of the pSG5-ATG vector. Two subcloning steps
were required to generate the pFLAGRP derivative. The
amino-terminal fragment of 3R3 encoding amino acids
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3—-61 was amplified by PCR using the pMTRS as a pUX-mut derivative to generate the puspmutP derivative.
template and the oligonucleotides of Table 1 TRNH4U Plasmid integrity was verified by DNA sequencing.

(which contains aPmil half-site) and TRNH4D (which Gel electrophoretic Mobility Shift AssayWhole-cell
converts arSsp site to anEccRV half-site) as sense and  exiracts were prepared from COS-1 cells transfected with
antisense primers, respectively. The resulting PCR fragment;,g pMT2 vector carrying the full-length cDNA forsR3
was treated with T4 DNA polymerase and subcloned into o, g pSG5 vector carrying usp as described (Kumar &

PSG5-FLAG vector digested witiPml and ECORV to Chambon, 1988). Gel electrophoresis mobility shift assays
generate pFLAG-T0361 plasmid. The RS cDNA se- were performed as described (Fried & Crothers, 1981).

uence encoding amino acids-6256 of T;R5 was excised . .
d g Rp Dimethylsulfate and Potassium Permanganate Interference

with Ssp—EcaRI digestion, blunted with the Klenow frag- L
ment of DNA polymerase I, and inserted into tRecRV Assays. The probe for the methylation interference was a

site of plasmid pFLAG-T0361 to generate the pFLAG- double-stranded oligonucleotide AllJ end-labeled at the
TsRB derivative noncoding strand. For the permanganate interference assay,

The mutant usp derivative containing mutations in the Fhe same probe was labeled on the codlng.strand. The_
DNA binding domain of usp (uspmutP) was generated as interference assays were performed as described (Tzameli

follows. Sequences corresponding to the DNA binding & Zannis, 1996).

domain of usp were excised from the pSG5-usp plasmid by ~Transient Transfection Experiments and CAT Assays.
Pst/BanH| digestion and subcloned into the corresponding Monolayers of COS-1 cells were maintained as stocks in
sites of the pBluescript KS plasmid (Stratagene) to generate  DME medium supplemented with either 10% fetal calf serum
the pKS-usp-DBD derivative. This derivative was utilized Or charcoal-stripped 5% fetal calf serum. Cells (8.30°)

as a template for PCR-based mutagenesis using two sets ofvere plated on 30 mm dishes and the following day were
mutagenic and two sets of external amplification primers. transfected using the calcium phosphate/DNA coprecipitation
The sequences of the mutagenic primers designated mutPDnethod. A total of 8.5ug of plasmid DNA was used,
and mutPU with 9-nucleotide overlapping sequences and thecontaining sug of the wild-type or mutant apoA-II-CAT or
external 5and 3 primers corresponding to vector sequence the J4tk reporter plasmid, 23 of phosphoglycerate kinase
KS and T7, respectively, are described in Table 1. The S-galactosidase plasmid (gift of Dr. Fulvio Mavilio; PGK-
mutPU primer corresponds to the coding sequence of uspf-gal) or 1ug of SV40 S-galactosidase (PCH11®Gal)

and carries a single base deletion (indicated-bin Table plasmid to be used as internal control and various concentra-
1), leading to a frameshift mutation, whereas the mutPD tions of pMT2 or pSG5 expression plasmids carrying the
primer corresponds to the noncoding region of usp with a CONAs of RARax and TBRA or usp wt and mutants,
single base insertion (indicated by * in Table 1), which respectively. pBluescriptll K& was used as carrier DNA.
restores the correct reading frame. THeKS primer and Sixteen hours posttransfection, COS-1 cells were rinsed and
the mutPD mutagenic primer were used to amplify the 5 fresh medium was added, supplemented with 5% charcoal-
region of the DNA binding domain of usp. ThéBr primer stripped serum, in the absence or presence of WDT; or

and the mutPU mutagenic primer were used to amplify the retinoic acid. The cells were harvested 24 h after treatment
3 region of the DNA binding domain of usp. The two With hormone in TEN buffer (40 mM Tris, pH 7.4, 1 mM
amplified fragments were purified and combined for a second EDTA, and 150 mM NaCl) and lysed in 20@L of 1x
round of amplification using the external amplification reporter lysis buffer (Promega). An aliquot of the cell
primers KS and T7. The overlapping sequence of the extracts was heated at 8& for 10 min prior to the CAT
mutagenic primers allows annealing of the primary PCR assays. The assays were performadai 7 mL plastic
products after mixing, denaturation, and reannealing. The scintillation vial, in a total volume of 25@L, containing
reannealed sequences with recessedn8ls were initially ~ 100 mM Tris-HCI, pH 7.8, 1 mM chloramphenicol, 0.2&i

filled with Taq polymerase, thus generating the new template of *H-labeled acetyl coenzyme A, and-180uL of extracts.

