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The ubiquitous heat shock protein Hsp90 appears to participate directly in the function
of a broad range of cellular signal transduction components, including steroid hormone
receptors; however, an evolutionarily related subclass of intracellular receptors, exem-
plified by the retinoid receptors RAR and RXR, had been inferred from biochemical
studies to function independently of Hsp90. To examine this issue genetically, we
measured mammalian and avian retinoid receptor activity in a Saccharomyces cerevisiae
strain in which the expression of the yeast Hsp90 homologue could be conditionally
repressed ~20-fold relative to wild type. We tested transcriptional activation by RAR or
RXR-RAR, from two types of retinoic acid response elements, triggered by three different
agonist ligands. In every condition, we found that activation was severely compromised
under conditions of low Hsp90 expression. We showed that the defect was in signal
transduction rather than transcription activation per se, and that high affinity hormone
binding was abolished in extracts of cells producing low levels of Hsp90. We suggest that
Hsp90 may function in at least one step of signal transduction by all members of the

intracellular receptor superfamily.

INTRODUCTION

The intracellular hormone receptor superfamily en-
compasses two major subfamilies: the steroid recep-
tors, which include receptors for glucocorticoids (GR),
mineralocorticoids (MR), progesterone (PR), estrogens
(ER), and androgens (AR); and the vitamin recep-
tors, which include receptors for retinoids (RAR and
RXR), thyroid hormone (TR), and vitamin D (Evans,
1988; for review, see Tsai and O’Malley, 1994). The
proteins within these subfamilies are similar in
overall organization, each containing a characteris-
tic zinc binding region, which binds to specific DNA
sequences termed hormone response elements
(HREs), contiguous with a C-terminal signaling do-
main, which interacts with the hormonal ligand
(Evans, 1988; Tsai and O’Malley, 1994).

* Present address: Department of Reproductive Medicine, Univer-
sity of California, San Diego, 9500 Gilman Dr., La Jolla, CA
92093-0674.
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In the absence of ligand, the steroid receptors are
recovered as transcriptionally inactive cytosolic apo-
receptor complexes, comprised of a receptor mono-
mer, a dimer of heat shock protein Hsp90, Hsp56, and
several other proteins (Tai et al., 1986; Smith et al.,
1990; Smith, 1993; Hutchison et al., 1994). Upon hor-
mone binding in vivo and in vitro, the nonreceptor
proteins dissociate from the complex and the resultant
activated receptor is fully competent to bind to cog-
nate HREs and to regulate transcription from nearby
promoters. In reticulocyte extracts, Hsp90 is required
to reconstitute the hormone binding activity of GR
(Scherrer et al., 1990, 1992). Moreover, genetic studies
in which steroid receptors are expressed in yeast, re-
veal that Hsp82 (yeast Hsp90 homologue) is essential
for full activity of GR, MR, PR, and ER in that context;
receptor activity from cognate response elements is
compromised in yeast strains containing either hsp82
point mutants or reduced levels of Hsp82 (Picard et al.,
1990; Bohen and Yamamoto, 1993).

Signaling by the vitamin receptors appears superfi-
cially to be remarkably different. In the absence of
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hormone, the vitamin aporeceptors are isolated in the
nuclear rather than the cytosolic fraction; indeed, the
thyroid aporeceptor can bind to its cognate response
elements and repress transcription in the absence of
hormone (Damm et al., 1989; Graupner et al., 1989). In
addition, the vitamin aporeceptors, unlike their ste-
roid counterparts, have not been recovered in com-
plexes with heat shock proteins, either in cell extracts
(Samuels et al., 1974; Spindler et al., 1975; Nervi et al.,
1989) or after synthesis in reticulocyte lysates (Dalman
et al., 1990, 1991). Finally, purified recombinant vita-
min receptors are competent for hormone binding in
the absence of associated factors (Ichikawa et al., 1991;
Lombardo et al., 1994).

These findings seem to suggest that the vitamin
receptors utilize a mechanism for signal transduction
that is distinct from that of the steroid receptors, and
specifically is independent of Hsp90. This divergence
is unexpected in view of the evolutionary relatedness
of the steroid and vitamin receptors. One finding that
seems consistent with that relationship is that Hsp90
can be cross-linked to the v-erbA protein, a viral onco-
gene derivative of TR, in infected cell extracts (Prival-
sky, 1991). These results were taken to suggest that
vitamin receptors harbor at least a potential to interact
with Hsp90, perhaps forming transient rather than
stable complexes.

