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Nuclear receptors are model transcription factors. This highly conserved super family of ligand binding 
transcription factors includes estrogen, progesterone, retinoic acid, thyroid hormone, vitamin D receptors, 
and several orphan receptors. Nuclear receptors function as homodimers, heterodimers, or monomers. 
Human thyroid hormone, retinoic acid, vitamin D, and several orphan receptors prefer to work as 
heterodimers with retinoic X receptor (RXR). RXR function is regulated by its cognate ligand 9-cis- 
retinoic acid. In some cases heterodimers of RXR are subject to regulation by two different ligands. 
Mammalian cells are not entirely suited to study pure heterodimeric functions because they contain a 
repertoire of endogenous receptors and their ligands. Yeast does not contain nuclear receptors or its 
ligands. Ligand-dependent function of several human nuclear receptors has been reconstructed in yeast. 
Yeast can be used as a model system to dissect interaction between various heterodimeric partners. The 
molecular genetics and the speed of doing the experiments in yeast allows us to rapidly clone mammalian 
cofactors that prefer to work with different heterodimeric partners. Once the human geneome sequence is 
complete, we predict that the total number of human nuclear receptors will increase from 150 to 500. 
Novel and efficient cell-based systems will be needed to understand the function of orphan receptors. 
Yeast is an ideal system to identify pure heterodimeric partners and discover novel ligands for orphan 
receptors. The advantages and disadvantages of yeast and mammalian system to study nuclear receptor 
function are discussed.

Human nuclear receptors Targeting transcriptional regulation Nuclear receptor function in yeast

THE CHALLENGE

Signal transduction has several control points 
that are attractive drug targets (30,65). Among 
myriad of targets, regulation of transcription re­
mains an unexploited area for therapeutic inter­
vention. Transcriptional regulation is a complex 
process that involves interaction of regulatory 
transcription factors with the basal transcription 
machinery, to activate or repress target genes [for

reviews on transcription see (10,22,24,29,68)]. 
Complete sequence analysis of H . influenza ge­
nome suggests that about 5% of the total genes 
encode for transcription apparatus (14). If we are 
to extend these estimates to the human genome, 
then it appears that about 5000 genes are responsi­
ble for selective regulation of 1 0 0 , 0 0 0  human 
genes, during growth and development. The num­
ber of regulatory transcription factors (TFs) is 
likely to be a small proportion of the 5000 genes
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involved in gene transcription. It is clear from 
these estimates that a limited repertoire of tran­
scription factors governs the tissue- and cell- 
specific anatomy and physiology. How do cells 
make use of the limited number of transcription 
factors to differentially regulate gene expression? 
The answer lies in combinatorial interaction be­
tween various transcription factors to generate 
multiplicity that in turn endows the cell with diver­
sity in TFs. Thus, NFkB, a regulatory TF, may 
interact with c-Jun and ATF-2 to specifically regu­
late INF/3 gene in one case whereas it can interact 
with c-Jun:cFos and NF-AT to regulate IL-2 gene 
in T cells (53,70). Thus, oligomeric and combina­
torial interaction is a common theme among all 
the TFs. The critical question is how to decipher 
the oligomeric nature of the superamolecular com­
plex of TFs that occupy the target gene. Nuclear 
receptors are model transcription factors. The is­
sue of multiplicity and diversity and how to ex­
ploit these features for selective drug targeting is 
the main subject of this review. We have borrowed 
heavily from the retinoid, thyroid, and vitamin 
D receptor field to illustrate several examples of 
heterodimeric interplay. The advantages of yeast 
to study interaction between heterodimers, basal 
transcription machinery, and other mammalian 
coregulatory proteins, in the presence or absence 
of cognate ligands, is also discussed.

THE MAIN QUESTION

Currently about 150 nuclear receptors have 
been discovered (49). Ligands for most of these 
nuclear receptors have not been identified as yet; 
hence they are known as “orphan receptors.” We 
predict that most (if not all) of the human cDNAs 
will be made public by the end of 1996, via expres­
sion sequence tag (EST) approaches (1). It is rea­
sonable to assume that with the completion of hu­
man genome sequences, this number is likely to 
increase up to 500. With such a dramatic increase 
in the number of nuclear receptors, elucidation of 
their biological role will clearly lag behind. Be­
cause many of the receptors heterodimerize with 
retinoic X receptors (RXR) as well as other recep­
tors, it is essential for us to know the heterodim­
eric partner that targets a promoter of interest. 
In some cases both the heterodimeric partners are 
responsive to their cognate ligands. Some of the 
key questions addressed in this article are: How 
do nuclear receptors select heterodimeric partners 
and what is the role of DNA response elements 
in this selection? Can we develop yeast cell-based

systems that will allow studies on pure heterodim­
eric interactions, in order to discover novel ligands 
for orphan nuclear receptors?