for PCR amplification using the external primers. The One blank sample and one sample containing 5 milliunits
amplified fragment alters the amino acid sequences SCEGCK-of purified CAT enzyme were always included. The reaction
GF of usp to TVRAARAS. This fragment, containing the mixture was overlaid with 4 mL of water-immiscible
mutagenized DNA binding domain of usp, was digested with scintillation fluid and incubated at 37C for 2—4 h before
Pst/BanHl, purified, and cloned into the corresponding sites it was counted in a liquid scintillation counter. The amount
of pBlueScript KS: to generate pKSmutP derivative. The of active CAT enzyme in the cell extracts was determined
pSG5-usp plasmid was digested witst to excise the according to the radioactivity counted in the samples
carboxy-terminal sequence of usp and the remaining vectorcontaining the cell extracts and in the sample containing 5
containing the usp cDNA fragment encoding amino acids milliunits of purified CAT enzyme. The background values
1-86 was religated to generate the ptB6 usp derivative.  of the blank sample were always subtracted from the counts
This derivative was linearized b)hd digestion and was  per minute values of the different samples. Each experiment
blunted by treatment with the Klenow fragment of DNA was repeated 25 times in duplicate or triplicate. The
polymerase | to generate the pt86X derivative. The  (-galactosidase activity of the cell lysates was determined
mutated Pst/BanH| fragment of usp was excised from spectrophotometrically by monitoring the hydrolysis of the
pKSmutP derivative and inserted in-frame into tRet/ synthetic substrat®-nitrophenyl galactoside, at 410 nm.
BanHl sites of pUE-86X plasmid to generate the pUX- Control samples containing 0.5, 2, and 10 milliunits of
mut derivative. Finally, the carboxy-terminal fragment of purified f-galactosidase allowed the conversion of OD units
usp encoding residues 8508 and containing the' 3in- in the different samples int@-galactosidase units. The
translated region was excised wiBanH| digestion from p-galactosidase activity of the cell extracts was utilized to
pSG5usp and cloned in-frame into tBanHI site of the normalize for variability in the efficiency of transfection.
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usp+0.5pgT3RB+T;

0.5ug usp + T:RB

o

normalized CAT activity
(93]
)

normalized CAT activity
~

usp+0.5ugRARo+RA

[ ]

ng of T:RP ng of usp
reporter construct: (-911t0+29)AICAT reporter construct : (-911to +29)AIICAT

Ficure 1: A,B. (A) Transactivation of apoA-Il promoter by uspRp heterodimers in COS-1 cells. Cotransfection experiments of COS-1
cells with vectors expressingR3 and usp® indicates that cotransfection titration experiments were performed with constant amounts of
the usp plasmid (0.Gg), constant amounts of the reporter plasmi@l 1 to+29 apoA-Il CAT (5ug), and increasing concentrations of the
T3RA plasmid (0.05-2 ug). Titrations were performed in the presence of#Mthyroid hormone (). a indicates cotransfection experiments

with increasing amounts ofsRj in the presence ofsland the—911 to+29 apoA-Il CAT plasmidM indicates cotransfection experiments

with either usp or IRA alone in the absence ofTO indicates cotransfection experiments with usprsRgS in the absence of 3T CAT

activity of apoA-Il wt + T3 corresponds to 0.941 milliunit of CAT/milliunit gfGal. Note that optimal transactivation is achieved in the
range 0.250.50ug of T;RB and 0.5ug of usp in the presence of; TThe T;RA alone did not transactivate the apoA-Il promoter in the
presence or absence o§.T(B) Cotransfection experiments of COS-1 cells with vectors expressing usp #1 oF usp and RAR.
Cotransfection titration experiments were performed with constant amounts of the reporter pté@siitb+29 apoA-Il CAT (5ug) and
increasing concentrations of the usp plasmid alone (0204g) (®) or constant amounts ofsRj3 (0.5ug) and increasing amounts of usp

(m) or constant amounts of RARplasmid (0.5ug) (a) and increasing amounts of usp. Titrations were performed in the presence of 0.1
uM thyroid hormone (T) or 1 uM retinoic acid (RA) as indicated. Note that optimal transactivation is achieved withdd usp for the
usp/TRA heterodimers and dg of usp for the usp/RAR heterodimers. Usp alone did not transactivate the apoA-Il promoter. The normalized
CAT activity in this figure and Figures—79 represent the ratio as milliunits of CAT/milliunit giGal. CAT enzyme an@@Gal enzyme of

known specific activity were analyzed in parallel for each set of assays. RAR alone caused approximately 3.5-fold transactivation of the
apoA-Il promoter; a small (1.5-fold) additional increase in transactivation occurred with usp/RAR heterodimers.

In vitro Transcription, Translation, Immunoprecipitation, Tween-20. The membrane was then treated. fb atroom
SDS-Polyacrylamide Gel Electrophoresis, and Immunob- temperature with anti-mouse IgG secondary antibody con-
lotting. Usp, uspmutP, and sR3 were transcribed and  jugated to horseradish peroxidase, and washed three times,
translatedn vitro by using rabbit reticulocyte lysates in the 15 min each, with TBS/Tween-20 and twice with® The
presence or absence §f§]methionine as specified by the protein bands were detected by incubation with 0.12 mg/
manufacturer (TNT kit, Promega). Equal volumes of mL diaminobenzidine tetrahydrochloride and 0.03%Ok
unlabeled and labeled proteins were mixed in buffer contain- in 10 mL of H,O for 5 min. The membranes were then
ing 10 mM Tris-HCI, pH 7.8, 1 mM EDTA, 80 mM KCl, rinsed with HO and dried.