Various studies have implicated Hsp90 (and other
factors in the steroid aporeceptor complexes) in a
broad range of cellular events associated with signal
transduction (Bohen and Yamamoto, 1994; Bohen et
al., 1995; see DISCUSSION). Taken in this larger con-
text, it was even more surprising that a role for Hsp90,
whatever its mechanism, would have been bypassed
by the vitamin receptor subfamily. Consequently, we
decided to revisit this issue. As with steroid receptors
(Metzger et al., 1988; Schena and Yamamoto, 1988),
retinoid receptors can function in yeast (Allegretto et
al., 1993; Hall et al., 1993). Thus, using glucocorticoid
receptor dependence on Hsp82 as a control, we set out
to assess whether Hsp82 is required for retinoic acid
receptor activity in a Saccharomyces cerevisiae strain
whose Hsp82 levels are manipulable (Picard et al.,
1990). To do so, we tested human RARB, with and
without RXR as a dimer partner, in the context of
different RAREs and agonist ligands.

MATERIALS AND METHODS

Yeast Strains, Plasmids, and Transformations

See Table 1 for a summary of the yeast strains used in this work. The
strain GRLH was constructed from GRS4 to obtain an additional
selective marker (TRP1), allowing co-expression of RAR and RXR
proteins in the same cell. The GRLH yeast strain was derived in two
steps from the GRS4 strain (originally derived from W303; Picard et
al, 1990), which has the following genotype: hsp82:LEU2,
hsc82::LEU2, ade2, ura3, his3, trpl and contains the plasmid pTT8, a
TRP1/Cen/ARS plasmid with the yeast HSP82 gene under control
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Table 1. Strain key

Parental

strains Genotype

GRLH hsp82::LEU2, Hsc82::LEU2, ade2, ura3, trpl, his3,
with plasmid pLCAgal82

HILH hsp82::LEU2, hsc82:LEU2, ade2, ura3, trpl, his3,
with plasmid pLCAGPDS82

Strain Receptor 1 Receptor 2 Reporter

GRLH.R5 pGIRARB none pdssDR5

GRLH.RX5 p2HGRARB pGIRXRYy pAssDR5

GRLH.RXT p2HGRARB pGIRXRy pAssTREpal

GRLH.G26 pGIN795 none pA26x

GRLH.N26 pGINS525 none pA26x

HILH.R5 pGI1RARB none pAssDR5

HILH.RX5 p2HGRARB PGI1RXRy pAssDR5

of the GAL1 promoter (Picard et al., 1990). First, GRS4 cells were
transformed with a URA3/Cen/ARS plasmid containing a consti-
tutively expressed human HSP90 gene, and the pTT8 plasmid was
segregated by growth on nonselective media using replica plating to
monitor plasmid loss. Second, this intermediate strain was trans-
formed with a TRP1 plasmid (pGIRARPB or pG1RXR7y) along with
pLCAgal82, which contains the yeast HSP82 gene driven by the
GALI promoter inserted between the Sall and SstI sites of pRS315
(LEU2/Cen/ ARS); transformants were selected for trp prototrophy
and replica plated to 5-FOA plates to identify ura™ colonies lacking
the URA3/Hsp90 plasmid. The GRLH strain was confirmed by
immunoblotting to express yeast Hsp82 at high levels in galactose
and at low levels in glucose; repression of the GAL1 promoter is
leaky in GRS4 and GRLH, allowing sufficient Hsp82 expression in
glucose for cell survival (Picard et al., 1990).

The HILH strain was derived from HHIKATS, the parent of
GRS4, which is not leaky for GAL1 repression. HHIKAT6 has the
genotype hsp82:LEU2, hsc82::LEU2, ade2, ura3, his3, trpl and carries
pGalhhsp90, a HIS/Cen/ARS plasmid containing the human
HSPI0 gene under control of the GAL1 promoter. HILH was con-
structed by transforming HHIKAT6 with plasmid pLCAGPDS2,
which contains the yeast hsp82 gene under control of the constitu-
tive GPD promoter inserted between the Sall and Sstl sites of
pRS315 (LEU2/Cen/ARS). Transformants were plated on glucose
media, YEPD, which fully represses human Hsp90 expression; sur-
viving cells, which must carry the pLCAGPD82 plasmid, were
subsequently cured of the pGalhhsp90 plasmid.