NUCLEAR RECEPTORS AND 
THEIR MODE OF ACTION

Nuclear receptors control diverse aspects of 
growth, development, and homeostasis by regulat­
ing the transcription of complex networks of 
genes. Members of this superfamily (Fig. 1) are 
transcription factors that modulate the activity of 
promoters in target genes through direct associa­
tion with specific DNA sequences called hormone 
response elements (HREs). Typically these recep­
tors bind to direct repeats (DRs) whereas some 
also bind as symmetrical repeats that are either 
inverted (IR) or everted (ER) (3,6,19,51,71,75,76). 
A graphic representation of the DNA binding 
properties of these receptors on DR, IR, and ER 
response elements is shown in Fig. 2. These recep­
tors exert their regulatory effects on target gene 
expression by binding as monomers, homodimers, 
or heterodimers to hexameric AGGTCA core mo­
tifs in HREs that have subtle variations in se­
quences, spacing, and orientation. The nuclear re­
ceptor superfamily can be broadly subdivided into 
four classes based upon their dimerization and 
DNA binding properties [see (69)]. The first two 
subclasses are ligand-inducible receptors. Class I 
includes the known steroid receptors that function 
as ligand-induced homodimers and bind to DNA  
half-sites organized as inverted repeats (see Fig. 
2). Class II includes all other known ligand- 
dependent receptors exclusive of steroid hormones 
and consists predominantly of the thyroid, reti­
noid, and vitamin D receptors, which heterodim­
erize with RXR (35,36,44,50,80,87). The members 
of this class of receptors share significant homol­
ogy at primary structure level, as illustrated in 
Fig. 1.

Of particular interest, the specific ligand (or 
hormone activator) of responsive nuclear recep­
tors can be generated from one of three estab­
lished sources to date: i) the ligand may be synthe­
sized at a site other than the target cell in the 
classic endocrine fashion (e.g., thyroid hormone); 
ii) the ligand may be generated within the target 
cell from a precursor (apohormone) such as the 
isomerizaton of all trans-retinoic acid to 9-cis- 
retinoic acid (9c-RA) (e.g., the specific ligand and 
RXR); iii) the ligand is synthesized intracellularly 
where it is only active locally and is not secreted 
(e.g., prostaglandin). The class III and class IV
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FIG. 1. Comparison of nuclear receptor family of related proteins. Nuclear receptors contain highly 
conserved modular structures composed of two zinc finger DNA binding domain and the carboxy- 
terminal ligand binding domain. The detailed properties of different domains are summarized in the 
diagram. The percent identity of amino acids between representative members of the nuclear receptor 
superfamily is also shown. The amino-terminal of the receptor proteins is highly variable and may be 
involved in promoter or cell-specific transactivation. The two transcription activation functions (AF), 
AF-1 and AF-2, of the receptor proteins are distributed between amino- and carboxy-terminals.

subgroups contain primarily receptors whose cog­
nate ligands have as yet to be identified and are 
therefore designated to be orphan receptors. Class 
III receptors bind primarily to direct repeat HREs 
as homodimers, whereas class IV typically binds 
to extended core sites as monomers (see Fig. 2).

Structural Features

As shown in Fig. 1, the highly conserved DNA 
binding domain is characteristic of the nuclear re­
ceptor superfamily and mediates the recognition 
of specific base pairs within the core binding motif 
through two interdependent zinc finger structures 
that form major groove contacts with base pairs 
that define the core recognition motif [(46) and 
references therein]. Moreover, amino acids imme­
diately carboxy-terminal to the zinc finger, termed 
the T box, are involved in defining the part of the 
dimerization interface between RXR homodimers 
bound to an RXR-specific response element, and 
an adjacent amino acid cluster, termed the A box, 
is necessary for the recognition of specific base 
pairs at the 5' end of the core recognition motif. 
Although differences occur in A and T boxes for 
the nuclear receptor within each subgroup, such 
as RXR vs. RAR vs. TR, sequences are highly 
conserved within a specific receptor subtype (iso­
type) (e.g., RXRa vs. RXR(3 vs. RXR7 ). Addi­

tionally, it has been established that the high- 
affinity binding of heterodimers is dependent not 
only upon these DNA binding regions but also 
upon carboxy-terminal dimerization function 
present within the ligand binding domain of each 
receptor (12,20,21,44,74,80).

Class I and II nuclear receptors achieve tran­
scriptional regulation through autonomous tran­
scription activation functions (AF) wherein AF-1 
domain is constitutive and located in the N- 
terminal part of the receptor and the AF-2 or 7 

(Tau-4) domain is ligand dependent and is located 
in the C-terminal domain (see Fig. 1 for detailed 
structural comparison) (9,15,23,31,52,64,72,83). 
Numerous studies of carboxyl-terminal domain of 
the nuclear receptors have established that it con­
tains many overlapping functions that mediate li­
gand-dependent activation and repression, recep­
tor homo- and heterodimerization, as well as 
ligand binding (20,49). The binding of ligand to 
the receptor is believed to induce a conformational 
change in receptors that leads to activation of 
transcription (55,61,69,81).