2.5 mM MgCl, 5% glycerol, 0.05% Triton X-100, and 0.5%

BSA (w/v) and precleared with protejn—Sepharose beads RESULTS
(Pharmacia) fol h at 4°C. The cleared proteins were Drosophila Protein usp Can Heterodimerize with Human
incubated with either a rat polyclonal antibody raised against TsR3 and Transactate the ApoA-Il Promoter in COS-1
the ligand binding domain of usp (a2T) or a murine IgG Cells We have previously shown that usp, theosophila
monoclonal antibody against FLAG fusion protein (M2 or homologue of RXR, can form heterodimers with the human
IBI) for 2 h at 4°C, followed by incubation with protein  nuclear receptors ;R3 and RARx and generate a novel
y—Sepharose beadsrfaé h at 4°C. Precipitated material DNA binding activity that recognizes the element AllJ of
was washed 5 times, eluted from the beads, and analyzedhe apoA-II promoter (Khoury Christianson et al., 1992). In
by SDS-polyacrylamide gel electrophoresis followed by order to test the activity of these heterodimarsivo, we
autoradiography. For immunoblotting following electro- cotransfected monkey kidney cells (COS-1) with thell
phoresis, the proteins were electrotransferred onto PVDFto +29 apoA-Il promoter CAT plasmid and plasmids
Immobilon-P membranes in 25 mM Tris-HCI, 0.192 M expressing th®rosophilausp and the humansRS. This
glycine, and 20% (v/v) methanol. The membrane was analysis showed that the combinatiorDybsophilausp and
washed twice for 30 min each time in TBS/Tween-20 buffer the human IRg transactivated the human apoA-Il promoter
(10 mM Tris-HCI pH 7.4, 0.9% NacCl, and 0.05% Tween- 8-fold in the presence of thyroid hormones] Dut failed to

20) containing 5% dry milk. The membranes were then transactivate in the absence of {Figure 1A). Control
incubated with a 1:500 dilution of the primary anti-rat usp experiments showed that usp alone did not transactivate the
polyclonal antibody fo 1 h atroom temperature and were apo-All promoter and JR3 had a small effect on the apoA-
subsequently washed three times, 15 min each, with TBS/Il promoter activity in the presence ofsT In addition,
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B A

anti-FLAG Ab B

A i i<} anti-usp Ab
g 5 — :
3 = o X *S uspmutP + “S.FLAGTRB +  + +
g; (v/'—) E é’ (‘/'_) *S-usp + + uspmutP +
2 o a 29 FLAGT,RB + + usp +
3 O =] 5 O 95 — 95 =
- 95 — 95
55 = 55
43 =[S 43 - -
- 55 > = - 55 29 - 29 -
—-> - 43 — 43
- 29 — 29 Ficure 3: A-B. SDS-polyacrylamide gel electrophoresis and
- 18 - 18 autoradiographic detection &fS-labeled usp/3R3 or uspmutP-

T3Rp dimer following immunoprecipitation. (AWild-type usp or
uspmutP was labeled wi¥S-methionindn vitro and was mixed
with unlabeled TRS containing the FLAG epitope (FLAGRp),

FiIGURE 2: A-B. Expression of mutant usp forms. The first mutant
lacks the amino-terminal residues-85 (usp86-508 mutant). The

produced byin vitro transcriptior-translation assay. The mixture
was immunoprecipitated with anti-FLAG antibody and analyzed

second mutant carries the following amino acid substitutions with SDS-PAGE and autoradiography. (BJsR5 was labeled with

(SCEGCKGF to TVRAARAS) in the P box (uspmutP mutant). (A).

355-methioninein vitro and was mixed with unlabeled wt usp or

Western blot analysis of extracts of COS-1 cells transiently uspmutP, produced b vitro transcriptior-translation. The protein
transfected with expression plasmids carrying either the wild-type complex was immunoprecipitated with anti-usp polyclonal antibody
usp or the usp86508 cDNA sequence. The blot was treated with and analyzed with SDSPAGE and autoradiography as described
rat anti-usp polyclonal antibody, followed by incubation with an in Methods. Note that 3RS can form heterodimers in solution with
anti-mouse IgG secondary antibody conjugated to horseradisheither wt usp or uspmutP (compare the last two lanes of panels A
peroxidase. Note that the wild-type (wt) usp produces two protein and B).

bands and the usp8&08 produces one band that migrates slower labeled with®S-methionine usingn itro transcription-

than the wt usp. (B)Western blot analysis of extracts of COS-1 . 5 :
cells transiently transfected with expression plasmid carrying the translation. The¥*S-labeled usp or uspmutP protein was
mutated form of usp (uspmutP), or extracts of mock-transfected mixed with unlabeled 3RS containing the FLAG epitope,
COS-1 cells (COS-1 extracts). The blot was treated as describedproduced byin zitro transcription-translation. The protein
It?] psvrt]el A ’\r‘]‘)te that the lIJsApr%tP pg)du oS tWObPrOt?,“ ?ﬁ”ds, aScomplex was immunoprecipitated with an anti-FLAG anti-
e wt usp shown in panel A. These bands are absent in the mock- )
transfected COS-1 extracts. pody, resolyed by SDSPAGE, and detected by auto_rad
iography (Figure 3A). Similarly, thesRS was labeled with
353-methionine byin uitro transcription-translation. The

