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In addition to its roles in translocation of preproteins across membranes, Ydj1 facilitates the maturation of
Hsp90 substrates, including mammalian steroid receptors, which activate transcription in yeast in a hormone-
dependent manner. To better understand Ydj1’s function, we have constructed and analyzed an array of Ydjl
mutants in vivo. Both the glucocorticoid receptor and the estrogen receptor exhibited elevated activity in the
absence of hormone in all ydjI mutant strains, indicating a strict requirement for Ydjl activity in hormonal
control. Glucocorticoid receptor containing a mutation in the carboxy-terminal transcriptional activation
domain, AF-2, retained elevated basal activity, while mutation of the amino-terminal transactivation domain,
AF-1, eliminated the elevated basal activity observed in ydjl mutant strains. This result indicates that the
source of activity is AF-1, which is normally repressed by the carboxy-terminal hormone binding domain in the
absence of hormone. Chimeric proteins containing the hormone binding domain of the estrogen or glucocor-
ticoid receptor fused to heterologous activation and DNA binding domains also exhibited elevated activity in
the absence of hormone. Thus, Ydj1 mutants appear to increase basal receptor activity by altering the ability
of the hormone binding domain of the receptor to repress nearby activation domains. We propose that Ydj1
functions to present steroid receptors to the Hsp90 pathway for folding and hormonal control. In the presence
of Ydj1 mutants that fail to bind substrate efficiently, some receptor escapes the Hsp90 pathway, resulting in

constitutive activity.

Hsp90, a highly conserved, abundant, and essential cytosolic
molecular chaperone, functions in the maturation of a limited
set of substrate proteins. Hsp90 was originally found to be
involved in the activation of proteins involved in signaling
pathways such as steroid hormone receptors and the oncogenic
tyrosine kinase v-Src. Recent studies have revealed interaction
with the hepatitis B retrovirus, nitric oxide synthase, telomer-
ase, and the mutant form of p53 (7, 23), suggesting that Hsp90
may be involved in the maturation of many diverse substrates.

Hsp90 functions with a number of cochaperones in an ap-
parently dynamic but ordered pathway leading to substrate
maturation (48). Much of what is known about the interaction
of Hsp90 and cochaperones with substrate proteins comes
from studies of steroid hormone receptors (45). Besides pro-
moting receptor activity, Hsp90 and cochaperones prevent ste-
roid receptor activity in the absence of hormone, as receptors
bound to Hsp90 cannot bind DNA and are therefore inactive
as transcription factors. In vitro studies in reticulocyte lysates
have led to the identification of proteins required for steroid
receptor activation. Purified receptor is unable to bind hor-
mone, but incubation in reticulocyte lysate results in a form of
the receptor bound to Hsp90, p23, and immunophilins of the
cyclophilin and FK506-binding protein classes (45). This ma-
ture form is capable of binding hormone, at which point chap-
erones are released, forming transcriptionally active receptor.
Other components of the reticulocyte lysate that interact with
the receptor in this pathway include Hsp70, Hop, and a mem-
ber of the Hsp40 family (45). While the specific function of
each of these proteins in complex assembly is unclear, Hsp70
and Hsp40 appear to function very early in the pathway.

Steroid receptors have three domains: an amino-terminal
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activation domain (AF-1), a DNA binding domain, and a car-
boxy-terminal hormone binding domain (HBD). The HBD
contains the hormone binding site, the Hsp90 binding site, and
a second activation domain, AF-2. Hormone binding triggers a
series of events, including release of Hsp90 and cochaperones,
DNA binding, and activation of AF-1 and AF-2. Mutational
analysis of the estrogen receptor (ER) and the glucocorticoid
receptor (GR) revealed that the two activation domains AF-1
and AF-2 are regulated separately (21, 37). AF-2 is strictly
hormone dependent, as hormone binding is necessary to cause
the conformation change that exposes the AF-2 site. However,
truncation mutants of the ER and the GR that contain the
amino-terminal AF-1 but lack the HBD are constitutively ac-
tive (20, 29, 51). This observation led to the concept that the
HBD suppresses AF-1 activity in the absence of hormone. In
support of this role, fusion of the HBD of either the ER or the
GR to heterologous DNA binding and activation domains con-
ferred both hormonal control and Hsp90 binding (44, 46). The
mechanism by which the HBD suppresses AF-1 activity is un-
known but is likely a consequence of Hsp90 binding to the
HBD.