Mechanistic Aspects

The mechanisms whereby ligand-activated 
DNA-bound receptors transmit their transactivat­
ing “signal” to the basal transcription machinery
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FIG. 2. Model for the binding of heterodimer receptor interac­
tion with direct repeat (DR), inverted repeat (IR), and everted 
repeat (ER) elements. The important features of this model 
are: the ligand binding domain (LBD) present at the carboxy- 
terminus mediates dimerization. The ability of these hetero­
dimers to bind to DR, IR, or ER elements implies that the 
DNA binding domains are rotationally flexible with respect to 
the carboxy-terminal dimerization interface of the receptors. 
In one DR element RXR has been demonstrated to be located 
on the upstream half-site, with heterodimeric partner, RAR, 
TR, or VDR binding to the downstream half-site of the recog­
nition motif. This polarity of RXR and the heterodimeric part­
ner also determines the optimum spacing between the half-sites 
of the recognition motif (for further discussion see the New 
Concepts in Regulation of Heterodimer Function section).

and the factors underlying hormonal activation 
are not precisely known. Transcriptional activa­
tors are thought to modulate transcription by pro­
moting or stabilizing the assembly of preinitiation 
complexes, which may involve direct or indirect 
actions on components of the basal transcription 
machinery [see reviews (62,85)]. However, experi­
mental evidence supports the existence of bridging 
molecules, which are termed coactivators, that 
function as transcription intermediary factors 
(TIFs) or adaptors and are thought to mediate the 
interaction of transactivators with the basal tran­
scriptional machinery (24). Moreover, transcrip­
tional interference can be demonstrated by the

presence of a strong activator that suppresses the 
activity of other transactivational factors by se­
questering putative bridging factors [see reviews
(45,59)] or by occupying a surface required to me­
diate or receive trans-acting signals through a phe­
nomenon of surface saturation (6 6 ). Recent de­
tailed studies in the most C-terminal part of the 
nuclear receptor AF-2 (r) domain has revealed a 
negatively charged amphipathic a-helical region, 
which has a high degree of conservation between 
class 1 and class II receptors and which regulates 
transactivation as well as transcriptional interfer­
ence (i.e., squelching between class I and class II 
receptors). These observations indicate that this 
region is probably part of a surface of interaction 
for either a general putative coactivator or basal 
transcription factor. Alternatively, it could assist 
a putative bridging factor utilized to initiate tran­
scription by both class I and class II receptors in 
the presence of cognate ligands.

HETERODIMERIZATION-A KEY
PROPERTY OF NUCLEAR RECEPTORS

Key Role o f RXR

The formation of heterodimers by RXRs with 
the other members of class II nuclear receptors 
facilitates their binding to DNA response elements 
containing degenerate Xn-AGGTCA core motif 
half-sites in natural genes, which are configured as 
DRs (76), IRs (75,84), ERs (3,11,60,71). Because 
the ultraspiracle receptor (which is the RXR ho- 
mologue in Drosophila) is a partner for the ecdy- 
sone receptor mediating morphogenesis, hetero­
dimerization is a biological phenomenon that 
must have developed prior to the divergence of 
vertebrates and invertebrates and has been evolu­
tionary preserved as a critical component of endo­
crine signaling pathways. The common hetero­
dimerization partner RXR also has an overlapping 
role in retinoid signaling, and three mammalian 
RXR isoforms subserve these heterodimerization 
functions (18). These findings strongly link vita­
min A signaling to many nuclear receptor tran­
scriptional pathways.

The formation of heterodimers by class II nu­
clear receptors leads to several models of recep­
tor-receptor interaction with response elements 
containing differently configured conserved do­
mains that function in an interdependent manner 
to mediate protein-DNA and protein-protein in­
teractions [see review (49)]. Protein-DNA interac­
tions are mediated by the highly conserved DNA 
binding domain within each receptor that defines
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FIG. 3. A multiplicity of interaction creates diversity. Heterodimerization is a key property of 
nuclear receptors and other transcription factors. In this diagram the retinoic X receptor 
(RXR) has been shown to heterodimerize with a variety of nuclear receptors (NR). The func­
tional interaction between the receptor heterodimers is governed by DNA sequence of the 
half-site recognition motif, the spacer sequence, protein-protein interaction, protein-DNA 
interaction, and the cognate ligands. The model is primarily driven by reconstruction of 
ligand-dependent function of human nuclear receptors in yeast. Dual ligand function for 
nuclear receptor heterodimers is also a very important feature of this model. [Adapted from 
Kephart et al. (34).]

the nuclear receptor superfamily, whereas the pro­
tein-protein interactions necessary for the forma­
tion of heterodimers are mediated by extensive C- 
terminal dimerization interfaces contained within 
the ligand binding domain [see review (20)]. Thus, 
for DRs (which promote head to tail arrangements 
of nuclear receptor dimers on target DNA), the 
base pair sequences that separate two core binding 
sites can regulate the DNA binding and transcrip­
tional effects of RXR for spacers of 1, 2, 3, 4, and 
5 nucleotides for heterodimerization with either 
PPAR and RXR, RAR, VDR, T3R, and RAR 
respectively (33,36,51,76). The optimal gap length 
for each heterodimer is determined by protein- 
protein contacts that appropriately position the 
DBDs of RXR and its partner (37,56,57,73,86). 
The formation of RXR heterodimers with other 
class II receptors such as RAR, TR, and VDR 
increases not only the efficiency of binding to 
DNA but also results in specific response element 
repertoires. However, in contrast to DRs, which 
promote head to tail orientations, homodimers 
have very weak DNA binding and transactivation 
on DRs and instead bind with higher affinity to IR 
and ER symmetrical (palindromic) HREs. Addi­
tionally, TR has a much higher preference than 
RXR for binding to PuGGTCA (G motif) over a