35S-labeled FRS protein was mixed with either unlabeled

cotransfection with usp/RAR did not efficiently transacti-
vate the apoA-Il promoter in the presencetftransretinoic
acid (RA), despite the fact that usp/RAReterodimers can  wt usp or uspmutP, produced by vitro transcription-
bind to the regulatory element Allih vitro (Figure 1B) translation. The protein complex was immunoprecipitated
(Khoury Christianson et al., 1992). Usp alone had no effect with anti-usp polyclonal antibody, resolved by SBBAGE,
on the apoA-Il promoter activity in the presence of RA, and and detected by autoradiography (Figure 3B). This analysis
RARa alone resulted in approximately 3.5-fold transactiva- showed that the mutation in the P-box of usp did not affect
tion in the presence of RA (Figure 1B). its ability to heterodimerize with 3Rj3 (Figure 3; compare
Analysis of the DNA Binding Properties and the Trans- the last two lanes of panels A and B).
activation Potential of Heterodimers of Wild-TypeRp and DNA binding gel electrophoresis assays showed that DNA
Mutant usp Forms The amino-terminal domain of nuclear binding of the usp/JRS heterodimers is not affected by
hormone receptors has been implicated in ligand-independentleletion of the +85 amino-terminal residues (Figure 4, lane
transactivation (Nagpal et al., 1992, 1993). In addition, the 11), whereas the mutation in the P-box abolished the DNA
P box, present in the first zinc finger of the DNA binding binding of the usp/IRj heterodimein vitro (Figure 4, lane
domain of nuclear receptors, has been shown to determine8). Additionally, DNA binding of the usp/dR3 complex
the DNA binding specificity of different pairs of hormone does not require I (Figure 4, lanes 5, 6, 11, and 12).
nuclear receptors (Umesono et al., 1991). To determine theCotransfection experiments using the mutant usp forms
importance of the amino-terminal domain of usp in the showed that the deletion of residues85 of usp (usp86
observed transactivation of the human apoA-Il promoter as 508 mutant) did not affect its ability to transactivate the
well as the requirement of DNA binding of usp for the apoA-Il promoter (Figure 5). In contrast, cotransfection with
observed transactivation, we generated two mutant usp formsthe DNA binding domain mutant (uspmutP mutant) resulted
The first mutant, designated usp8608, lacks the amino- in significantly lower transactivation of the apoA-Il promoter
terminal residues-185, and the second mutant, designated as compared to that achieved with wt usp (Figure 5). As
uspmutP, carries an eight amino acid substitution in the P-boxshown in Figure 4, this DNA binding domain mutant has
(SCEGCKGF to TVRAARAS). The expression of usp86  impaired DNA binding properties but can form heterodimers
508 and uspmutP in COS-1 was tested by immunoblotting in vitro (Figure 3B). Taken together, these findings suggest
using lysates of 0.2 million cells expressing the wild-type that the Drosophila protein usp can mobilize through
(wt) or the two usp mutants. This analysis showed that the heterodimer formation the humanRp and transactivate the
levels of expression of the wt and mutant usp forms are human apoA-ll promoter. It appears that the transactivation

similar (Figure 2). The ability of the DNA binding domain
mutant (uspmutP) to form heterodimeénsvitro with T3RA3
was assessed by immunoprecipitation of the ugRsT
heterodimers and detection by SBBAGE and autoradiog-

function is provided by the transcriptional activation domain-

(s) of TsRB, whereas the DNA recognition sequentesitro

are provided by both moieties of the usgiRB heterodimer.
usp/BRB Heterodimers Recognize a DR1 HREBrevious

raphy. For this purpose the wt usp or the uspmutP was DNA binding assays and cotransfection experiments identi-
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Ficure 4. DNA binding gel electrophoretic assay using the apoA-
Il regulatory element AllJ {734 to—716) as probe and extracts
from COS-1 cells expressing wt and mutant usp forms RAT
Lanes 1-12 contain the following combinations of COS-1 ex-
tracts: (1) 6ug of mock-transfected COS-1; (2)4 of usp+ 2

u1g of mock-transfected COS-1; (3)@ of TsR3 + 4 ug of mock-
transfected COS-1; (4) 29 of TsR3 + 4 ug of mock-transfected
COS-1+ 0.1uM T3; (5) 4 ug of usp+ 2 ug of T3RS; (6) 4 ug of
usp+ 2 ug of TsRE + 0.1uM T3; (7) 4 ug of uspmutP+ 2 ug of
mock-transfected COS-1; (8) g of uspmutP+ 2 ug of T3Rp;

(9) 4 ug of uspmutP+ 2 ug of TsRB + 0.1 uM T3; (10) 4ug of
usp86-508 + 2 ug of mock-transfected COS-1; (11) #g of
usp86-508 + 2 ug of TsRpA; (12) 4 ug of usp86-508 + 2 ug of
T3RB + 0.1uM T3. Note that DNA binding requires the presence
of both T;RA and usp, is not affected by the deletion of the amino-
terminal residues 185 of usp, is abolished by a mutation in the
DNA binding domain of usp, and does not requirg T

fied the regulatory element AllJ of the apoA-Il promoter as
an HRE (Ladias et al., 1992; Khoury Christianson et al.,
1992). In order to define the binding site of AllJ for the
usp/T:RA complex, we performed dimethylsulfate and per-
manganate (KMng) interference analysis using AllJ (Table
2, J and J) as a probe. Methylation of G residues of the
noncoding strand at positions730, —729, —724, —723,
and—722 interfered strongly with DNA binding (Figure 6).
Methylation of the G residue at positiorr733 of the
noncoding strand interfered to a lesser extent (Figure 6A).
KMnO, modification of T residues of the coding strand at
positions -728,-727, —726, and—721 interfered strongly
with DNA binding (Figure 6B). The results of these analyses
are summarized in Figure 6C and indicate that the HRE of
element AllJ consists of two direct half-repeats separated
by one spacer nucleotide (DR1). Similar to the HRE present
in the element AID of apoA-l, this spacer nucleotide
participates in DNA-protein interactions with the uspiR3
heterodimers (Tzameli & Zannis, 1996).

