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Nuclear receptors (NRs) can function as ligand-
inducible transregulators in both mammalian and
yeast cells, indicating that important features of tran-
scriptional control have been conserved throughout
evolution. We report here the isolation and character-
ization of an essential yeast protein of unknown
function, PSU1, which exhibits properties expected
for a co-activator/mediator of the ligand-dependent
activation function AF-2 present in the ligand-binding
domain (LBD, region E) of NRs. PSU1 interacts in a
ligand-dependent manner with the LBD of several NRs,
including retinoic acid (RARa), retinoid X (RXR ),
thyroid hormone (TR ar), vitamin D3 (VDR) and oestro-
gen (ERx) receptors. Importantly, both in yeast and
in vitro, these interactions require the integrity of the
AF-2 activating domain. When tethered to a hetero-
logous DNA-binding domain, PSU1 can activate
transcription on its own. By using yeast reporter cells
that express PSU1 conditionally, we show that PSU1
is required for transactivation by the AF-2 of ERa.

Taken together these data suggest that in yeast, PSU1

is involved in ligand-dependent transactivation by NRs.
Sequence analysis revealed that in addition to a highly
conserved motif found in a family of MutT-related
proteins, PSUL contains severafx-helical leucine-rich
motifs sharing the consensus sequence LI&XL (x, any
amino acid; ®, hydrophobic amino acid) in regions
that elicit either transactivation or NR-binding activity.
Keywords co-activator/ER/LxxXLL motif/MutT domain/
RARQ

Introduction

AF-2 (for reviews see Gronemeyer, 1991; Mangelsdorf
et al, 1995; Chambon, 1996). The core of the AF-2
activation domain (AF-2 AD) has been characterized in
the C-terminal part of the E region and corresponds to
the conserved amphipatic-helix H12 of the LBD. Upon
binding to agonistic ligand, this helix is thought to fold
back over the LBD, thus contributing to the interaction
surface(s) for transcriptional intermediary factors (TIFs,
also denoted co-activators or mediators; Beato and
Sanchez-Pacheco, 1996; Chambon, 1996; Horetital,
1996; Glasset al, 1997; Moras and Gronemeyer, 1998;
Torchiaet al., 1998). Although the mechanisms of action
for most of these co-activators are unknown, the recent
finding that several possess histone acetyltransferase activ-
ities suggests that chromatin remodelling by histone
acetylation is a critical, albeit apparently insufficient
(Wonget al., 1997), step in NR-mediated gene activation
(see Torchieet al.,, 1998 and references therein).

Although the yeasSaccharomyces cerevisidees not
possess endogenous NRs, it has been shown that a
number of NRs, including the oestrogen receptor R
glucocorticoid receptor (GR), retinoic acid (RA) receptors
(RARs and RXRs), thyroid hormone receptor (TR) and
vitamin D3 receptor (VDR) can function as ligand-depend-
ent transactivators in yeast (Metzgaral., 1988; Schena
and Yamamoto, 1988; McDonnedt al., 1989; Hallet al.,
1993; Heeryet al., 1993). As in vertebrates (Gronemeyer,
1991; Chambon, 1996 and references therein), the AF-1
and AF-2 of ERx activate transcription independently and
synergistically in yeast (Metzget al., 1988, 1992, 1995;
White et al, 1988; Pierratet al, 1992). These AFs
function in a promoter-context-dependent manner in both
animal and yeast cells (Toret al, 1989; Berryet al,
1990; Metzgeet al,, 1992, 1995). Thus, the transactivation
properties of NRs in yeast are in many respects similar to
those in mammalian cells, suggesting that some important
features of the mechanism(s) by which these AFs stimulate
transcription have been conserved during evolution.

The characterization of yeast factors that mediate trans-
activation by NRs might therefore be helpful to identify
functionally related factors in vertebrates. Supporting this
view, the yeast SWI/SNF complex, which is involved in

Nuclear receptors (NRs) represent a large family of ligand- chromatin remodelling (reviewed in Burns and Peterson,
inducible transcriptional regulators that control complex 1997), has been reported to interact both functionally and
developmental and homeostatic events in vertebrates byphysically with the GR (Yoshinagat al., 1992), and
binding as homodimers or heterodimers to cognate DNA subsequently to be conserved in mammalian cells (Wang
response elements present in target genes. NRs display &t al, 1996 and references therein). Two human homo-
modular structure, with five to six distinct regions (denoted logues of the SWI2/SNF2 subunit have been characterized:
A-F; Figure 1A). The N-terminal A/B region contains hSNF2Zx or hbrm and hSNH2 or BRG1 (Muchardt and

an autonomous activation function (AF-1), the highly Yaniv, 1993; Chibaet al, 1994). Both can interact in
conserved region C encompasses the DNA-binding domainyeast with the LBD/AF-2 of ER in the presence of
(DBD) and the C-terminal E region contains the ligand- oestrogen, but not anti-oestrogens (Ichinesal., 1997).
binding domain (LBD), a dimerization surface and a They can also cooperate with ERRARa and GR in
ligand-dependent transcriptional activation function, transcriptional activation (Muchardt and Yaniv, 1993;
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Fig. 1. A two-hybrid screen for yeast proteins that interact with RAR
identified PSU1. &) Schematic representation of RARIndicated are
the various regions of the receptor (denoted A-F) that are
differentially conserved among members of the NR family. The
transactivation domains (AF-1 and AF-2), DBD and LBD are
indicated. The filled bar represents the core motif of the AF-2
activating domain. Numbers refer to amino acid positioB3. A
schematic representation of the chimeric receptor RAHEF)—
ER.CAS used as a bait in the yeast two-hybrid screen is shown.
Below, the VP16 acidic activation domain (AAD)-tagg8cerevisiae
genomic DNA library is represented; the AAD tag also includes
codons specifying the nuclear localization signal (NLS) of the yeast
ribosomal protein L29. Transcription of the integratéBA3based
reporter gene shown further below is regulated by three oestrogen
response elements (ERE3X) in the yeast reporter strain PL3.