PuGTTCA (T motif) and is also more efficiently 
bound to DR4 when the PuGGTCA is the 3' end 
motif than rather than the 5' end motif (DR4G/ 
T). Such observations suggest that the binding of 
RXR/TR heterodimers occurs with a designated 
polarity (to result in anisotropic complexes) 
(48,86). As revealed by cross-linking experiments 
using full-length receptors, RXR is almost invari­
ably located at the 5' end to either TR or RAR 
on D R + 4 and D R + 5 elements, respectively [see 
review (20)]. The ability of homo- and heterodim- 
eric receptors to bind to palindromic (ER or IR) 
and DR orientations of the core recognition motif 
implies that the DBDs are rotationally flexible 
with respect to the C-terminal dimerization inter­
face. Because a change of spacing by one nucleo­
tide for a DR-DNA target requires the RXR part­
ner to rotate approximately 36° around the double 
helix and be translated 3.4 A, the DNA spacing 
between core motifs is critical in determining het­
erodimer DBD complex formation on direct re­
peat HREs. When heterodimers bind to DRs, 
RXR is located on the upstream core recognition 
motif with its heterodimeric partner bound to the 
downstream motif (see Fig. 3). Hence, through 
the formation of an asymmetric interface between 
DBD of the RXR and its heterodimeric partner,
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the optimal spacing between core recognition mo­
tifs and the preferential binding affinity to specific 
heterodimers is favored. Although ER or IR 
HREs also promote transactivation from homodi­
mers, they may also transactivate heterodimers 
but to a lesser degree of specificity (51). Thus, an 
IR -I- O of the AGGTCA motif (TRE-PAL) can 
function as a common response element not only 
for TRs but also RARs and RXRs. Similarly, the 
everted palindromes present in the chicken lyso­
zyme and medium-chain fatty acyl coenzyme A 
dehydrogenase genes can support nonspecific 
transcriptional responses to both RARs and TRs. 
Such observations suggest that studies of tran­
scriptional responses of class II receptors by pro­
moters containing DR elements initially proposed 
to respond according to a relatively simple spacing 
“the 1 to 5 rule” for determining receptor-ligand 
specificity (76) may not apply to all biological con­
ditions. In fact, the subsequent demonstration 
that such receptors can bind to DNA as either 
homodimers or heterodimers and the identifica­
tion of additional hormonal response elements in 
natural genes supports a more complex picture of 
transcriptional regulation. From studies of many 
genes, under a variety of experimental conditions, 
it can be concluded that whereas the spacing be­
tween DRs as well as superficially for ERs and 
IRs may limit the degree of cooperatively between 
dimerization interfaces, it does not impose an ab­
solute restriction on the hormonal responses of 
nuclear receptor heterodimers, because they can 
also be influenced by heterodimer subtypes, cellu­
lar and promoter contexts, as well as accessory 
basal transcriptional machinery coregulators (see 
below).

Since multiple subtypes derived from different 
chromosomes have been detected for TRa and 0 
(40), RXRa, j8 , and 7 , as well as RARa, j8 , and 7  

(18), and these receptors are differentially ex­
pressed in mammalian tissues, the potential diver­
sity of different nuclear receptor class II hetero­
dimer combinations is enormous. A simple 
calculation to estimate the number of different 
combinatorial interactions between RXRa and 
other heterodimeric partners has suggested about
400,000 possible combinations (5). Not only are 
there subtle differences in molecular size as well 
as structure for each of these receptor subtypes 
(isotypes), but also variant isoforms, which arise 
through alternate splicing and promoter usage, 
have been discovered for each receptor subtypes 
(i.e., RARa 1, 2, and 3), which can differ in their 
expression and function. The formation of hetero­
dimers with differences in subtype and isoform

and their functions on a variety of differently con­
figured HREs undoubtedly result in conforma­
tional changes that could control the accessibility 
of the LBD domain to cognate ligands and its con­
tacts with the basal transcription machinery.

The interaction of cognate ligands with TR/ 
RXR heterodimers can lead to four states of re­
ceptor occupancy: 1) both TR and RXR receptors 
unoccupied, 2) RXR occupied and TR unoccu­
pied, 3) RXR unoccupied and TR occupied, and 
4) both TR and RXR receptors occupied. Thus, 
it is possible that effects on dimerization and/or 
transcriptional activation could have different 
consequences for each state of receptor occu­
pancy. Theoretically, the effects of a single cog­
nate ligand of a heterodimeric-DNA complex 
could be dependent not only upon the subtle con­
formational differences resulting from the forma­
tion of diverse isotype and isoform combinations 
of heterodimers but also their consequent interac­
tions with DNA sequences in target genes with 
differences in half-site sequence orientation and 
spacing between half-sites, as well as the heteroge­
neities in promoter context and tissue-specific 
transcriptional coregulatory factors. Such biologi­
cal conditions will also determine both the action 
of each cognate ligand on the heterodimers and 
whether there will be further dual ligand-induced 
transcriptional enhancement or suppression (see 
Fig. 3). Despite the complexities of transcriptional 
regulation that can arise by the formation of the 
heterodimers-DNA complexes, such diversity can 
be exploited nevertheless to discover specific com­
binatorial targets of transcriptional regulation (see 
the section on Yeast Facilitates Dual Ligand Res- 
ponsivity of Heterodimers). The elucidation of 
new pathways of heterodimer interactions with the 
coregulators of transcription can provide unique 
opportunities for selectively regulating transcrip­
tion by controlling the contact of cognate ligands 
with the basal transcription machinery.