The GR plasmids used were pG1N795, the full length (795 aa) rat
GR under control of the constitutive GPD promoter, inserted into
the BamHI site of the pG1 vector (Schena and Yamamoto, 1988), and
pHCANS525, which contains N525, a rat GR derivative truncated at
amino acid 525 and therefore lacking the signaling region, under
control of the GPD promoter inserted between the Clal and Eagl
sites of the pRS313 (HIS3/Cen/ ARS) vector (Bohen and Yamamoto,
1993). The GRE reporter contains three tandem copies of the GRE
from the tyrosine aminotransferase (TAT) gene inserted into the
Xhol site of the pAss reporter (CYCI promoter; Schena et al., 1989).
Retinoic acid receptor plasmids and reporters were gifts from Marty
Privalsky (University of California, Davis, CA). pG1RARB and
P2HGRARSB contain human RARR inserted, respectively, into plas-
mid pGI(TRP1, 2 p) or p2HG(HIS, 2 n), at the BamHI site as
described (Hall et al., 1993). pG1RXRY contains the chicken RXRy
gene inserted into the BamHI site of pG1 (Hall et al., 1993). The DR5
reporter plasmid pADR5 was constructed by inserting a single DR5
oligo (AGGTCAccgaaAGGTCA) into the Xhol site of the URA3/2p
Ass LACZ reporter (CYCI promoter; Schena et al., 1989); the TRE
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reporter pATREpal contains two tandem copies of the palindromic
TRE element (TCGAGATCTCAGGTCATGACCTGAGATC) at the
Xhol of the URA3/2 u Ass vector (Privalsky et al., 1990).

Transformations were performed using the lithium acetate
method (Gietz et al., 1992). Substrains of the GRLH and HILH
strains (see Table 1) were constructed by transformation with the
following combinations of plasmids: p2HGRARB and pGIRXRy
with the pAssDR5 p-gal reporter (GRLH.RX5, HILH.RX5);
pGI1RARPB with pAssDR5 (GRLH.R5, HILH.R5); p2HGRARPB and
pGIRXRy with pAssTREpal B-gal reporter (GRLH.RXT); pG1N795
with the pA26x B-gal reporter (GRLH.G26); and pGIN525 with
pA26x (GRLH.N26).

B-Galactosidase Assays

GRLH strains were grown on 2% galactose, 0.1% sucrose minimal
selective plates. Overnight cultures were inoculated into either ga-
lactose or glucose selective media and grown at room temperature
for ~24 h (ODgq, ~3.0). Galactose and glucose cultures were diluted
to ODyq of 0.1 and 0.15, respectively. The cultures were allowed to
recover for 5-6 h before addition of hormone (100X stocks of
hormone were stored in 95% ethanol at —20°C) or, in controls, 95%
ethanol alone (ODg, between 0.2 and 0.3 at hormone addition). All
trans- and 13-cis-retinoic acid, and deoxycorticosterone were ob-
tained from Sigma Chemical (St. Louis, MO); 9-cis-retinoic acid was
a gift from Ligand Pharmaceuticals (La Jolla, CA). Cultures were
grown at room temperature in the presence of hormone (or vehicle)
for 12 h, and harvested at an ODy, of about 1.5; B-gal assays were
performed on cell pellets from 1-ml cultures by permeabilization
with chloroform and incubation for 2-20 min at 30°C with ONPG as
described (Garabedian and Yamamoto, 1992). OD,,, of incubations
was normalized to ODgy, of cell culture.

Immunoblotting

Yeast cultures were grown as described for B-gal assays. Ten mil-
liliter cultures were centrifuged at 2000 rpm for 5 min, washed once
with phosphate-buffered saline, and resuspended in 100 ul of cold
extract buffer (10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid [HEPES], pH 7.4, 400 mM KCl, 1 mM EDTA, 2 mM
dithiothreitol [DTTI], 10% glycerol, 1 ug/ml each of pepstatin A
[Boehringer Mannheim, Indianapolis, IN], leupeptin [Boehringer
Mannheim], and aprotinin [Boehringer Mannheim], and 1 mM phe-
nylmethylsulfonyl fluoride [Sigma]). Cells were lysed by vortex
mixing with glass beads at 4°C for 30 min. Extracts were cleared by
centrifugation for 2 min in a microfuge followed by 20 min at 90,000
rpm in a TLA 100 rotor. Fifty micrograms of extract (measured by
Bradford assay) was loaded per lane for RAR blots and 12.5 ug of
extract was loaded per lane for Hsp82 blots. Gels were blotted to
nitrocellulose for 1 h using a Nova Blot dry blotting apparatus and
then blocked in Tris-buffered saline, 0.5% Tween (TBST) with 2%
bovine serum albumin. The Hsp82 blot was probed with a yeast-
peptide—specific anti-Hsp82 rabbit anti-serum (a gift of S. Lindquist,
University of Chicago, file #4-1-8) in TBST for 1 h. The RAR blot
was probed with a rabbit anti-RARB antibody from Affinity Biore-
agents (Neshanik Station, NJ) in TBST for 1 h. Secondary antibodies
were goat anti-rabbit alkaline phosphatase-conjugated from Bio-
Rad (Richmond, CA). Blots were washed five times for 5 min in
TBST between primary and secondary antibody incubations and
before developing. The developing method was NBT/BCIP reagent
for alkaline phosphatase (Kirekegard and Perry, Gaithersburg, MD).
RAR protein levels were assayed before and after the high speed
centrifugation and found to be the same.