(C) Expression of AAD-PSU1(245-970) DNA complements the
growth defect of PL3 cells expressing RAMEF)-ER.CAS in the
presence of 500 nM T-RA and 3@y/ml azauracil (AU). Plasmids
expressing the indicated fusion proteins were introduced into the yeast
reporter strain PL3. Transformants were grown on medium containing
uracil (URA), and spot tested on URA-negative meditcn500 nM
T-RA and * 30 pg/ml 6-azauracil (AU) as indicated. Plates were
incubated at 30°C for 3 days+°, wild-type growth; ‘', no growth.
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Chibaet al., 1994), indicating that, like their yeast counter-
part, the mammalian SWI/SNF complexes may participate
in the NR signalling pathway. The yeast ADA/SAGA
histone acetyltransferase complexes (Granal, 1997,
1998) represent additional examples of co-activators that
have been reported to be important for the AF-2 activity
of ERa and RXRx in yeast (vom Bauret al, 1998).
Interestingly, two mammalian complexes have recently
been isolated that are structural and functional homologues
of the yeast ADA/SAGA complexes: the human P/CAF
and GCN5 complexes (Ogryzled al.,, 1998). Both possess
histone acetyltransferase activity (Martine al., 1998;
Ogryzko et al,, 1998) and share a subunit, ADA2, that
can enhance transactivation by the GR when overexpressed
in transfected cells (Henrikssaet al., 1997), suggesting
that, like the yeast ADA/SAGA complex, the human
P/CAF and/or GCN5 complex is involved in NR-depend-
ent gene activation.

In the present study, we report the cloning of a yeast
MutT domain-containing protein, which fulfils the criteria
anticipated for a co-activator/mediator of the ligand-
dependent activation function AF-2 of NRs: it interacts,
both in vivo and in vitro, with the LBDs of several
NRs in an agonist- and AF-2-integrity-dependent manner,
harbours an autonomous activation function and is crucial
for the AF-2 activity of ERx in yeast. This protein is
identical to PSU1 which was originally identified in a
yeast screen for suppressors of a respiratory deficient
pet mutant and shown to be essential for cell viability
(A.A.Tzagoloff, unpublished data; DDBJ/EMBL/Gen-
Bank accession number L43065).

Results

Isolation of yeast PSU1 as a RARa-interacting

protein

The yeast two-hybrid system (Fields and Sternglanz, 1994)
was used to identify yeast proteins that interact with
the LBD/AF-2-containing region DEF of RAR in the
presence of altrans retinoic acid (T-RA). A chimeric
receptor consisting of the DBD of BR(ER.CAS, ERx

aa 185-250) fused to the LBD of RAR[RARO(DEF)-
ER.CAS, Figure 1B; Heergt al,, 1993], was expressed
in the PL3 yeast strain, which contains a URAS3 reporter
gene under the control of three oestrogen response ele-
ments (ERE-URAS3) (Figure 1B; Pierradt al., 1992).
Activation of this reporter in the presence of T-RA was
sufficient to allow yeast growth on medium lacking uracil
but not in the presence of 6-azauracil (AU), an inhibitor
of the URA3 gene product (Figure 1C). The strain was
then transformed with a library of yeast genomic DNA
fragments, fused to the acidic activation domain (AAD)
of the VP16 protein (Figure 1B; vom Baet al., 1998).
Approximately 2x10° yeast transformants containing
both plasmids were recovered, and plated at a multiplicity
of 10 onto Ura plates containing 500 nM T-RA and
30 pug/ml AU. Twenty-eight AU-resistant yeast clones
were isolated; seven were classified as positive when
retested in another version of the two-hybrid system using
a LexA—RARx(DEF) fusion protein (or an unfused LexA
as a control), together with a reporter gene driven by a
GAL1 promoter containing LexA-binding sites (Vojtek
et al, 1993). Among these clones, two isolates of a single



‘fused” DNA [designated AAD-PSU1(245-970), see
below] were identified (Figure 1C) and further charac-
terized.

DNA sequence analysis revealed an open reading frame
(ORF) of 726 amino acids fused inframe with the VP16
AAD. Upon searching the DDBJ/EMBL/GenBank, this
ORF was found to be identical to the C-terminal residues
245-970 of PSUL, an essential protein of unknown func-
tion that was originally identified as a suppressor protein
of the respiratory deficiency of a yeast pet mutant
(A.A.Tzagoloff, unpublished data; DDBJ/EMBL/Gen-
Bank accession number L43065; Figure 2A). A second
database search with the entire PSU1 amino acid sequenc:
revealed the presence of a MutT domain between residues
129 and 158 (Figure 2A and C). This ~30 amino acid

conserved sequence has been found in a number oiB

prokaryotic, viral and eukaryotic enzymes that hydrolyse
derivatives of nucleoside diphosphates (Koonin, 1993;
Bessmanet al, 1996; Figure 2C; also see Discussion).
Downstream of the MutT domain, PSU1 contains other
noteworthy features (Figure 2A and B), including: (i) a
cluster of glutamine (Q) residues (11 Q over 32 residues)
from position 294 to 326; (ii) a proline (P)-rich region
(24% in 104 residues) from position 327 to 430; (iii) a
central region with a high content of serine (S) residues
(17% over 421 amino acids) from position 433 to 853;
and (iv) a C-terminal asparagine (N)-rich region (22% in
105 residues) from position 857 to 961, all of which are
common features of transcriptional regulators (Tjian and
Maniatis, 1994). Ten copies of a sharthelical leucine-
rich motif (thereafter referred to as HLM) have also been
identified in PSUL1 (Figure 2D). The motif is repeated
three times between residues 270 and 500 and seven time
within the last 240 amino acids of PSU1 (Figure 2A and
B). The major features of this repeated motif, from which
the consensus sequence Sx(E,D)@LXK,R,H) can be
derived (x being any residue arl being a hydrophobic
residue), include three invariant leucine residues flanked
by acidic and basic residues (Figure 2D). Note that a
putative bipartite nuclear localization signal is also present
between residues 450 and 465 of PSUL (Figure 2A).

Ligand-dependent interactions between PSU1 and

the LBD of several members of the nuclear

receptor superfamily in yeast and in vitro

Full-length PSU1 was fused to the ERDBD (residues
176-282) and the resulting hybrid protein (DBD-PSUZ,
Figure 3A) was assayed for interaction with full-
length RARx fused to the VP16 AAD (AAD-RAR1;
Figure 3A) in the yeast PL3 strain in the presence or
absence of T-RA. Activation of the URAS reporter gene
was determined by measuring the specific activity of
the URA3 gene product, orotidine’-fnonophosphate