NEW CONCEPTS IN REGULATION OF 
HETERODIMER FUNCTION

Polarity o f Heterodimer Interaction

As discussed above and reviewed in detail else­
where (2 0 ), studies of thyroid hormone and reti­
noic acid receptor interactions with RXRs have 
raised the possibility that specific orientations in 
both the DNA binding domain and C-terminal di­
merization domain interfaces may contribute to 
the binding site preferences of homodimeric and 
heterodimeric receptor complexes (37). Because
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the DBD of the TR is proposed to preferentially 
rotate by approximately 180° with respect to the 
C-terminal dimerization interface, such an align­
ment with RXR would result in a head to tail con­
figuration that would position the RXR over the 
upstream binding site (5' end) of a DR + 4 HRE 
and facilitate the formation of the asymmetric in­
terface between DBDs that determines optimal 
spacing of core recognition motifs. Similarly, 
D R + 5 spacing would favor RXR occupying the 
upstream (5' end) binding site and RAR the 
downstream (3' end) site and implies that the co­
operative interface formed between DBDs also 
contributes to a polarity in the arrangement of 
heterodimer binding sites. Using mammalian cells, 
several groups have established that the polarity 
of DNA binding by RXR/TR or RXR/RAR het­
erodimers can modulate ligand responsivity such 
that only the 3' end downstream site is responsive 
to ligand whereas the RXR heterodimer partner, 
which is in a 5' end upstream location, is tran­
scriptionally suppressed (i.e., a silent partner) 
(17). Interestingly, RXR can be responsive to 
9c-RA when it heterodimerizes with specific or­
phan receptors (17,41,49). The responsivity of 
RAR to its cognate ligand [i.e., all-/ra«sretinoic 
acid (at-RA)] on a DR+1  compared to DR 4-5 
HRE when bound as a heterodimer with RXR 
[which results in opposite polarities of RXR/RAR 
heterodimeric binding to the asymmetrically ori­
entated half-sites (38)] induces transactivation 
when RAR is on the downstream (3' end) half-site 
on D R + 5 but not when RAR is bound to the 
upstream half-site on a DR+1 .  However, muta­
tions in RAR and RXR that reverse binding have 
been observed to alter the pattern of transcrip­
tional response to RAR-specific ligands.

Regulation o f Heterodimeric Function by Cell 
and Promoter Context

Studies assessing identical TR/RXR-TREs 
complexes in CV1 and HeLa cell lines have estab­
lished that the ligand binding and transactivation 
effects of 9c-RA are suppressed in the absence of 
T3 and that combined 9c-RA and T3 could not 
enhance ligand-dependent transactivation to levels 
greater than those observed for T3 alone (16,17). 
However, studies in JEG3 mammalian cells using 
identical nuclear receptor heterodimers detected 
enhanced dual ligand transactivation in the pres­
ence of a rat growth hormone promoter or palin­
dromic sequences but not when D R + 4 response 
elements were present (63). In agreement, the ex­
pression of VDR/RXRa heterodimers in ML

breast cancer cells or ultraspiracle-deficient Dro­
sophila SL3 cells could also achieve dual (vitamin 
D + 9c-RA) ligand-dependent transactivational 
enhancement on a mouse osteopontin natural gene 
promoter but not a palindromic vitamin D re­
sponse element (6). In contrast, studies of VDR 
action in monkey kidney, Cos7 cells, and the rat 
osteosarcoma cell line ROS17/2.8 (which have en­
dogenous RXRa and & but not y) have shown that 
1,25 (OH)2 D3 action could not be enhanced by 
co-added 9c-RA (13).