In Vitro Hormone Binding Assays

Overnight cultures were grown as for B-gal assays, except no hor-
mone or ethanol was added after dilution. Cultures were diluted to
an ODyy of 0.2 in 50-100 ml of selective media and were grown at
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room temperature. At ODgy, between 1.0 and 1.5, extracts were
prepared as described for immunoblotting and adjusted to 10
mg/ml protein; 100 ug of extract protein was saved for immuno-
blotting. The hormone binding and hydroxyapatite (HAP) sepa-
ration protocol was adapted from Allegretto et al. (1993): 20 ul of
extract was added to 200 ul binding buffer to yield final concen-
trations of 10 mM HEPES, pH 7.4, 125 mM KCl, 1 mM EDTA, 10%
glycerol, 10 mM DTT, 0.5% 3-([3-cholamidopropylldimethylam-
monio)-2-hydroxy-1-propanesulfonate. *H-trans-retinoic  acid
(NEN, Boston, MA; 50.3 Ci/mmol in 95% ethanol) was added at
concentrations between 0.1 and 15 nM; for nonspecific binding, a
200-fold excess of unlabeled trans-retinoic acid (Sigma) was in-
cluded. Extracts were incubated with hormone for 8-9 h on ice in
the dark (optimal incubation time was shown in time course
experiments to be 8-12 h). Immunoblotting on 100 ug of hor-
mone-incubated and control extracts revealed no changes in RAR
protein levels during the incubation. One hundred microliters of
a 10% (v/v) HAP (Bio-Rad) slurry in wash buffer (same as
binding buffer but with 1 mM DTT) was added and incubated
with rotation in the dark for 1 h at 4°C. HAP was centrifuged at
2000 rpm for 2 min and washed three times with wash buffer. The
pellet was resuspended in 100 ul of wash buffer and counted in
4 ml of Safety Solve scintillation fluid (Research Products Inter-
national, Mt. Prospect, IL). Counter efficiency was determined to
be 58%. Data from 3-5 experiments were pooled and analyzed
using a weighted least-squares curve-fitting algorithm (MacLi-
gand) that normalizes total binding and nonspecific binding
between experiments (Munson and Rodbard, 1980).

RESULTS

Effects of Reduced Hsp82 on Transcriptional
Activation by RAR

To assess the effects of Hsp82 levels on RAR activity,
we monitored reporter gene expression in derivatives
of a yeast strain GRLH, in which the HSP82 gene is
under the control of the GALI promoter (Table 1). In
this strain, Hsp82 is expressed at about wild-type
levels in galactose-containing media, whereas ~20-
fold less Hsp82 protein is produced in glucose-con-
taining media (Picard et al., 1990; see Figure 2). Differ-
ent combinations of receptor and reporter plasmids
were stably introduced into GRLH to produce the
strains described in Table 1. Hence, GRLH.RX5 ex-
presses RAR and RXR, and harbors a reporter plasmid
in which a B-galactosidase gene is linked to a DR5
RARE (composed of direct repeats of AGGTCA sepa-
rated by 5 bp). In galactose, trans-retinoic acid (trans-
RA) produced a >30-fold maximal induction of re-
porter gene expression (Figure 1A). In contrast, only
~fourfold B-gal induction by trans-RA was observed
when this strain was propagated in glucose. At all
hormone levels tested, B-gal activity was ~eightfold
lower in conditions of reduced Hsp82 (glucose) com-
pared with wild type (galactose).

As a positive control, we compared our findings
with RAR-RXR to those with GR, which is known to
interact with Hsp90 (Sanchez et al., 1985; Howard and
Distelhorst, 1988), and requires Hsp82 for normal ac-
tivity in yeast (Picard et al., 1990). In strain GRLH.G26,
which expresses GR and a GRE-linked reporter, we
found that B-gal induction at two concentrations of
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Figure 1. RAR and GR activities in yeast expressing normal or
reduced levels of Hsp82. (A) Strain GRLH.RX5, expressing RAR and
RXR and carrying a DR5 RARE-linked B-gal reporter, was cultured
in galactose (closed circles; normal Hsp82 levels) or glucose (open
circles; 20-fold reduced levels of Hsp82). Data represent the average
of six experiments * SD, using two independent transformants in
each. B-gal units are normalized to ODgy. (B) Strain GRLH.G26,
expressing GR and carrying a GRE-linked B-gal reporter, was cul-
tured in galactose (closed circles; normal Hsp82 levels) or glucose
(open circles; 20-fold reduced levels of Hsp82). Data represent the
average of three experiments *+ SD, using two independent trans-
formants in each. B-gal units are normalized to ODgyy. Cultures
were treated with hormone (A, trans-RA; B, DOC, deoxycorticoste-
rone) at concentrations shown.

deoxycorticosterone, a glucocorticoid agonist, was
~25-fold stronger in galactose-containing medium
than in glucose (Figure 1B). Thus, although GR
function is more strongly affected by the glucose
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growth conditions than is RAR-RXR function, there
is clearly a substantial effect on both receptor activ-
ities, implying that Hsp82 participates in the actions
of both.