Role of PSU1 in transcriptional enhancement

A

MSLPLRHALENVTSVDRILEDLLVRFIINCPNEDLSSVERELFHFEEASW
FYTDFIKLMNPTLPSLKIKSFAQLIIKLCPLVWKWDIRVDEALQOFSKYK
KSIPVRGAAIFNENLSKILLVQGTESDSIREIC T S golel e ioy
[Se AT DY I DDNQF IERNI QGKNYKIFLISGVSEVFNFKPQVRNEID
KIEWFDFKKISKTMYKSNIKYYLINSMMRPLSMWLRHORQIKNEDQLKSY
AEEQLKLLLGITKEEQIDPGRELLNMLHTAVQANSNNNAVSNGQVPSSQOE
LOHLKEQSGEHNQQKDQQSSFSSQQOPSIFPSLSEPFANNKNVIPPTMPM
ANVFMSNPQLFATMNGOPFAPFPFMLPLTNNSNSANPIPTPVPPNFNAPP
NPMAFGVPNMHNLSGPAVSQPFSLPPAPLPRDSGYSSSSPGQLLDILNSK
KPDSNVQSSKKPKLKILQRGTDLNSIKONNNDETAHSNSQALLDELKKPT
SSQKIHASKPDTSFLPNDSVSGIQDAEYEDFESSSDEEVETARDERNSLN
VDIGVNVMPSEKDSRRSQKEKPRNDASKTNLNASAESNSVEWGPGKSSPS
TQSKQONSSVGMONKYRQEIHIGDSDAYEVFESSSDEEDGKKLEELEQTQD
NSKLISQDILKENNFQDGEVPHRDMPTESNKSINETVGLSSTTNTVKKVP
KVKILKRGETFASLANDKKAFDSSSNVSSSKDELOMERNPISSTVSSNOQ
SPKSQHLSGDEEIMMMLKRNSVSKPONSEENASTSS INDANASELLEMEK
QKEKDITAPKQPYNVDSYSQKNSAKGLINELKKNDSTGY PRTEGGPSSEM
STSMKRNDATNNOELDKNSTELLNYEKPKPLNDGYENISNKDSSHELLNI]

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
970

mutT |

Q-rich |
P-rich

S-rich

o
psut [ W] Z11
1 204 326 430
MutT Domain
PSU1l_YEAST 129
MUTT_ECOLI 33
MTH1_HUMAN 32

38
36
46
154
252
111

AP4Aase_HUMAN
NTPA_ECOLI
Orfl.9_ECOLI
YJAD_ECOLI
YGLO67W_YEAST
YSALl_YEAST

D

Helical Leucine-rich Motifs (HLMs)

core

269
439
488
729
791
823
868
893
930
959

280
450
499
740
802
834
879
904
941
970

Repeat |
1l

1]
\%

Consensus

Fig. 2. PSU1 is a MutT domain-containing proteis)(The amino

acid sequence and structural features of PSU1 are shown. Note an
amino acid change at position 425 (P instead of L) compared with the
DDBJ/EMBL/GenBank sequence (accession number L43065). The
MutT domain is indicated by a black box. Italicized sequences denote
the cluster of glutamine residues. Underlined sequences indicate the
proline-rich region. The abundant serine residues in the central region
of the protein are underlined. The asparagine-rich region is boxed.
Leucine-rich repeats are shadeB) Schematic representation of

PSUL. Indicated are the MutT domain, the regions rich in particular
amino acids (see text) and the leucine-rich motifs (vertical bars).

(C) Alignment of the PSU1 MutT domain with eight other MutT
sequences. The sequences were aligned using both the program of
CLUSTALW and manual adjustment. The numbers refer to amino acid
positions in the corresponding proteins. Stars indicate invariant
residues. Identical amino acid residuessii5% of the proteins are
shown in white-on-black. Amino acid residues conserved-#5% of

the proteins are shaded. DDBJ/EMBL/GenBank accession Nos:
Escherichia coliMutT (8-oxo-dGTPase; P08337), human MTH1
(8-oxo0-dGTPase; P36339), human AP4Aase (diadenosine

decarboxylase (OMPdecase; Figure 3A). When expressedetraphosphatase; PS058B)coli NTPA (dATP pyrophosphorylase;

alone or in the presence of AAD, DBD-PSUL1 activated
the URA3 reporter 5-fold above the level of unfused
DBD (Figure 3A; see below), indicating that PSU1 can
activate transcription on its own when tethered to DNA.
In the presence of AAD-RARL, a 2- to 3-fold

constitutive activation and a further 6-fold stimulation
upon addition of T-RA was observed (Figure 3A),
showing that PSU1 and RAR functionally interact

with each other in a ligand-enhanced manner in

P24236),E.coli Orf1.9 (GDP-mannose mannosyl hydrolase; L11721),
E.coli YJAD (NADH pyrophosphatase; P32664,cerevisiae

YGLO67W (hypothetical 43.5 kDs protein; P5316&)cerevisiae

YSAL or YBR0907 or YBR111C (hypothetical 26.1 kDd protein;
Q01976). D) Alignment of the helical leucine-rich motifs (HLMs)
present in PSUL. Invariant amino acids are shown in white-on-black.
Residues conserved in50% of the repeats are shaded. The consensus
represents the most prevalent amino acid residue at each position when
>50% of the positions are occupied by a single amino acid or a single
class of residue: —, negatively charged (E, @);hydrophobic (L, I, V,

M, F, W, Y); +, positively charged (K, R, H).
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yeast cells. This interaction was specific to the
LBD/AF-2 of RARa, as no increase in the reporter
gene activity was detected with AAD hybrid proteins
containing either the N-terminal AB region of RAR
which harbours the transcriptional activation function
AF-1 [AAD-RAR0(1-87); Figure 3A], or the CD
region [AAD-RARn(80-211); Figure 3A], whereas co-
expression of DBD-PSUl1l with AAD-RAIRDEF)
resulted in a ~6-fold T-RA-dependent increase
OMPdecase activity [AAD-RAR(154-462); Figure 3A].
To investigate whether PSU1 could interact with the
LBD/AF-2s of other NRs, AAD fusion proteins containing
the DE/F region of TR, VDR, RXRa or ERa were co-
expressed in the PL3 yeast with either DBD or DBD-
PSUL1. In combination with DBD-PSU1 (but not DBD;
data not shown), each of the VP16 AAD fusion proteins

in

can also interact with the LBD/AF-2s of TR VDR,
RXRa and ERx in a ligand-dependent manner. Interes-
tingly, synthetic retinoids that are less efficient than T-RA
at stimulating the AF-2 activity of RAR in yeast
(BMS453 and BMS411; M.Gehin, V.Vivat, J-M.Wurtz,
R.Losson, P.Chambon, D.Moras and H.Gronmeyer, sub-
mitted) were also less active than T-RA in inducing
interaction between RAR and PSU1 (Figure 3C). Sim-
ilarly, the anti-oestrogen hydroxytamoxifen (OHT; Figure
3D), which does not induce the AF-2 activity of BERn
animal and yeast cells (Berst al., 1990; Metzgeet al.,
1992), failed to induce an interaction between the DEF
region of ERx and PSU1 (Figure 3D). Thus, specific
agonist-induced conformational changes in the LBD struc-
ture are required for both activation by the AF-2 and
interaction with PSU1.

stimulated expression of the URA3 reporter in the presence  Binding assays between PSU1 and various NR LBDs

of the cognate ligand (Figure 3B), indicating that PSU1
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were also performedn vitro. Purified E.coli-expressed
glutathione Stransferase (GST)-receptor LBD fusion
proteins were attached to glutathione—Sepharose beads
and subsequently mixed withn vitro synthesized
35S-labelled PSU1 in the presence or absence of ligand.
The matrix-associated PSU1 protein was eluted and
analysed using SDS—PAGE and autoradiography. In
agreement with the yeast two-hybrid data, a ligand-
dependent interaction was observed between PSU1 and
the LBDs of RARi, TRa, VDR, RXRa and ERx
(Figure 3E).