Regulation o f Transcription by Cell-Specific 
Coregulators

Studies of nuclear receptor function in differ­
ent eukaryotic cell lines using identical hetero- 
dimer-DNA sequences have demonstrated that 
the action of each cognate ligand for the hetero­
dimer partner is differentially regulated by varia­
tions in cellular context. Such differences between 
cell types demonstrate the important regulatory 
role of local environmental accessory cellular fac­
tors in determining whether a putative transcrip­
tion initiation complex will be either assembled 
or inhibited. These observations indicate that cell 
line-related differences in corepressor or coactiva­
tor proteins that link these activated heterodimeric 
DNA complexes and their ligands to the RNA 
polymerase II holoenzyme complex play impor­
tant roles in transcriptional regulation. Unli- 
ganded nuclear receptor heterodimers can inhibit 
transactivation by preventing formation of the 
preinitiation complex. Indeed, because regions in 
the hinge and N-terminal part of ligand binding 
domain of the thyroid hormone receptor are also 
required for silencing, the existence of additional 
interacting factors that are essential for ligand- 
independent repression has been postulated. In ac­
cordance with these speculations, 270 kDa (N- 
CoR) and 168 kDa (SMRT) proteins have been 
cloned from mammalian cell libraries as TR and 
RAR associated corepressors (TRACs), which 
dominate over ligand-dependent transcriptional 
activation events (8,32). Such proteins bind with 
two unliganded receptors and are released upon 
ligand binding. The carboxyl-termini of both pro­
teins contain a receptor interaction domain 
whereas the amino-terminal portion contains two 
novel repressor motifs. In the absence of ligand, 
the repressor remains associated with the receptor 
and this results in a strong inhibition of basal tran­
scriptional activity of the associated promoter. 
However, in the presence of their cognate ligand, 
the TRACs repressor can be dissociated and the
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suppression relieved to allow net activation. Be­
cause an intact C-terminus transactivation (AF-2) 
domain is essential for the dissociation of the co­
factor and thereby linkage between transcriptional 
suppression and activation through this mecha­
nism can be postulated (8). Several positive cofac­
tors have been additionally identified to include 
Tripl (42,79), TIF-1 (42), RIP140, and RIP160 
(also known as ERAP160) (7,25). The Tripl is 
homologous to the yeast SUG1 protein and inter­
acts with AF-2/rc domain of TR/RAR and VDR 
as well as estogen receptor and minimally with 
RXR (43,78) in a hormone-dependent fashion 
whereas the ERAP160 and RIP 140 proteins binds 
to the AF-2/r region in a hormone-dependent 
fashion to estrogen receptor, RAR, and TR. 
Moreover, the amino-terminus of TR interacts 
specifically with TFIIB (4) and the AF-2/rc of 
RXR directly interacts with TATA binding pro­
tein, both in vivo and in vitro (67), thereby sug­
gesting that an individual receptor may have mul­
tiple pathways of activation. Although TRACs 
have been observed to be ubiquitous, subtle differ­
ences have been observed between different mam­
malian cells (32). Additionally, the ligand-induced 
reversibility of TRACs was reported to be depen­
dent upon the polarity of heterodimer binding un­
less the TR or RAR hinge region, which binds 
these corepressors, is inactivated by structural mu­
tations (39). These observations suggest that mam­
malian TRACs are dominant over coactivators 
with respect to ligand-independent transactivation 
of heterodimers in either a positive or negative 
transactivational mechanism and that polarity of 
heterodimeric binding to the DNA sequences re­
sults in allosteric mechanisms that can be influ­
enced by the action of cognate ligands.

ROLE OF YEAST IN DECIPHERING 
SPECIFIC HUMAN HETERODIMERIC 

FUNCTIONS

Yeast Facilitates Dual Ligand Responsivity o f  
Heterodimers

Although TR and RAR receptors preferentially 
bind to specific HREs in target gene as heterodim­
eric complexes with RXRs, the action of each cog­
nate ligand and the role of accessory cellular fac­
tors that differentially regulate the transcription 
responses to heterodimeric-DNA complex are not 
well understood. Studies in most mammalian cell 
lines have demonstrated that unliganded TR and 
RAR function as transcriptional silencers and that 
the formation of heterodimers with RXRs inhibits

9c-RA binding and the activation of transcription 
(16,17). However, from parallel studies in yeast, 
we and others have demonstrated that TR func­
tions as an activator on Ir palindromes and TRE 
palindromes (54,58) and that TR/RXR hetero­
dimers not only enhance transactivation when 
complexed with a D R + 4 HRE but also that the 
RXR partner of the heterodimer is also responsive 
to 9c-RA (26,82). These observations confirm the 
important regulatory role of cell-specific accessory 
transcriptional cofactors in controlling the eukar­
yotic gene expression. In the cellular context of 
yeast, our studies have discovered that RXR is 
shifted from its function as a silent heterodimer 
partner to an active receptor that is not only re­
sponsive to 9c-RA but can also promote dual li­
gand (9c-RA + T3) enhanced transactivation. 
This dual ligand-dependent increase in transcrip­
tion was only observed with TR@:RXRy, but not 
with TRfiiRXRa heterodimers (82). Such discor­
dant observations in yeast compared to mamma­
lian cells also suggest that inhibition of 9c-RA re­
sponsiveness in mammalian cells may be mediated 
by TRAC-like repressor and represents a tissue- 
specific phenomenon. It is therefore likely that the 
primitive eukaryote yeast is devoid of comparable 
TRAC-like corepressor proteins recently discov­
ered in mammalian cells (8,32) These repressors 
interact with the hinge region of (D subdomain of 
the ligand binding region) of TR and RAR, but 
not RXR, vitamin D, or other known members of 
the type I steroid nuclear receptor family. Recep­
tor-specific (T3 or at-RA) ligands are required to 
relieve basal repression and promote activation of 
transcription. In the absence of specific corepres­
sor TRAC proteins and/or the presumptive pres­
ence of dominant coactivator or adaptor proteins 
in yeast, RXR can escape from the inhibitory ef­
fects of TR heterodimerization in the mammalian 
cells to permit the C-terminus LBD of RXR to 
contact directly with 9c-RA and the specific basal 
transcription apparatus involved in RNA poly­
merase II activation. Similarly, from studies on 
the interactions between human vitamin D recep­
tor (VDR) and human RXRa, mouse RXR/3-2 and 
mouse RXRy , we have observed that RXR/VDR 
heterodimers showed ligand-dependent transacti­
vation from natural VDREs present in rat renal 
24-hydroxylase gene by RXR subtype-specific 
VDR heterodimers but not from consensus 
VDREs, which bound with high affinity as VDR- 
RXR complexes (34). Enhanced transactivation of 
VDR was observed only with RXRa or RXRy and 
not with RXR/3, even though the latter hetero­
dimer bound tightly to DNA. Hence, the recon-
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struction of renal 24-hydroxylase promoter in 
yeast is very similar with respect to the transactiva­
tion potential of specific VDREs and the fold acti­
vation is very similar to that previously observed 
in osteosarcoma cells (34). Thus, the absence of 
endogenous nuclear receptors and ligands as well 
as the likely unique cellular context of transcrip­
tional cofactors present in yeast can facilitate the 
detection of novel regulatory pathways that are 
unique to mammalian cells. These features can 
also be applicable to the discovery of specific co­
regulators of heterodimer function. Also the ac­
tion of cognate ligands and their anologues on 
novel protein-protein and protein-DNA interac­
tion with the basal transcription machinery can be 
systematically evaluated.