Regulatory Element J of ApoA-Il is Necessary but Not
Sufficient for the Transactation of the ApoA-Il Promoter
by the usp/IR5 Heterodimers To determine whether the
regulatory element AllJ could account for the observed
transactivation of the apoA-Il promoter by the usyiB

Hatzivassiliou et al.

CAT activity normalized to T3R8

usp usp86-508 uspmutP T3RB =508 uspmutP

+ +

usp usp86é
+

T,RB T,Rp T4Rp

(-911to+29)AIICAT

Ficure 5: Transactivation of the apoA-1l promoter by heterodimers
of T3RA with either wt usp or the mutated usp forms. COS-1 cells
were cotransfected with pBg of the —911 to +29 apoA-Il CAT
construct and 0.2ag of the plasmids indicated on theaxis [wt
usp, usp86:508, uspmutP, IRG, wt usp+ T3RS (0.25ug each),
usp86-508 + T3RpA (0.25ug each), and uspmuti® T3RA (0.25

ug each)]. CAT activity for FRA corresponds to 2.6 milliunits of
CAT/milliunit of fGal. Note that the deletion of residues85 of

usp does not affect its ability to transactivate the apoA-Il promoter.
Note also that the mutation in the DNA binding domain reduced
significantly the ability of the mutant uspmutP to activate the human
apoA-II promoter.

Reporter construct:

Table 2: Oligonucleotides Used in DNA Binding and Competition
Experiments

name sequence

Ja ctag{ 715) TCTACCAGGGTAAAGGT-
TGAAGGCA(-739)

Js ctagt- 739)TGCCTTCAACCTTTACC-
CTGGTAGA(-715)

A aaaaf- 742)AGGTGCCTTCAACCTTT-

ACCCTGGTAGA(-715)

I tttt(—715) TCTACCAGGGTAAAGGT-
TGAAGGCACCT(-742)

alb HNF1 70)AGTATGGTTAATGATCTAC-
AG(—50)

AlIAB (—67)AGTCCTGTCACCTGACAG-
GGGGTGGGTAAACAGACA(-32)

AllH (—572)GTCTCATTACACATTAA-

CTC(-553)

2-fold by the usp/IRS heterodimers as compared to the more
than 7-fold transactivation observed with the wt promoter
(Figure 7).

To investigate whether the element AllJ alone can account
for the transactivation of the apoA-Il promoter by the usp/

heterodimers, we performed cotransfection experiments in T3Rj heterodimers, a heterologous promoter was constructed

COS-1 cells using an apoA-1l promoter construct carrying a
deletion of element AllJ (AIAJ) (—734 to—716) (Cardot

et al., 1993). This analysis showed that the mutant apoA-II
promoter which lacks element AllJ was transactivated only

where the minimal herpes virus thymidine kinase promoter
(tk) was placed under the control of four copies of the
element AllJ (J4tk). The basal activity of this construct was
approximately 19-fold higher than that of the intac®11
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FIGUrRe 7: Transactivation of the wt apoA-1H911 to+29) and

a mutated apoA-Il promoter lacking element AllJ (apoA-1911

to +29 AJ) by usp/ERg heterodimers. COS-1 cells were transfected
with 5 ug of either wt apoA-Il or apoA-1I-911 to+29 AJ CAT
construct, 0.5tg of T3RA plasmid, and 0.051 ug of usp plasmid.

O and< indicate cotransfection of wt and mutant (All promoter),
respectively, with uspt T3Rp in the presence of T A and O
indicate cotransfection of mutant or wt promoter, respectively, with
usp alone in the presence of. TCAT activity for AIIAJ is 2.9
milliunits of CAT/milliunit of SGal. Note that deletion of the
regulatory element J reduces significantly the transactivation of
apoA-Il promoter by the uspfRg heterodimer.
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Ficure 6: A-C. Dimethylsulfate mterference and KMp@nodi-
fication patterns of the uspiRS—DNA complex, obtained with
the apoA-Il regulatory element 3734 to—716). (A). Methylation
interference patterns of the uspRB—DNA complex, obtained with
the noncoding strand of a probe spanning element AllJ. The probg Ao et
corresponds to nucleotides between42 and—715 of the apoA-
Il promoter (Table 2 Jand J). Methylation interference was
performed with extracts from COS-1 cells transiently transfected FiGure 8: Effect of the usp/JRj3 heterodimer on the transactivation

usp

JAKCAT DU
tk minimal
promoter

T4RB

usp+ T;Rp

200

1b0
Normalized CAT Activity (%)