Fig. 3. Ligand-dependent interaction between PSU1 and various
nuclear receptorsA) The LBD/AF-2 of RAR is sufficient for

mediating a ligand-dependent interaction with PSU1 in yeast.
Schematic representations of the AAD—RARusions are displayed on
the left. These chimera were expressed in the yeast reporter strain PL3
together with either unfused DBD or DBD-PSUL. Transformants were
grown in liquid medium containing uracil in the presenee) (r

absence () of 500 nM T-RA. Extracts were prepared and assayed for
OMPdecase activity, which is expressed in nmol substrate/min/mg
protein. The values= 20%) are the average of at least three
independent transformants. Expression of the fusion proteins was
confirmed by Western blotting (data not showr§) PSU1 interacts

with the LBD/AF-2 of TRy, VDR, RXRa and ERx in a ligand-
dependent manner in yeast. The indicated AAD fusions were assayed
for interaction with DBD—PSUL1 in the yeast strain PL3 grown in the
presence {) or absence (-) of the cognate ligand (500 nM T-RA for
RARa, 5 puM T3 for TRa, 5 uM vitamin D3 for VDR, 500 nM

9C-RA for RXRa, 500 nM B for ERa). OMPdecase activities are
expressed as in (A)Q) RARa-specific antagonists are less efficient
than T-RA in inducing interaction between PSU1 and RARBD-

PSU1 was co-expressed with AAD—RARnN the yeast strain PL3.
Transformants were grown in the absence or presence of T@A (
BMS411 ©O) or BMS453 (\) at the indicated concentrations and
treated as in (A).[0) No interaction is seen between PSU1 andiER

in the presence of the AF-2 antagonist OHT. DBD-PSU1 was co-
expressed with AAD—ER(DEF) in the presence or absence of

500 nM E2 or 10uM OHT. OMPdecase activities are expressed as in
(A). (E) PSUL1 bindsn vitro to the LBDs of RARY, TRa, VDR,

RXRa and ERx in a ligand-and AF-2-integrity-dependent manriar.

vitro 35S-labelled PSU1 was incubated in a batch assay with ‘control’
GST (lane 2) or GST fusions containing the indicated LBDs (lanes
3-16) bound to glutathione—Sepharose beads in the presenas (
absence (-) of the cognate ligandy(¥ T-RA for RARa, 5 uM T3

for TRa, 5 pM vitamin D3 for VDR, 1pM 9C-RA for RXRa, 1 uM

E, for ERa). After extensive washing, the bound PSU1 protein was
resolved on SDS—-PAGE and visualized by autoradiography. Lane 1
represents 1/10 the amount of input labelled PSU1, the position of
which is indicated by an arrow. Numbers on the right indicate the
positions of the molecular mass markers in kDa.



Differential requirements of the conserved
residues of the AF-2 AD core motif of RARo and
ERo for interaction with PSU1

Role of PSU1 in transcriptional enhancement

detected with residues 708-805 (Figure 5A). Thus, it
appears that PSU1 contains two potent autonomous ADs,
termed AD1 (residues 243-326) and AD2b (residues 806—

The ligand dependency of the interactions of PSU1 with the 970), in addition to a less potent AD which immediately

NR LBDs suggests that a ligand-induced conformational precedes AD2b (designated AD2a; residues 708-805;
change is required to generate the receptor-PSU1 inter-Figure 5C). As AD2a and AD2b are contiguous domains,
action surface. As the same ligand-induced receptor trans-they may represent subdomains of a larger activation

conformation is apparently also required for the AF-2
activity of RARa and ERx (see above), several receptor
mutants carrying mutations in the core motif of the AF-2
activation domain (AF-2 AD core/helix 12 of the LBD)
were tested for their ability to interact with PSU1 in the
presence or absence of ligand. In contrast to wild-type
RARa, a mutant bearing an internal deletion of the AF-2
AD core motif, which still binds T-RA (Duranckt al.,
1994; Tateet al, 1996), showed no ligand-dependent
interaction, whereas some (~3-fold) constitutive inter-
action remained (compare AAD-RAR with AAD-
RARaA408-416; Figure 3A). Similarly, addition of T-RA
did not enhance the direct binding of PSU1 to GST-
RARa(DEF)\408-416in vitro (Figure 3E, lanes 3-6),
indicating that the core of the AF-2 AD of RARIs
essential for ligand-induced, but not ligand-independent,
interaction with PSU1. When compared with the wild-
type RARx(DEF), the point mutants RAGRDEF)L409A/
1410A, RAR0(DEF)M413A/L414A and RAR(DEF)-
E412Q/E415Q, in which the conserved hydrophobic and
acidic residues of the AF-2 AD core were replaced with
Ala and GIn residues, respectively, were also impaired in
their ability to interact with PSU1 in the presence of T-
RA in yeast (Figure 4A). Note, however, that the inter-
action was reduced only 2- to 3-fold by these
AF-2 AD core mutations (Figure 4A), whereas equivalent
mutations in the hydrophobic residues of thecERF-2

AD core (L539A and M543A/L544A) generated receptors
which, similar to the mutant lacking the AF-2 AD core
(A535-547), completely lost their ability to interact with
PSU1 in the presence of oestradiol in yeast (Figure
4B), as well asin vitro [see GST-ER(DEF) and GST-
ERa(DEF)A535-547; Figure 3E]. Thus, even if RAR
and ERx both require an intact AF-2 AD core for
ligand-dependent interaction with PSU1, there are some
differences in the contributions of the conserved residues
of their AF-2 AD core to PSU1 binding.