Especially because our findings with RAR activity
were unexpected, it was important to explore possible
trivial explanations for the results. We first examined
the intracellular accumulation of Hsp82 and RAR in
glucose and galactose media in the GRLH.RX5 and
GRLH.R5 strains. As expected, Hsp82 protein levels
were dramatically higher in galactose than in glucose
grown cells (Figure 2A). In contrast, RAR accumula-
tion was unaffected by the carbon source (Figure 2B);
in other experiments, we showed that hormone treat-
ment did not alter RAR levels. Although we lacked a
suitable antibody to assess RXRy levels in these exper-
iments, it is clear at least in the case of RAR (e.g., see
Figure 4 below) that the differential receptor activities
observed in glucose and galactose do not reflect al-
tered receptor levels.

In a second series of controls, we examined retinoid
receptor activities in yeast strains in which the choice
of carbon source could be uncoupled from an effect on
Hsp82 protein level. In the HILH strain, the GAL-
inducible HSP82 gene was replaced with constitu-
tively expressed HSP82. In the strains HILH.R5 and
HILH.RX5, which express RAR alone, and together
with RXR, respectively (see Table 1), reporter gene
induction by trans-RA was in every case 1.5- to 2-fold
stronger in glucose than in galactose media, with the
overall fold-induction at each hormone concentration
being similar for galactose and glucose (Figure 3). We
conclude that altered Hsp82 levels, and not the carbon
source available to the cells, are responsible for the
differential receptor activities observed in Figure 1.

Hsp82

B RARR

Figure 2. Intracellular levels of RAR and Hsp82. Cleared extracts
from strain GRLH.RX5, which expresses RAR and RXR, or strain
GRLH.R5, which expresses RAR, were fractionated by gel electro-
phoresis, blotted to nitrocellulose, and probed with antibodies as
described in MATERIALS AND METHODS. Lanes 1-4, GRLH.RX5;
lanes 5-8, GRLH.R5. Cultures were grown in galactose (lanes 1, 2, 5,
and 6) or glucose (lanes 3, 4, 7, and 8). Paired lanes represent two
individual transformants from the same strain. (A) 12.5 ug extract
per lane, probed with anti-Hsp82 antibody. (B) 50 ug of extract per
lane, probed with anti-RARB antibody.
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Figure 3. Effect of carbon source alone on retinoid receptor action.
(A) Strain HILH.RXS5, expressing RAR and RXR and constitutjve
Hsp82, and carrying a DR5 RARE-linked B-gal reporter, was cul-
tured in galactose (closed circles) or glucose (open circles). (B) Strain
HILH.R5, expressing RAR and constitutive Hsp82, and carrying a
DR5 RARE-linked B-gal reporter, was cultured in galactose (closed
circles) or glucose (open circles). Data are from one representative
experiment, using two independent transformants for each strain;
error bars represent SD.

Effects of RAR Context on Hsp82 Dependence

RAR is functional in diverse contexts, operating as a
homodimer or heterodimer, at HREs with half-sites
arranged as direct repeats or palindromes, and with
several different biological ligands (Manglesdorf and
Evans, 1992). Conceivably, the interaction of Hsp82
with RAR, or its functional significance, might differ in
different receptor contexts. To examine this possibility,
we tested the effects of impaired Hsp82 production on
the activity of RAR in several of its modes of action.
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We first compared the effects of Hsp82 reduction on
RAR homodimers versus heterodimers with RXR, and
on heterodimers at a direct repeat element versus a
palindromic element. Figure 4 shows that in each case,
receptor function is abrogated under conditions of
reduced Hsp82 production. Thus, in strains express-
ing RAR-RXR, B-gal induction at both the DR5 and the
palindromic TRE response elements was clearly de-
pendent on normal levels of Hsp82 (Figure 4; RX5 and
RXT). Similarly, in strains carrying the DR5 RARE-
linked reporter, B-gal induction via RAR homodimers
and RAR-RXR heterodimers was compromised in low
Hsp82 (Figure 4; R5 and RX5). Although the overall
efficacies differed over a two- to threefold range in
these different contexts, fold-induction was reduced
by 5- to 10-fold in each condition when Hsp82 pro-
duction was reduced. We suggest from these results
that Hsp82 is important for the ligand-responsive
functions of RAR regardless of its dimerization part-
ner or the response element at which it acts.