Reporter Constructs

with usp or BRA. F, free DNA before binding; F*, free DNA
recovered after binding; B, bound DNA recovered from the DNA
protein complex. The nucleotides involved in strong and weak DNA
protein interactions are shown by * O, respectively. (B)KMnO,
modification pattern of the uspfR3-DNA complex obtained with

of a CAT construct containing the thymidine kinase promotet5

to +51) under the control of four copies (J4tk) of the regulatory
element AllJ (734 to—716) of apoA-Il. Cotransfection experi-
ments in COS-1 cells were performed with a constant amount of
Jatk CAT construct (@), a constant amount of wt usp expression

the coding strand of a probe spanning element AllJ (nucleotides vector (1.5ug), and a constant amount ofRp3 plasmid (0.5uQ),
—742 to —715). F, free DNA before binding; F*, free DNA  in the presence of 3T(0.1 uM). The CAT activity of each sample
recovered after binding; B, bound DNA recovered from the DNA  is expressed as percentage of the CAT activity of the J4tkCAT
protein complex. The asterisks indicate the position of thymine construct. Note that ;R3 represses the transcription of the J4tk
residues that participate in strong DNArotein interactions with CAT construct. usp/dR5 heterodimers relieve thesR3-mediated
the usp/ERpS heterodimer. The numbers indicate the position of repression. The CAT activity of the J4tk CAT reporter construct
nucleotides in the apoA-Il promotePanel Cis a summary of the in COS-1 cells is 92 milliunits of CAT/milliunit ofsGal and is
interference pattern deduced from the findings of panels A and B. approximately 19-fold higher than the CAT activity of the€911
The dimethylsulfate and KMnOmodification patterns show that  to +29 All CAT reporter construct.

the HRE of AllJ has DR1 spacing.

to +29 apoA-Il promoter in COS-1 cells in the presence of gous promoter the optimal transactivation that was observed

Ts (Figure 8). Cotransfection with usp alone did not affect With the wt apoA-Il promoter. These findings suggest that
the J4tk promoter activity. Cotransfection witgRp alone  interactions of usp/dRj heterodimers with factors bound
repressed the activity of the heterologous J4tk promoter in to additional apoA-Il promoter elements may be required
the presence of 5T Similar repression is observed in the for optimal activity.

apoA-I promoter by RXIR/T3RS heterodimers in the pres- Seeral Regulatory cis-Elements Are dolved in the
ence of & (Tzameli & Zannis, 1996). Cotransfection with Transactvation of the Human ApoA-Il Promoter by usp/
usp relieved repression of the heterologous J4tk promoterTsR3 Heterodimers To define additionatis-elements that
caused by IRS and resulted in approximately 1.3-fold may be involved in the transactivation of the apoA-ll
transactivation (Figure 8). SincesRS does not bind to promoter by the usphiRS heterodimers, we performed
element AllJin vitro (Figure 4), a plausible interpretation cotransfection experiments in COS-1 cells using CAT
of our findings is that repression of the J4tk construct is due constructs harboring mutants of thed11 to+29 apoA-Ii

to squelching of endogenous COS-1 activities, probably by promoter lacking previously characterized regulatory ele-
the sequestering of the factor(s) into inactive heterodimers ments (Cardot et al., 1993) and plasmids expressing usp and
with TsRS. In the presence of usp,sRf is driven into T3RA. This analysis showed that deletion of the element
heterodimers with thBrosophilaprotein, and the repression  AllJ reduced the promoter strength to approximately 35%
is relieved. Thus element AllJ cannot confer to a heterolo- of control levels and the magnitude of transactivation to
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14 for HNF-1, partially supershifted this activity (Figure 10B,
lane 5). Furthermore, this complex was completely com-
peted out by an oligonucleotide containing an HNF-1 binding
site in the albumin promoter (Maire et al., 1989) (Figure
10B, lane 2), whereas it was not competed out by an
oligonucleotide corresponding to the regulatory element AllJ
(Figure 10B, lane 3). Taken together, these data suggest
that the regulatory element AllH is involved in the transac-
tivation of the apoA-1l promoter by uspiRj3 heterodimers
through the binding of HNF-1-related factor(s) to this site.

DISCUSSION

Usp/T:R6 Heterodimers Recognize a Direct Repeat with
One Spacer Oligonucleotide (DR1The regulatory element
AllJ of apoA-Il contains on the noncoding strand two direct
repeated sequences homologous to a consensus half-site motif
AGG/TTCA, which is the binding site of hormone nuclear
receptors (Umesono et al., 1991; Ladias et al., 1992; Giguere,
1993; Mangelsdorf et al., 1994; Glass, 1994). KMredd
dimethylsulfate interference experiments showed that five
G residues of the noncoding strand participate in strong and

—
n
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—
(@]
L

(o]
i L

CAT activity normalized to AIWT+usp

TqR T3R T5R T3R ; o X X
USPT3RP USP S TSRP SP LS TaRP U usp T3RP e one in weak DNA-protein interactions with the uspfs
T3RB T3R8 T3RB T3RB heterodimers. Similarly, four T residues of the coding strand
! Il Il Il I - ; S ) ;
ANWT AllaB ALL) AL participate in strong DNA protein interactions with the usp/