In vivo studies of Saccharomyces cerevisiae have recapitu-
lated the requirement for Hsp90 and cochaperones in steroid
receptor maturation (42). While S. cerevisiae does not contain
endogenous steroid receptors, steroid receptors expressed in
yeast bind homologs of the proteins mentioned above—Hsp82
(Hsp90), Ssa (Hsp70), Stil (Hop), Sbal (p23), Ydj1 (Hsp40),
and Cpr6/7 (Cyp-40)—and activate transcription in a hor-
mone-dependent manner (17, 27). Mutations in the yeast
genes encoding Hsc82/Hsp82, Stil, Ydj1, and Sbal affect the
ability of steroid hormone receptors expressed in yeast to ac-
tivate reporter genes in response to hormone (4, 17, 42). The
maturation of v-Src in S. cerevisiae is also affected by mutations
in the Hsp90 pathway. v-Src is toxic to wild-type yeast, due to
the aberrant tyrosine phosphorylation of yeast proteins. Ex-
pression of v-Src in yeast strains containing mutations in AspS2,
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ydjl, stil, or sbal results in decreased lethality and/or de-
creased phosphotyrosine activity relative to wild-type yeast (17,
27). Therefore, S. cerevisiae is a useful model for studying the
interactions of Hsp90 and cochaperones with substrate pro-
teins.

The focus of this report is the role of Ydjl in Hsp90 path-
ways. Ydjl is a member of the Hsp40 class of molecular chap-
erones, an important class of chaperones found in virtually
every organism and cellular compartment (12, 28). Hsp40s
regulate the function of partner Hsp70s by stimulating the
ATPase activity of Hsp70. In some cases, Hsp40s also direct
partner Hsp70s to interact with substrate polypeptides. Ydj1 is
known to stimulate the ATP hydrolysis of the cytosolic Hsp70
Ssa and is capable of binding some denatured substrates (14,
35). Ydjl is not essential in S. cerevisiae, but disruption of YDJ!
results in slow-growing cells that grow poorly at 30°C and very
poorly in liquid media at all temperatures (1, 9). Ydjl is a class
1 Dnal homolog (12), sharing the general domain structure of
Escherichia coli Dnal, in which the amino-terminal J domain is
followed by a G/F-rich region (constituting the J + G/F re-
gion), a zinc finger region, and a less conserved carboxy-ter-
minal domain. The amino-terminal J + G/F region is sufficient
to stimulate the ATPase activity of Ssa, while the substrate
binding region has been localized to the zinc finger region
and/or the carboxy-terminal region (35, 49). Ydjl also pos-
sesses a CAAX box, which specifies the posttranslational ad-
dition of a farnesyl group to the carboxy terminus of Ydjl, a
modification that facilitates attachment of Ydj1 to endoplas-
mic reticulum membranes (11).

Previous reports have shown differing roles for Ydjl in
Hsp90 pathways. Supporting a role in activating steroid recep-
tors, Caplan et al. (10) found that the ydjI/-151 mutation de-
creased the ability of the androgen receptor to activate a re-
porter gene in the presence of hormone. However, Kimura et
al. (29) found that the ydjI-G315D mutation greatly increased
the activity of the GR and ER in the absence of hormone,
suggesting Ydj1 has a role in repressing receptor activity in the
absence of hormone. As different Ydjl mutants and different
receptors were used in these studies, the generality of these
results and the role of Ydj1 is unresolved. To clarify the role of
Ydj1 in Hsp90 pathways in vivo, we have used multiple Ydj1
mutants to examine the role of Ydjl in the maturation of three
different Hsp90 substrates, v-Src, the GR, and the ER.