We next tested whether a role for Hsp82 could be
detected under conditions in which RAR is activated
by three distinct naturally occurring retinoid isomers—
trans-RA, 9-cis-retinoic acid, and 13-cis-retinoic acid
(Figure 5). In strains expressing the DR5-linked re-
porter and either RAR homodimers (Figure 5, R5) or
RAR-RXR heterodimers (Figure 5, RX5), low Hsp82
production led to a pronounced reduction in B-gal
induction with all three ligands. Consistent with pre-
vious findings (Allegretto et al., 1993; Heery et al.,

150 H no hormone
74 0.1 nM tRA
[ 1.0 nMtRA

1004 R 10nMtRA

50

Beta-gal units

T

Figure 4. Retinoid receptor action in different contexts: effects of
different dimerization partners and response element. Cultures
were grown in galactose (normal Hsp82 levels) or glucose (20-fold
reduced levels of Hsp82) media containing trans-RA at concentra-
tions shown. RX5, GRLH.RXS strain containing RAR, RXR, and DR5
reporter; RXT, GRLH.RXT strain containing RAR, RXR, and TRE
reporter; R5, GRLH.R5 strain containing RAR and DRS5 reporter.
Data represent the average of at least three experiments + SD, using
two independent transformants in each.
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Figure 5. Retinoid receptor action in different contexts: effects of
different retinoic acid isomers. Cultures were grown in galactose
(hatched bars, normal Hsp82 levels) or glucose (solid bars, 20-fold
reduced levels of Hsp82) media containing different isomers of
retinoic acid at 10 uM. RX5, GRLH.RX5 strain containing RAR, RXR,
and DR5 reporter; R5, GRLH.R5 strain containing RAR and DR5
reporter. 9-cis, 9-cis-retinoic acid; trans, all trans-RA; 13-cis, 13-cis-
retinoic acid. Data represent the average from two experiments.

1994) the three isomers displayed different relative
efficacy (9-cis > trans > 13-cis) in the presence of the
RAR-RXR heterodimer. In each case, reduced Hsp82
expression evoked a four- to fivefold decrease in re-
ceptor activity. The ligands displayed greater similar-
ity in efficacy in the presence of RAR homodimers
than with heterodimers, and were similarly compro-
mised by reduced Hsp82 levels. Thus, Hsp82 partici-
pates in RAR action irrespective of the specific agonist
that converts it to a functional activator.

Signal Transduction, Not Transcription, Is Impaired
by Reduced Hsp82 Levels

Because Hsp82 affects receptor activities triggered by
all agonists tested, it was important to examine the
possibility that Hsp82 might in fact directly alter the
transcriptional regulatory functions of intracellular re-
ceptors, rather than modulating signal transduction.
To assess this notion in a general way, we used N525,
a constitutively active glucocorticoid receptor deriva-
tive that lacks the C-terminal signaling domain
(Godowski et al., 1987), and monitored its transcrip-
tional activity under conditions of low and high
Hsp82 production. The corresponding truncations of
RAR are inactive and therefore uninformative, as the
RAR transcriptional activation domain resides in the
signaling region (Pratt et al., 1990; Tsai et al., 1992).
Relative to the <0.5 B-gal units produced from a
GRE-linked reporter, pA26x (Schena et al., 1989), in the
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absence of the receptor derivative, N525 GR elicited
980 = 86 B-gal units in galactose and 1491 * 32 units
in glucose. Thus, N525 displayed very strong activity
under both nutrient conditions; the ~1.5-fold stronger
effect in glucose was consistent with previous compar-
isons of these carbon sources (see Figure 3). We infer
from these results that the transcriptional regulatory
activity of intracellular receptors is unaffected by al-
terations in Hsp82 level, and that receptor-mediated
signal transduction must therefore be the target of
Hsp82 action on the full length GR, and by extension,
on RAR and RXR.

Low Hsp82 Levels Abrogate Hormone Binding

Previous studies have shown that dissociation of the
complex of Hsp90 and other factors from the apore-
ceptor dramatically reduces the hormone binding
affinities for several steroid receptors (Bresnick et
al., 1989; Caamano et al., 1993; Smith, 1993). Al-
though the biological significance of these biochem-
ical findings has not been examined, they are con-
sistent with the suggestion that Hsp82 affects the
hormone binding step of signal transduction. There-
fore, we tested whether hormone binding by RAR
might depend upon Hsp82 in yeast.