PSU1 contains two transcriptional activation

domains and two nuclear receptor interaction

domains

Because the PSUL protein can activate transcription on
its own when fused to an heterologous DNA-binding
domain (Figure 3A), it should contain at least one sequence
that functions as an autonomous AD. Various deletion
mutants of PSU1 were fused to the ERBD and assayed
for transactivation in the yeast reporter strain PL3 (Figure
5A and C). Full-length PSU1 enhanced OMPdecase activ-
ity 7-fold in this assay, whereas amino acids 243-326 of
PSUL1 activated the reporter gene ~25-fold above the level
of unfused DBD, and the C-terminal 165 amino acids of
PSU1 stimulated ~13-fold (Figure 5A). In contrast, no
increase in reporter gene activity was observed with DBD
fusions bearing the N-terminal PSUL residues 1-242 or
portions of PSU1 from position 327 to 707 (Figure
5A), whereas a relatively weak (~3-fold) stimulation was

domain (AD2) extending from position 708 to the end of
the PSU1 protein (Figure 5C).

To map the nuclear receptor interaction domain(s) (NID)
in PSU1, the various DBD-PSUL1 fusion proteins listed
in Figure 5A were assayed for interaction with the LBD
of RARa and ERx in the yeast reporter strain PL3.
Residues 436-502 interacted with both RiABNd ERx
in a ligand-dependent manner (Figure 5B), indicating that
this region of PSU1 contains a NID, termed NID1 (Figure
5C). Interestingly, residues 708-805 and 806—970, which
include the activation domains AD2a and AD2b, respect-
ively, also exhibited some ligand-dependent interaction
with both RARx and ERx (Figure 5B), but the interaction
potential of the AD2a region was weak relative to that of
the AD2b-containing region (Figure 5B). No additional
NID could be detected within the other portions of PSU1
(Figure 5B). Thus, in addition to a N-terminal NID1
domain, PSU1 appears to contain two other C-terminal
NIDs, hereafter designated NID2a and NID2b, which
apparently overlap the AD2a and AD2b activation domains
(Figure 5C).

We have noted above that PSU1 contains several highly
conservedi-helical leucine-rich motifs (HLMs), that share
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Fig. 4. The integrity of the AF-2 AD core motif is important for the
ligand-dependent interaction of the RARind ERx LBDs with PSUL.

(A) Point mutations in the AF-2 AD core of RARImpair interaction
with PSU1. The indicated mutants of RARused to the VP16 AAD
were assayed for interaction with DBD—-PSUL in the yeast reporter
strain PL3 grown in the presence or absence of 500 nM T-RA.
OMPdecase activities are expressed in nmol substrate/min/mg protein.
(B) Deletion or point mutations in the AF-2 AD core of BERabolish
interaction with PSU1. The indicated mutants ofdERised to the

VP16 AAD were assayed for interaction with DBD-PSUL1 in the yeast
reporter strain PL3 grown in the presence or absence of 500 nM E2.
OMPdecase activity is expressed as in (A). In (A) and (B), expression
of the AAD fusion proteins was confirmed by Western blotting using
the antibody 2GV4 against VP16 (data not shown).
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Fig. 5. PSU1 contains several transcriptional ADs and NID¥. Kapping of the ADs of PSU1. Various regions of PSU1 were fused to the ER

DBD and assayed for transactivation in the yeast reporter strain PL3. Transcription of the reporter gene was determined by measuring OMPdecase
activity and is represented relative to the activity displayed by unfused DBD. The mean of at least three independent experiments are shown. In all
cases, expression of the DBD fusions was confirmed by Western blotting using the antibody F3 against the F regio(dafeERot shown).

(B) Mapping of the NIDs of PSU1. The indicated DBD—PSU1 fusions were assayed for two-hybrid interaction with AAD{BER and AAD—

ERa(DEF) in the yeast strain PL3 grown in the present¢ ¢r absence (-) of the cognate ligand (500 nM T-RA for RAR00 nM E2 for ER).
OMPdecase activity is expressed in nmol substrate/min/mg pro@)rP$U1 structural and functional features. The various PSU1 constructs are
denoted. Symbols are as in Figure 2B. Constructs that scored positive or negative for transactivation or NR interaction are identified on the right by
‘+’ and ‘~’ signs, respectively.y) The ability of the helical leucine-rich motifs (HLMs) of PSU1 to transactivate and/or to interact with the LBDs

of RARa and ERx. DBD-HLM fusions were co-expressed in PL3 with either AAD or AAD fusion receptors, as indicated to the right.

Transformants were treated as in (B).

the consensus core sequence tlLx(Figure 2A and C). sequence features other than HLMs, acting either alone
This sequence is present as a single copy in AD1 (repeat I;or in combination with these HLMs, whereas AD2a may
residues 269-280), is repeated in AD2a/NID2a (repeatstransactivate through HLM IV. In this respect, it is
IV and V; residues 729-740 and 791-802) and is presentnoteworthy that, in addition to HLMs, AD1 and AD2b
five times in AD2b/NID2b (repeats VI to X; Figures 2A  contain a preponderance of glutamine and asparagine
and 5B). NID1 also contains two HLMs (repeats Il and residues, respectively (Figure 5C).

[II; residues 439-450 and 488—-499). In contrast, no similar  In the presence of AAD-RA&DEF) and AAD-
motif was found in PSU1 regions that did not exhibit any ERa(DEF), a ligand-dependent activation was observed
activation or receptor interaction activity (Figure 5C), with the DBD fusion bearing the HLM Il repeat of NID1
suggesting that HLM sequences may be critical for these (Figure 5D). HLM V of NID2a interacted with the liganded
functions. To determine whether these HLMs had some ERaq, but not with RARx (Figure 5D). Similarly to NID2b,
activation and/or NR-binding activity on their own, each HLM IX interacted with both receptors in a ligand-
of them was fused to the ERDBD and tested for = dependent manner, but showed a strong preference for
transcriptional activity in yeast (Figure 5D). In the presence ERa over RARx (Figure 5D). The other HLMs of PSU1

of unfused AAD, none of the DBD-HLM fusions signific- (HLM I, HLM II, HLM VI-VIIl, HLM X) did not

antly increased the reporter gene expression above thesignificantly interact with RAR and ERx (Figure 5D).
level of unfused DBD, except DBD-HLM IV, which  Thus, the NR-binding activities of NID1 and NID2b may
activated transcription as efficiently as the AD2a- be due to HLM Ill and HLM IX, respectively, whereas
containing DBD-PSU1(708-805) fusion (Figure 5B and HLM V may account for most of the ERRbinding activity