FIGURE 9: Transactivation of the wt-{911 to+29) and mutated T3Rp heterodimers. This analysis classifies the direct repeat

apoA-Il promoter CAT constructs by uspAj heterodimers. ~ ©f €lement AllJ as a DR1 and shows that the spacer
Cotransfection experiments in COS-1 cells were performed with 5 Nucleotide—727 participates in DNAprotein interactions.
ug of either wt or mutant apoA-l1l promoter CAT constructs, Participation of all the residues of the two half-repeats as

carrying deletions at regulatory element ABG5 to—33), J (734 well as the spacer nucleotide in DNArotein interactions

to —716), and H 573 to —554), 0.5ug of usp, and 0.5tg of : B ;
T4RA in the presence of 0.1 xM). CAT activity of Al Wt Usp with homo- and heterodimers of RXR has also been

is 1.15 milliunits of CAT/milliunit of Gal. Note that deletion of ~ described for the HREs present in the proximal apoA-
element H or J reduces significantly the 8-fold transactivation of promoter (Tzameli & Zannis, 1996). It should be noted that
the apoA-Il promoter by the usp/RS heterodimers. usp/T:RA heterodimers do not recognize exclusively DR1
HREs. In control experiments we have found that the usp/
2-fold, compared to more than 7-fold achieved with the wt T;RA heterodimers also binih vitro with high affinity to
apoA-Il promoter (Figure 9). Deletion of element A/B an oligonucleotide spanning a thyroid hormone response
reduced the promoter strength to 9.5%; however, it did not element (TRE) found in the-myosin heavy chain promoter,
affect significantly the magnitude of transactivation by the which contains a DR4 spacing (data not shown). The DNA
usp/TBRA heterodimer. Deletion of element H increased the binding of the usp/dRA heterodimers to this element is not
promoter strength slightly but reduced the ugp/F-mediated affected by the presence o0f.TThus the DNA recognition
transactivation to 3-fold. The findings suggest that the motifs of the usp/3RA heterodimers appear to be similar to
transactivation of the apoA-Il promoter by usgiRB het- those of RXR/ERA heterodimers (Zhang et al., 1992b;
erodimers involves complex interactions between these Schrader & Carlberg, 1994).
heterodimers and factors bound to other regulatory elements. usp/GR3 Heterodimers Can Transaetite the Human
Previous studies have identified the hepatic activities that ApoA-Il Promoter: The Transaetation Function Is Pro-
recognize these regulatory elements of apoA-Il (Cardot et vided by ERB, Is Dependent onsJ and Requires Binding
al., 1993). DNA binding gel electrophoresis assays using of the Heterodimer to Its Cognate SiteCotransfection
oligonucleotide probes corresponding to the regulatory experiments established clearly that the usRAT het-
elements AIIAB and AllH have shown binding of the usp/ erodimer is functionain vivo since it can transactivate the
T3sRB heterodimer to the element AIIAB but not to the human apoA-Il promoter #8-fold in COS-1 cells in the
element AlIH (Figure 10A). Previous studies have also presence of 3 Consistent with other members of the nuclear
shown that element AllJ binds the usplRB heterodimers  receptor family (Nagpal et al., 1992, 1993), transactivation
(Khoury Christianson et al., 1992). Element AllH has does not require the amino-terminal domain of usp between
homology with the consensus sequence that is recognizedesidues 1 and 85. A mutant usp with impaired DNA binding
by a homeodomain protein, hepatocyte nuclear factor 1 domain that can still form heterodimers withRp in vitro
(HNF-1) (Frain et al., 1989; Cereghini et al., 1988), and it causes significantly lower transactivation of the human apoA-
was previously shown that HNF-1 binds to this element Il promoter. The small transactivation observed with this
(Chambaz et al., 1991). DNA binding gel electrophoresis mutant could be accounted for by weak binding of the
showed that element AllH binds an activity present in COS-1 uspmutP/TRS heterodimersn vivo to half-repeat sites of
cells that migrates more slowly than the RXERB complex the HREs of the apoA-Il promoter. Such binding may be
(Figure 10B). An antibody that recognizes both HNF-1 and stabilized by proteifrprotein interactions with other tran-
VHNF1 completely supershifted this activity in COS-1 scription factors bound to the apoA-Il promoter. In this
extracts (Figure 10B, lane 4). Another antibody, specific regard, recent studies have shown weak binding of RXR
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Ficure 10: A,B. (A). DNA binding gel electrophoretic assay using the apoA-Il regulatory elements-A8 (o —33) or H (=573 to

—554) as probe and extracts from COS-1 cells untransfected or following transfection with uggpopl@smids. (eft panel)Lanes -6

show binding of AllH probe (Table 2) to the following combination of COS-1 extracts: (19 4f usp+ 2 ug of mock COS-1 extracts;

(2) 2ug of TsRB and 4ug of mock COS-1 extracts; (3)#g of usp+ 2 ug of TsRB; (4) 4 ug of usp+ 2 ug of TsRE+ 1 ul of the anti-usp
monoclonal antibody (AB11); (5) &g of mock COS-1 extracts; and (6)u8) of mock COS-1 extracts- 1 uL of the anti-usp antibody
AB11. (Right panel)Lanes 711 show binding of AB probe to the following combination of COS-1 extracts: (@3 4f usp+ 2 ug of

mock COS-1 extracts; (8) 2g of T3R5 and 4ug of mock COS-1 extracts; (9) 4g of usp+ 2 ug of T3RA3; (10) 4 ug of usp+ 2 ug of