GRLH.RX5 cultures were propagated in galactose or
glucose, and cell extracts were prepared and incu-
bated with various concentrations of *H-trans-RA.
Hormone-receptor complexes were separated from
unbound hormone by retention on hydroxylapatite
(Allegretto et al., 1993); no specific binding was de-
tected in the absence of RAR expression. As shown in
the Scatchard plot in Figure 6A, complex binding be-
havior was observed under conditions of normal
Hsp82 expression; a weighted least-squares curve fit-
ting analysis (Munson and Rodbard, 1980) indicated
two sites with Ky of 0.3 nM and 60 nM. Thus, in the
range of hormone concentrations tested (0.1-15 nM),
the great majority of the bound hormone was associ-
ated with the high affinity complexes. The 0.3 nM (*
0.2 nM) K site agrees closely with the K4 of 0.36 nM
for RARB determined in simian cells (Allenby et al.,
1993), and 0.37 nM in baculovirus-infected insect cells
(Allegretto et al., 1993). Thus, we assume that the high
affinity sites represent normal hormone-receptor inter-
actions, and we calculate roughly 10° functional recep-
tors per yeast cell. The nature of the low affinity bind-
ing sites is unknown, but they may be similar to the
low affinity interactions observed in the low Hsp82
extracts, where a low level of binding was inferred at
high concentrations of hormone (> 5 nM); over the
range of hormone concentrations shown in Figure 6B,
no specific binding was detected.

These findings establish the relevance in vivo of
biochemical studies implicating Hsp82 as a key player
in hormone binding by intracellular receptors, and
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Figure 6. Scatchard analysis of hormone binding in vitro. Strain
GRLH.RX5, expressing RAR and RXR and carrying a DR5 RARE-
linked B-gal reporter, was cultured in galactose (A, normal Hsp82
levels) or glucose (B, 20-fold reduced levels of Hsp82) media. Ex-
tracts were incubated with various concentrations of *H-trans-RA,
and hormone-receptor complexes were separated from free hor-
mone on hydroxylapatite as described in MATERIALS AND
METHODS. (A) Data are averaged from five separate experiments;
(B) data are from three experiments; data are plotted on Scatchard
plots and fitted using a weighted least-squares curve-fitting algo-
rithm (see MATERIALS AND METHODS).

extend that conclusion from the steroid receptor sub-
family to the vitamin receptor subfamily. We conclude
that the signal transduction mechanisms for the ste-
roid and vitamin receptor subfamilies are more similar
than previously suggested.

DISCUSSION

We examined in yeast the functional relationship be-
tween the retinoic acid receptor and Hsp90. Using a
strain with glucose-repressible Hsp82, we found that
RAR activity is decreased ~eightfold at low levels of
Hsp82. In controls, we showed that accumulation of
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RAR protein is unchanged by alterations in Hsp82
levels, and that carbon source has little intrinsic effect
on RAR activity. We established that RAR activity is
Hsp82 dependent in every context examined (dimer
partner, response element, and agonist), and that high
affinity hormone binding in particular is lost at low
levels of Hsp82. We conclude that Hsp82 probably
affects signal transduction by all intracellular recep-
tors; whether Hsp82 modulates signaling functions in
addition to hormone binding remains to be tested.

Our findings suggest that the signal transduction
mechanisms across the intracellular receptor super-
family are more similar than previously thought. Two
types of studies contributed to the earlier notion that
RAR functions independently of Hsp90. First, Hsp90-
containing aporeceptor complexes, such as those
found for the steroid receptors, have not been ob-
served in the case of RAR; similarly, we have so far
failed to detect RAR-Hsp82 complexes in yeast ex-
tracts by co-immunoprecipitation. Second, Hsp90-free
apoRAR, either salt extracted from nuclei or expressed
in Escherichia coli, is competent for high affinity hor-
mone binding. How might we account for the appar-
ent discrepancy between those findings and our con-
clusions?

Conceivably, the Hsp82 requirement for RAR sig-
naling in S. cerevisiae is an idiosyncrasy of expression
in that heterologous species, and not a reflection of
Hsp90 action elsewhere. Although we have not ex-
cluded this formal possibility, it seems highly unlikely
that our results are merely artifactual, as they parallel
the paradigm for steroid receptors established in
mammals, amphibians, avians, and yeast. Hence, we
favor the idea that RAR signaling requires a transient
rather than a stable interaction with Hsp90, and that
this requirement in bacteria may be satisfied by HtpG,
the E. coli homologue of Hsp90 (Bardwell and Craig,
1987).