D). Thus, transactivation by AD1 and AD2b must involve of NID2a.
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Mutations in the HLM Il repeat of NID1 and a
C-terminal deletion that deleted both NID2a and NID2b,

were used to assess the relative contributions of these

NIDs to the NR-binding function of PSU1. Point mutations
in the core sequence of HLM Il (LLDLL) replacing the

leucine residues at position 4 and 5 with alanine residues,

yielded a mutated repeat that failed to interact with RAR
and ERx [compare DBD—-PSU1(789—-899)L495A/L496A
with DBD-PSU1(789-899); Figure 5D]. However, the

same mutations in PSUl generated a mutant protein

PSU1L495A/L496A that interacted with the liganded
LBDs of RARa and ERx as efficiently as wild-type PSU1
(Figure 5B), suggesting that the NIDs of PSU1l are
functionally redundant. This redundancy was supported
by the observation that a C-terminal deletion of NID2a/
ADZ2a and NID2b/AD2b did not reduce the NR-binding
activity of PSU1, whereas the transactivation activity was
abolished [compare DBD-PSU1 with DBD-PSU1
(1-707); Figure 5B]. In contrast, when the HLM llI
mutations L495A and L496A were introduced in the
context of the truncated mutant PSU1(1-707), binding to
RARo and ERx was eliminated completely [compare
DBD-PSU1 (1-707) with DBD-PSU1(1-707)L495A/
L496A; Figure 5B). Thus, mutation of all NIDs is required
in PSU1 to abrogate NR binding.

PSUT1 is required for ligand-dependent activation
by the AF-2 of ERc in yeast
To further investigate the involvement of PSUL in NR-

Role of PSU1 in transcriptional enhancement
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Fig. 6. PSU1 depletion effect on the AF-2 activity of BR(A) An
haploid Apsul PL3 reporter strain that contains the centromeric
plasmid PRS314-Met/HA-PSUL1 expressing an HA epitope-tagged
PSU1 under the control of the methionine-repressed Met25 promoter
was transformed with the yeast episomal plasmid YEp90-PGK/
ERa(CDEF) expressing the AF-2-containing ECDEF) derivative
under the control of the PGK promoteB)(Western blot showing the
expression levels of the ERCDEF) protein in cells grown in the
presence{) or absence (-) of 1 mM methionine. Yeast cell extracts
(30 ug) were fractionated by SDS—-PAGE, electrotransferred to a
nitrocellulose filter and probed with the ERspecific mAb F3.
ERa(CDEF) is indicated by an arronC) The AF-2 activity of ERx

is reduced in the presence of methionine. Transformants were grown
in the absence or presence of 1 mM methionine for four generations
and were exposed to the indicated concentrations of E2 for an
additional overnight. OMPdecase activities determined on each cell-

mediated transactivation in yeast, we focused our analysisfree extract are expressed in nmol substrate/min/mg pro@)nPgU1

on the AF-2 of ER, which has been reported to efficiently

activate chimeric oestrogen-responsive URA3 promoters

in yeast (Metzgeet al, 1992; Pierraet al., 1992). The
transcriptional activity of this AF-2 was tested in the

depletion has no effect on the transcriptional activity of the AF-1-
containing ERI(ABC) constructApsul PL3 cells carrying PRS314-
Met/HA-PSU1 were transformed with YEP90 or YEp90-dHRBC).
Transformants were grown in the absence (-) or preseft®f

1 mM methionine. OMPdecase activity is expressed as in (C).

presence of a reduced level of PSU1. To this end, a yeast

reporter strain expressing PSU1 under the control of a grown in its absence (Figure 6C). Thus, the transcriptional
conditional promoter was generated using the plasmid activity of the ligand-dependent activation function AF-2
shuffle method (Materials and methods; Figure 6A). of ERa is dependent upon PSUL in yeast. Note that no
Apsul PL3 cells carrying the centromeric plasmid effect of PSU1 depletion was observed on the transcrip-
pRS314-Met/HA-PSU1, in which a hemaglutinin (HA) tional activity of the C-terminally truncated ERlerivative
epitope-tagged PSU1L is expressed under the control of[ERa(ABC), formerly called HE15; Pierragt al., 1992],

the methionine-repressed Met25 promoter (Kegaral., that contains the AF-1 activation function, but does not
1986; legend to Figure 6A), were transformed with a high- interact with PSU1 (Figure 6D; data not shown).
copy-number plasmid YEp90-PGK/ERCDEF) (Pierrat

et al, 1992) expressing, under the control of the PGK m: .

promoter, an N-terminally truncated ERJerivative that Discussion

contains the ligand-dependent transactivation function AF- PSU1, a yeast MutT-domain-containing protein

2 [ERu(CDEF), formerly called HEG19; Berrgt al, involved in transcription

1990; Figure 6A]. Transformants were grown in the PSU1l was initially identified in a genetic screen for
presence or absence of methionine for four generations.suppressors of the respiratory deficiency of a yeast pet
Activation of the URAS3 reporter by the ERAF-2 was mutant and shown to encode an essential protein
then determined by measuring OMPdecase activity in cell (A.A.Tzagoloff, unpublished data; DDBJ/EMBL/Gen-
free extracts from cells exposed to various concentrations Bank accession number L43065). In this study, we report
of oestradiol (E2). Under these growth conditions, addition that PSU1 is a MutT-domain-containing protein that func-
of methionine caused an ~2-fold reduction in growth rate tions in transcription.

(data not shown), but did not change the expression level The MutT domain is a highly conserved sequence motif
of the ERY(CDEF) receptor proteins as evaluated by that was originally identified in nucleoside triphosphatases
immunodetection (Figure 6B), indicating that depleting from diverse species that are related to the MutT antimut-
PSU1 had no effect on the activity of the PGK promoter ator protein ofE.coli (Koonin, 1993). MutT is involved
used to express the BRJerivative. In contrast, a dramatic in the GO system that protects cells from the mutagenic
(10- to 20-fold) reduction in the ligand-dependent tran- effect of the oxidatively damaged base 8-oxoguanine (for
scriptional activity of ER((CDEF) was observed in cells a review see Nasht al,, 1996). This modified base can
grown in the presence of methionine compared with cells pair with adenine as well as cytosine, and thus has the
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potential to induce G:C to T:A transversions (Shibutani

activity. Thus, PSU1 fulfils the requirements of a co-

et al,, 1991). Bacterial and mammalian cells both possess activator/mediator of the AF-2 of ERin yeast.