PROS AND CONS OF USING THE YEAST
SYSTEM TO STUDY HETERODIMERIC 

INTERACTIONS

It should be clear to the reader that we use the 
yeast system as a tool to address mammalian nu­
clear receptor properties that are not easily studied 
in mammalian cells. Although the yeast system by 
no means replaces the mammalian system, both 
systems can complement each other in studies of 
eukaryotic transcription regulation, depending 
upon the nature of the question. Table 1 summa­
rizes advantages and disadvantages of the yeast 
and mammalian systems with respect to study of 
nuclear receptors.

Ligand-Dependent Responses

As discussed previously, because of its simpler 
(or primitive) RNA polymerase II context, hetero­
dimers expressed in yeast with RXR retain a po­
tential to respond to both the ligands depending 
upon the specific DNA configuration and half-site 
spacing. This is an advantage, as we can explore 
the ligand binding sites of both the monomers that 
make up the functional transcription factor. So 
far RXR has been identified as one of the promis­
cuous heterodimeric partners; with the advent of 
more heterodimeric partners to be discovered 
from about 80% of the human genome yet to be 
made public, the yeast system is likely to play an 
important role in discovery of new ligands. As 
outlined in Table 1, it is important to recognize 
that although yeast is quite faithful in profiling 
compounds that have shown agonist responses in 
mammalian cells, it does not faithfully profile 
molecules that act as antagonists in mammalian 
cells. For example, human estrogen and progester-

TABLE 1
PROS AND CONS OF USING YEAST TO 

STUDY NUCLEAR RECEPTORS

Yeast Tissue Culture Cells

Ligand-dependent transactiva­
tion of nuclear receptors 
possible. Compounds that 
act as antagonists in tissue 
culture cells behave as par­
tial agonists in yeast.

Pure heterodimeric and multi­
meric interactions possible 
with nuclear receptors.

Ligands are not metabolized.

Unique (simple) basal tran­
scription context.

Can produce large amounts of 
a receptor protein.

Complementation cloning to 
discover novel orphans or 
partners (i.e., RIPs and 
TRIPs).

Stable transformants. HTS 
engine, parallel screens 
possible using robotics.

Cell and promoter selective 
agonist and antagonist 
function can be recon­
structed.

Not possible due to endoge­
nous nuclear receptors.

Ligands are metabolized in 
mammalian cells.

Physiological relevance of the 
unique context, depending 
upon the promoter and cell 
line.

Incompatible with cell 
physiology.

Not possible or very time 
consuming.

Transfection of DNA re­
quired. Data from stable 
cell lines may not be reli­
able.

one receptor antagonists behave as partial agonists 
in the yeast system [(34,47,77), Graumann et al., 
unpublished data]. We therefore suggest that the 
yeast system not be used for detail profiling of 
antagonist activities. However, it is relevant to 
note that the agonist activities of various class I 
and class II receptors in yeast have provided a very 
sensitive cell-based system to monitor the majority 
of ligand-dependent responses (2,26-28,34,47,54, 
58,77).

Pure Heterodimeric Interactions

One of the advantages of the yeast system is 
that almost all of its genome has been sequenced 
(or will be made public by the end of 1996). Thus 
far, to our knowledge, no endogenous RAR, 
RXR, TR, or VDR or orphan receptor-like se­
quences have been found in yeast. Although it is 
remarkable that most human nuclear receptor li­
gands are very responsive in yeast, the main ad­
vantage of yeast lies with its primitve environment 
that is devoid of nuclear receptors. Any transcrip­
tional responses, constitutive or ligand dependent, 
are purely the result of the receptor genes that 
have been transformed into yeast. In this respect 
one is studying pure heterodimeric or homodi- 
meric receptor interaction that is not possible in
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mammalian cells. How the yeast system can be 
exploited to discover receptor-targeted ligands can 
be illustrated from the example of COUP, a fam­
ily of orphan receptors that are considered to be 
homodimeric repressors. If we wish to identify a 
ligand that will block the suppresser function of 
the receptors, yeast can be easily screened to dis­
cover COUP-specific ligands. Nuclear receptors 
including COUP do render some constitutive 
transactivation response in yeast (Tsai et al., per­
sonal communication). These constitutive proper­
ties in yeast can in turn be used as signals to iden­
tify agonists/antagonists. Such ligands can be 
further screened in appropriate mammalian cell 
systems to confirm and validate the profile of the 
ligands. By analogy, the yeast system is being used 
as an engine to discover ligands.