T3RB + 1 uL of anti-usp monoclonal antibody (ab11); (11u6§ of mock COS-1 extracts; (12) &g of mock COS-1 extracts 1 uL of
anti-usp antibody AB11. Note that the usgiRB heterodimers bind to the regulatory element AB but do not bind to the regulatory element
H. (B). DNA binding gel electrophoresis, competition, and supershift assays using the regulatory elem&iBHd(—554) of the apoA-II
promoter as a probe and extracts obtained from untransfected COS-1 cells. Competition assays were performed by using oligonucleotides
HNF-1 and AllJ of Table 2 as competitor. Lanes-8 contain the following: (1) ég of untransfected COS-1 extracts; (2u§ of
untransfected COS-1 extracts 100-fold molar excess of HNF-1 oligonucleotide; (3 of untransfected COS-1 extracts and 100-fold
excess of AllJ oligonucleotide; (4)#9 of untransfected COS-1 extractsl uL of anti-HNF-1/vHNF-1 antibody; (5) &g of untransfected
COS-1 extractst 1 uL of anti-HNF-1 antibody. Note that a factor, which is present in COS-1 extracts, is competed out by the HNF-1
oligonucleotide and it is supershifted with anti-HNF-1 antibodies.

T3RpA heterodimersn vitro to the half-repeat motif of the  usp with T3R since, as shown in the present study, the usp/
HRE of the regulatory element AID of the apoA-l promoter RARa heterodimers that also bind to the regulatory element
(Tzameli & Zannis, 1996). Furthermore, interactions of the AIllJ (Khoury Christianson et al., 1992) cannot efficiently
transcription factor SP1 bound to DNA with mutant SP1 transactivate the human apoA-Il promoter. Recent studies
molecules lacking the DNA binding domain have been have also shown that tizrosophilaecdysone receptor (ECR)
shown to cause superactivation of a target promoter (Pascals dependent on heterodimer formation with usp for high-
& Tjian, 1991). . . affinity DNA binding or transactivation of target promoters
It was shown recently that RXRwhich lacks its DNA (Yao et al., 1993). RXR could not substitute for usp in

binding domain can heterodimerize witeRp or RARoand - yangactivating a heterologous promoter driven by ecdysone
can be t.raljscnp_tlonally active in the presence pbirall- response elements in CV1 cells in the presence of ecdysone
transretinoic acid but not in the presence otB-RA. It receptor (ECR). However, heterodimers of RXR with ECR

2?; dil;?;r; fgr\?oprotiﬁgirt,ha;n?jlI:stﬁsggolgffrﬁﬁtelo;ih%f tgﬁnre]?;'could transactivate the target promoter in the presence of
9 P another EcR ligand, muristerone (Yao et al., 1993), suggest-

of the RXR/T;RA or RXR/RAR heterodimers (Forman et . g . - L
al., 1995). Similarly, the present study suggests that in the N9 distinct ligand binding and activation features between
; ' usp and RXR. Itis also important to note that according

usp/T:RA heterodimer allosteric interactions favor binding i
and activation of 3RA. In this regard usp may function by to the phylogenetic tree constructed by Laudet et al. (1992),

recruiting TRB, utilizing domains that have been conserved €cdysone receptor is closely related to vitamin D receptor.
throughout evolution. The formation of uspRB het- It is probable that additional insect proteins more closely
erodimers can occur in solution and may not require binding related to TRS may exist which form functional complexes

to the HREin vivo. This observation is consistent with ~With usp, in the presence of the appropriate ligand, and
previous studies that demonstrated heterodimerization of thefunction as transcriptional activators or repressors. In this
mammalian homologue of usp, RXRwith T3Rf in vitro regard it is interesting that Brosophilahomologue of the
(Kliewer et al., 1992c) anih vivo (Qi et al., 1995). The  mammalian NGF1-B nuclear receptor, designated DHR38,
transactivation function is specific for the heterodimers of heterodimerizes with usp and represses transcription by
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preventing the formation of the usp/ecdysone receptor possibly other factors that recognize the human apoA-Ii
heterodimers (Sutherland et al., 1995). promoter.

Transactvation of the ApoA-ll Promoter by uspRj
Heterodimers Requires Complex Interactions of This Het-
erodimer Bound to Two Promoter Sites with Factors Bound We thank Ling Chai and Gayle Forbes for dedicated
to Other Proximal and Distal ApoA-ll Regulatory Sites technical assistance. We thank Dr. George Mosialos for
Deletion analysis of the apoA-ll promoter indicated that reagents and helpful discussions. We also thank Drs. Savvas
element AllJ which contains a DR1 HRE is necessary for Makrides, Margarita Hadzopoulou-Cladaras, and David
transactivation of the apoA-Il promoter by the usyiB Davidson for reading critically the manuscript, Drs. Fotis
heterodimers. A minimal heterologous promoter (tk) under Kafatos and George Tzertzinis for providing the usp clone
the control of four copies of the element AllJ could be and anti-usp and anti-HNF-1 antibodies, Dr. Ricardo Cortese
repressed by sRA alone to approximately 20% of the for providing the anti-vHNF-1 and anti-HNF-1 antibodies,
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T3RpS alone does not bind to the element AllJ whereas usp/
T3Rp heterodimers bind (Figure 4), the observed activation
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