MutT proteins that specifically degrade 8-oxo-dGTP and
8-0xo-GTP, which are otherwise misincorporated into
DNA and RNA, respectively (Naskt al, 1996; Taddei

et al, 1997). NMR structural analysis of ti&coli MutT

That PSU1 is also a co-activator for the AF-2s of other
NRs (RARx, RXRa, TRa and VDR) is strongly suggested
by the ability of the corresponding LBDs to interact with
PSU1 in a ligand-dependent manner. In the case of the

protein has revealed that the MutT domain is part of the RARa LBD, this interaction was also demonstrated to be
nucleotide-binding and active site of MutT (Abeygunawar- dependent on the AF-2 AD core motif. However, in
danaet al, 1995 and references therein). However, this contrast to the case of ER point mutations in the
conserved domain is not unique to the MutT enzyme. hydrophobic residues of the RARAF-2 AD core motif
Other enzymes have recently been identified that containreduced, but did not abolish, PSU1 binding. This result is
a MutT domain, but do not possess the nucleoside tri- reminiscent of previous data on putative mammalian
phosphate pyrophosphohydrolase activity described for mediators that revealed differential requirements of the
MutT (reviewed in Bessmaet al., 1996). Among these  conserved residues of the AF-2 AD core motif for inter-
enzymes are a Ap4A tetraphosphatase, a GDP-mannos@ction with various NRs (vom Bauet al., 1996; Thaot
mannosyl hydrolase, an NADH pyrophosphatase and aet al., 1997). Whether this reflects a differential involve-
diphosphoinositol  polyphosphate  phosphohydrolase ment of additional regions in the receptor LBD remains
(termed DIPP; Safrangt al., 1998). Although apparently to be determined, but this possibility is supported by
distinct in their selection of substrates, members of the structural studies showing that upon ligand binding, the
MutT family are in fact closely related in that, DIPP NR LBD undergoes a conformational change that brings
excepted, they all hydrolyse derivatives of nucleoside the AF-2 AD core amphipati@-helix 12 into a new
diphosphates (Bessmanal., 1996). The MutT conserved receptor environment, thus creating a composite surface(s)
domain might therefore corresponds to a signature for co-activator/mediator interaction which encompasses
sequence for nucleoside diphosphate hydrolases. Thushelix 12 and parts of helices 3, 4 and 5 (Wugk al.,
PSU1 may possess a similar enzymatic activity. 1996; Darimontet al, 1998; Nolteet al, 1998 and
PSU1 is a large protein of 970 amino acids with a references therein).
predicted molecular mass of 109 kDa. In this respect,
PSU1 differs from the other members of the MutT family The ADs and nuclear receptor interaction domains
which are relatively small proteins made up of ~130 to of PSU1 contain HLMs related to those found in
350 amino acid residues. In addition to the MutT domain, mammalian NR co-activators
PSU1 contains several regions rich in either glutamine, PSU1 contains 10 shorti-helical leucine-rich motifs,
proline, serine or asparagine residues, which are commonreferred to as HLMs, that share the consensus core
features of transcriptional regulators (Tjian and Maniatis, sequence LLsPL. Only regions that elicit activation and/
1994). That PSU1 may represent the first member of the or NR-binding activity contain HLMs. A single HLM is
MutT family to be involved in transcription is supported present in AD1. There are two HLMs in nuclear receptor
by several lines of evidence: (i) PSUl can activate interaction domain 1 (NID1), whereas AD2a/NID2a and
transcription on its own in yeast, when fused to a hetero- AD2b/NID2b contain two and five HLMs, respectively.
logous DNA-binding domain; (ii) PSU1 contains two Interestingly, a number of mammalian NR co-activators
major autonomous activation domains, AD1 and AD2b, have been shown to contain similar helical leucine-rich
that include the glutamine- and asparagine-rich regions, motifs, some of which are responsible for their specific
respectively, in addition to a less potent AD (AD2a) which NR binding, whereas others interact with downstream
immediately precedes AD2b; and (i) PSUL1 physically targets (Heenet al., 1997; Liet al, 1997; Torchieet al,
and functionally interacts with ligand-activated nuclear 1997; Voegelet al, 1997; Mclnerneyet al, 1998).
receptors (see below). Three functionally redundant motifs sharing the LxxLL
consensus sequence, also termed the NR box motif (Le
Douarinet al,, 1996), were found in the NIDs of NR co-
the ligand-dependent activation function AF-2 of activators belonging to the p160 family, TIF2, SRC-1,
nuclear receptors in yeast p/CIP and RAC3 (for review see Moras and Gronemeyer,
Vertebrate nuclear receptors can stimulate transcription in 1998). Each of these motifs can independently mediate
yeast in the presence of their cognate ligand through their NR binding (Heeryet al, 1997; Torchiaet al., 1997;
ligand-dependent transcriptional activation function AF-2 Voegel et al, 1997). Mutation in any one of the three
(see Introduction for references). This suggests that atmotifs of TIF2 does not abrogate NR interaction (Voegel
least some of the basic features of the mechanismset al.,, 1997). In many other AF-2 co-activators, single or
that mediate these effects have been conserved acrossepeated LxxLL sequences have also been identified and
eukaryotes. In this report, we show that in yeast, the shown to be important for their binding to liganded NRs
presence of PSU1 is critical for the activity of the activation (Le Douarinet al, 1996; Heeryet al, 1997). In this
function AF-2 of ERr. PSUL interacts in yeast with the respect, it is noteworthy that the amino acid sequence
LBD/AF-2 of ERa in the presence of oestradiol, but not LLDLL of the HLM IIl of PSU1 NID1, which showed
in the presence of the anti-oestrogen hydroxytamoxifen. strong ligand-dependent binding to R&Rind ER, also
This interaction is direct, and importantly, can be abol- fits the LxxLL consensus. In contrast, the LLNML core
ished, both in yeast and vitro, by point mutations within sequence of the HLM IX of NID2b, which interacted
the AF-2 AD core motif (helix 12 of the LBD) of ER strongly with liganded ER, but only weakly with liganded
Furthermore, PSU1 has an autonomous transactivationRARa, is an imperfect LxxLL motif. Note, however, that

PSU1, a transcriptional co-activator/mediator for
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this HLM IX of PSU1 fits the LxxML sequence, which

Role of PSU1 in transcriptional enhancement

1996; Cacet al., 1997). Whether PSUL is associated with

has been reported to be the hydrophobic surface througheither of these complexes or is part of a novel complex

which the helix 12/AF-2 AD core of ER (Figure 4B)
contacts helix 3 and helix 5 in the BRLBD—raloxifen
complex in a configuration remarkably similar to that of
the helix formed by the hydrophobic residues of the NR
box 2 of TIF2/GRIP1 with the agonist-bound TR LBD
(Brozozowskiet al,, 1998; Darimonet al., 1998). More-
over, that a certain flexibility in the NR box motif LxxLL
might be tolerated is supported by the recent identification
of a related FxxLL motif in the mouse NR-interacting

will be determined by isolating proteins to which it
possibly binds. In this respect, it is interesting to note the
recent identification of PSU1 in a two-hybrid screen for
proteins that interact with the essential splicing factor
Yjr022W of S.cerevisiagFromont-Racineet al., 1997).
Although the biological relevance of this two-hybrid
interaction has not yet been demonstrated, it argues for a
role of PSU1 in splicing, and indicates together with our
present observations, that PSU1 could be involved in

protein NSD1, that has been shown to be required andlinking transcription and splicing. Interestingly, these two

sufficient for NR binding (Huangt al., 1998).