Another important feature of using the yeast 
system is that cells are grown in synthetic minimal 
medium, and unlike tissue culture cells that need 
fetal calf serum, the transcriptional responses ob­
served in yeast are not subject to endogenous li­
gands present in tissue culture medium. Some of 
the ligands that have been tested by our laboratory 
(i.e., 9c-RA, vitamin D3, T3, estrogen, and pro­
gesterone) do not undergo any significant chemi­
cal modification in yeast as has been the case with 
some of the ligands in tissue culture cells. Because 
the ligand-dependent responses observed in yeast are 
pure and entirely driven by the added ligands, the 
yeast system is therefore quite amenable to high 
throughput screening to discover novel ligands.

Complementation Cloning
Development of several molecular biological 

tools (i.e., variety of plasmids, regulated promot­
ers, genetic markers) and the power of yeast mo­
lecular genetics have greatly enhanced our ability 
to clone mammalian genes that cooperate or com­
plement a function on yeast-expressed human nu­
clear receptors. The yeast system has been used by 
a number of laboratories to clone ligand- 
dependent or independent corepressors and coact­
ivators of the nuclear receptors (8,32,43). The 
value of using yeast to study nuclear receptors is 
twofold. First, yeast genetics can be used to iden­
tify yeast coregulators that are essential for ligand- 
dependent transactivation of nuclear receptors. 
The yeast genes SWI1, SWI2, and SWI3, which 
are required for transcription of several yeast 
genes, were also found to be essential for gluco­
corticoid receptor function in yeast (79). The SWI 
homologs in higher eukaryotes have been discov­
ered and their function can be reconstrucetd in 
yeast for further studies (24). Second, the partners 
of human nuclear receptors can be cloned by

transforming mammalian cDNA expression li­
braries to complement a desired function in yeast. 
This approach has been employed by number of 
investigators, as described above. Using this ap­
proach, Lee et al. (43) have identified a human 
protein that binds to TR/3 and is a homolog of 
yeast SUG1 gene. Thus, evolutionary conserva­
tion of RNA pol II apparatus between yeast and 
mammals can be used in a number of ways to 
study yeast or mammalian coregulator interaction 
with nuclear receptors. This is the single most use­
ful feature of the yeast molecular genetics that 
has allowed us to identify functional and perhaps 
physiologically relevant partners. In this respect, 
studies on human nuclear heterodimers in yeast 
are of special significance as we set out to recon­
struct human nuclear receptor supermolecular 
complexes in yeast.

FUTURE PERSPECTIVES

Numerous findings of nuclear receptor hetero- 
dimeric interaction can be summarized in Fig. 3. 
Driven by the studies performed in yeast, this 
model proposes that both cognate ligands of the 
heterodimeric partners can be functional on a tar­
get gene. Although RXR has been largely pre­
sumed to work as a silent partner in mammalian 
cells, exceptions have been increasingly docu­
mented (41). We predict that several opportunities 
will arise when dual ligand action may be acti­
vated. This feature has not been fully exploited in 
mammalian cells because of the limited number 
of laboratories that have focused nuclear receptor 
studies on more or less the same cell lines. Our 
findings also suggest that 1, 2, 3, 4, and 5 base 
pair spacer rule could also be more flexible than 
previously surmised. As described in Fig. 3, these 
multiple features create a significant amount of 
diversity that is presumably exploited by cells to 
modulate their physiology. The heterodimeric 
properties of human nuclear receptors observed in 
yeast should certainly be exploited to discover 
novel ligands for therapeutic benefit. We have 
previously calculated the number of different het­
erodimers that are possible with a variety of re­
sponse elements, monomeric partners, and their 
cognate ligands (5). Conservative calculations sug­
gest that combinations of about half a million dif­
ferent structures are possible. The critical question 
is how to decipher which of these structures are 
operative on a target gene. We believe that recon­
struction of an appropriate heterodimer function 
in yeast in the presence of a consensus or a natural 
response element is one of the several promising 
approaches that can be followed by the discovery
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of a novel ligand. A new ligand targeting a desired 
heterodimer can then be tested in physiological 
settings or in a homologous cell line to profile the 
agonist or antagonist activities. We suggest that 
the yeast system could become a major player in 
the discovery of novel ligands.

There are about 150 nuclear receptor genes 
known thus far (49). This number has evolved 
when only about 20% of the genome has been 
sequenced (or made public). Once the whole ge­
nome is sequenced, our task to identify physiolog­
ically relevant partners will become very daunting. 
It is time consuming and tedious to identify nu­
clear receptor heterodimeric partners by biochemi­
cal means. A molecular genetic approach that is 
amenable to high throughput screens is highly de­
sirable. Another critical element of this strategy is 
the ease of identifying ligands by using the yeast 
system. As the nuclear receptor field enters the 
next decade and the excitement of several new or­
phans yet to be discovered increases, novel meth­
ods to study their structure and function will have 
to be developed. The systems and approaches de­
scribed above is one such approach.
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