According to this view, different members of the
intracellular receptor family might differ in the stabil-
ity of their interactions with Hsp90, at least as mea-
sured in vitro, but signaling across the whole family
may nevertheless require those interactions. Thus,
there might exist a broad continuum of in vitro stabil-
ities of various Hsp90-receptor complexes, and a con-
tinuum of requirements for that stability for subse-
quent ligand binding or other signaling functions.
Along this spectrum, GR and MR reside at one end,
requiring intact aporeceptor complexes for hormone
binding; in contrast, hormone binding by PR requires
intact aporeceptor complexes at 37°C (Smith, 1993) but
not at 4°C (Bagchi et al., 1990); ER and AR form stable
aporeceptor complexes but are able to bind cognate
hormones at 4°C after dissociation of the complexes
(Wittliff et al., 1990; Nemoto et al., 1992); finally, RAR
may define the other end of the continuum, in which
the RAR-Hsp90 interaction is only transient but nev-
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ertheless necessary for hormone binding. As RAR, PR,
and ER produced in E. coli display hormone binding
activity (Eul et al., 1989; Wittliff et al., 1990; Yang et al.,
1991) yet require Hsp82 in yeast (Picard et al., 1990;
Bohen and Yamamoto, 1993), it might be illuminating
to test hormone binding by these receptors after syn-
thesis in E. coli bearing htpg mutations.

Our suggestion that Hsp90 may interact only tran-
siently with certain targets seems consistent with sev-
eral previous studies. For example, it has been pro-
posed that the MyoD1 protein undergoes a transient
but functionally significant interaction with Hsp90
(Shaknovich et al., 1992). Similarly, a v-ErbA-Hsp90
complex was detected reliably only after stabilization
by chemical cross-linking (Privalsky, 1991). PR apore-
ceptor complexes are in a rapid (t» ~4-5 min) asso-
ciation-dissociation cycle, and hormone binding pre-
cludes re-entry of the dissociated complexes into the
reassociation pathway (Smith, 1993). Finally, studies
of various steroid receptors have established that dis-
assembly of aporeceptor complexes can be rapid and
apparently spontaneous, whereas reassembly requires
Hsp70 and perhaps other molecular chaperones in an
ATP-dependent process (Smith, 1993; Kimura et al.,
1995).

Of the proteins comprising the steroid aporeceptor
complex, most attention has focused on Hsp90, as it
was the first receptor-associated protein identified and
the first shown to be functionally significant. Hsp90
has been shown to interact with multiple classes of
signaling factors, such as the glucocorticoid and di-
oxin receptors (Sanchez et al., 1985; Wilhelmsson et al.,
1990), tyrosine kinases, such as src (Oppermann et al.,
1981), and ser-thr kinases such as e-IF2a kinase, Raf,
and cdc2 kinase (Rose et al., 1987; Stancato ef al., 1993;
Aligue et al., 1994). In both budding and fission yeast
and in Drosophila, Hsp90 is required for viability
(Borkovich et al., 1989; Aligue et al., 1994; Cutforth and
Rubin, 1994), and in Drosophila, it has been implicated
in tyrosine kinase signaling by the sevenless receptor
and in cell-cycle control (Cutforth and Rubin, 1994).

The Hsp90 interaction delivers to its targets a het-
erotypic protein complex that, in the case of the ste-
roid receptors, is comprised of a dimer of Hsp90 and
several other components including Hsp56, p60, and
p23 (Tai et al., 1986; Smith et al., 1990; Smith, 1993;
Hutchison et al., 1994). This interaction in turn appears
to be mediated by the Hsp70 molecular chaperone,
which interacts with the receptors and requires ATP
hydrolysis to drive aporeceptor assembly. Although it
has been suggested that Hsp90 itself may harbor an
ATP-independent chaperone-like function (Miyata
and Yahara, 1992; Wiech et al., 1992), it remains to be
clearly established whether Hsp90 is more than sim-
ply an intermediary between its broad range of targets
and the other factors in the complex. Bohen et al. (1995)
suggested that the expenditure of energy to form the
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unliganded aporeceptor may yield a “‘poised”” recep-
tor conformation that is inactive but highly responsive
to the triggering ligand, and that analogous interac-
tions of Hsp90 chaperone complexes with other cellu-
lar signaling components may similarly produce mo-
lecular species well suited to sensing and transducing
signals.

Our present findings imply a functional interaction
between the retinoic acid receptor and Hsp90 that had
gone undetected in biochemical studies. The sugges-
tion that the RAR-Hsp90 interaction is transient, to-
gether with the notion that the interaction imparts on
RAR a functional conformation, suggests in this case
that the Hsp90 complex may be able to serve as a true
chaperone, whereas in cases such as GR, it appears to
be an active component of the aporeceptor complex.
Nevertheless, in both cases, the Hsp90 complex may
act by a similar mechanism to produce a signal-sensi-
tive species. By this view, the great abundance and
strong conservation of Hsp90 might be rationalized by
assuming that it interacts with an even broader range
of cell signaling proteins than previously suspected. It
should prove interesting to investigate the selectivity
of target selection by Hsp90, the significance of the
transience or stability of its target contacts, and the
molecular mechanisms of its actions.
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