In addition to the LxxLL NR box motifs, the p160 co-
activators contain related leucine-rich motifs in their
activation domain AD1, which is believed to transactivate
via a recruitment of CBP/p300 (Torchiat al, 1997;
Voegelet al, 1997; Mclnerneyet al, 1998). Mutational
analysis of the AD1 of TIF2 revealed that the leucine
residues of the LLEQL sequence, which is closely related
to the LLx®L consensus, are critical for both interaction
with CBP and transactivation by AD1, whereas the motif
on its own is a very poor transactivator and binds CBP
only weakly (Voegelet al., 1997). CBP/p300, which can
also associate with liganded NRs as well as with many
other transcription factors (CREB, Jun, STATs and bHLH
factors; see Shikamat al, 1997 for review), contains
LxxLL motifs in both the NR- and p/CIP-interacting
domains (Torchieet al, 1997). Thus, these short helical
leucine-rich motifs may serve as interaction motifs to
interact with ligand-activated receptors and/or to recruit
targets that are involved in transcriptional activation. The
presence of similar HLMs in the NIDs and ADs of PSU1

suggests an evolutionary conservation of these motifs

across eukaryotes.

Possible function(s) of PSU1 in yeast

In the present study, PSU1 has been shown to exhibit a

processes have previously been established to be intimately
associated by virtue of a direct interaction of splicing
factors with the CTD of the RNA polymerase Il large
subunit (Yuryevet al, 1996; McCrackeret al., 1997).
Whether PSU1 can function as a bridge between NRs and
the general transcriptional machinery in yeast remains to
be determined.

So far, no mammalian PSU1 homologue has been
reported. However, because the AF-2 AD ofd&ERnctions
in yeast cells through interaction with PSU1, it is not
unreasonable to assume that in mammalian cells, this
nuclear receptor also transactivates through a mammalian
PSU1 homologue. Furthermore, using the PSU1l amino
acid sequence to screen the databases for PSU1-related
genes, we identified expression sequence tags similar to
PSU1 from three plant specief\r@bidopsis thaliana
DDBJ/EMBL/GenBank accession number AB006704;
Oryza sativaD39512; and cotton Al054538Qprosophila
(AA802328 and AA390813) an@aenorhabditis elegans
(282269), providing additional support for a conservation
of PSU1 in higher eukaryotes (data not shown). We
are currently screening mammalian cDNA libraries for
suppressors of the inability of ERto transactivate the
URAZ3 reporter gene in a PSU1-depleted mutant, which
should facilitate the identification of a PSU1 homologue(s).

number of functional and sequence features that are shared

with various mammalian NR co-activators, thus suggesting
that PSU1 may play a role in activator-dependent stimula-

Materials and methods

tion of transcription in yeast. Because PSUL1 is an essential yeast strains, transformations and media
gene that has been originally identified in a genetic screen Saccharomyces cerevisiagrain PL3 strain MIATa leu2-A1 ura3-Al

for suppressors of the respiratory deficiency of a pet
mutant (A.A.Tzagoloff, unpublished data), it might be
required for the function of transcriptional activators that

his3-4200, trpl::(ERE}-URA3 was as described elsewhere (Pierrat
et al, 1992). The reporter strain LAMATa his3-4200 trp1-901 leu2-
3,112 ade2 LYS::(LexAop)4-HIS3 URA3::(LexAop)8-Jasds a gift
from S.M.Hollenberg (Vojteket al., 1993). Thedpsuldeletion strain

affect one or more essential genes, and for the function yas generated in the PL&) background according to the PCR-based
of activators that regulate expression of genes requireddisruption method described by Waeh al. (1994). Because PSU1 is

for respiratory growth.

As in mammalian cells, a number of yeast co-activators/
mediators have been identified that function through an
effect on chromatin structure and/or through an interaction
with the general transcriptional machinery (reviewed in

essential for cell growth (A.A.Tzagoloff, unpublished data; DDBJ/
EMBL/GenBank accession number L43065), we first created a PSU1/
Apsul PL3diploid strain containing one wild-type PSUL1 allele and one
null mutant allele in which the coding sequence of PSU1 was replaced
with that of the kanamycin resistanckéa’) gene (Wactet al., 1994).
This heterozygous strain was transformed with a URA3-marked plasmid

Guarente, 1995; see also Introduction). Some of thesecarrying PSU1 and was subsequently subjected to a tetrad analysis. All
transcriptional cofactors have been reported to be essentia[g’“r spores were viables, the Kaphenotype segregated 2, and all

for cell viability. These include TAfs, which associate
with TATA-binding protein (TBP) to form TFIID (for a
review, see Verrijzer and Tjian, 1996), and SRB proteins,
which associate with the C-terminal domain (CTD) of the
large subunit of RNA polymerase Il to form the holo-
enzyme complex (reviewed in Bjorklund and Kim, 1996).
The essential chromatin-remodelling complex RSC may
also be involved in transcriptional activation (Caigtsl.,

an’ spores were Ura as expected. For the plasmid shuffle assay, a
Kan Ura®™ spore was transformed with a TRP1-marked centromeric
plasmid PRS314-Met/HA-PSUL1 expressing a HA epitope-tagged PSU1
under the control of the methionine-repressed Met25 promoter (Kerjan
et al, 1986). Transformants were placed on medium containing
5-fluoroorotic acid (5-FOA), a compound that prevents the growth of
cells expressing URA3, thereby selecting for the loss of the URA3-
marked PSU1 plasmid (Boeclat al., 1984). Yeast transformation was
carried out by the lithium acetate procedure (Gittal., 1995). Standard
media were used for growth (Ros¢ al.,, 1990).
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Plasmids buffer, boiled for 5 min and proteins analysed by SDS—-PAGE. The
Details on individual plasmid constructs, which were all verified by amount of bound PSU1 was quantified using a phosphoimager (Fuiji
sequencing, are available upon request. Receptor cDNAs used in thisBAS2000).

study correspond to human RAR, ERx and VDR, mouse RXR and

chicken TRy (DDBJ/EMBL/GenBank database). RARDEF)-ER.CAS,

ERu(CDEF)/HEG19 and ER(ABC)HE15 were expressed from the Acknowledgements
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