MATERIALS AND METHODS

Generation of Ydj1 mutants. With the exception of C406S, which was a gift of
Avrom Caplan, Ydjl mutants were selected from a random PCR-mutagenized
library of YDJI in one of two genetic screens. The initial screen, which yielded
mutants N104, N134, N172, N206, and G315E, was designed to isolate Ydjl
mutants that were capable of growth in the presence of v-Src at 30°C. The
majority of mutants isolated in this screen were truncation mutants. Ydjl mu-
tants F47L, G153R, N274, and N363 were isolated in a screen for temperature-
sensitive Ydj1 mutants that produced proteins of 30 kDa or larger.

Construction of ydjI library. The 3.6-kb SacI-Munl fragment of YDJI was
cloned into the SacI-EcoRI sites of the centromeric plasmid pRS316 to create
pRS316-YDJ1. A library of PCR-generated ydjl mutants was generated with Tag
polymerase under standard PCR conditions using the primers Ydjl-forward
(5'-CTTTTGATAGAACATAA-3") and Ydjl-reverse (5'-TTGGTACCATTAT
TACTTTAC-3'). The Ydjl-reverse primer introduces a KpnlI site downstream of
the stop codon. The PCR products were digested with EcoRI-KpnI and cloned
into the same sites of pRS316-YDJ1. The mutagenized 1.4-kb EcoRI-Kpnl frag-
ment encompasses 40 bp upstream of the ATG through 100 bp downstream of
the stop codon.

(i) Screen 1. The mutagenized URA3-marked YDJI library was transformed
into strain JJ160 (ydjl::HIS3) expressing a LEU2-marked multicopy plasmid
expressing v-Src under the control of a GALI promoter (pLv-src; a gift from F.
Boschelli [5]). Transformants were plated onto leucine-uracil-selective medium
plates with 2% galactose as the carbon source and grown at 30°C for 5 days.
Colonies that appeared were restreaked on selective galactose medium to verify
the phenotype. Cell lysates from these strains were then checked for expression
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of Ydj1, using an antibody raised against full-length Ydj1. Only candidate mutant
strains expressing near-wild-type levels of Ydj1 were chosen for further study.

(ii) Screen 2. To obtain mutants F47L, G153R, N274, and N363, the ydj!
library was subcloned into the LEU2-marked pRS315 vector. Library DNA was
transformed into strain JJ160 expressing pRS316-YDJI. After 2 days, transfor-
mants were streaked onto plates containing 5'-fluoro-orotic acid to counterselect
for the presence of wild-type YDJI. Cell lysates from strains exhibiting temper-
ature-sensitive growth were tested for the presence of Ydjl by immunoblot
analysis. Mutant strains producing proteins that migrated between 30 and 44 kDa
were selected for further study.

ydj1 mutants were subcloned using internal sites to localize the mutagenized
regions and then sequenced. All of the ydjl mutations are due to a single amino
acid mutation. N104, N134, N172, N274, and N363 arise from mutation of a
codon to a stop codon. N206 arose from a frameshift mutation that introduced
nine amino acids prior to a stop codon. The truncation mutants produce single
bands of the expected size, with no full-length protein expressed. All mutants
were expressed at similar levels by Western blot analysis (data not shown). Ydj1
mutants were expressed from the LEU2-marked pRS315 vector and/or the LYS2-
marked pRS317 vector (47). In most cases, yeast expressing a particular ydjI
mutant displayed uniform colony size. However, slight growth differences be-
tween colonies expressing F47L and truncations N104-N206 may be due to
variations in plasmid copy number.

v-Src expression. ydj! disruption strain JJ160 expressing various Ydjl mutants
was transformed with a 2pum plasmid expressing GALI—v-src (pBv-src) or the
control plasmid (pB656) (5). Yeast cultures were grown overnight at 30°C in
raffinose-uracil dropout medium until mid-log phase; 20% galactose was added
to a final concentration of 2%. After 6 h, cultures were harvested for growth
assays or preparation of cell lysates for immunoblot analysis. Experiments shown
were performed using v-Src overexpressed on a multicopy 2pum plasmid, but the
same results were obtained if v-Src was expressed from a low-copy-number
centromeric plasmid (data not shown).

Plasmids. These experiments were greatly aided by generous gifts of the
following plasmids from Didier Picard, University of Geneva: the wild-type GR
(pTCA/GZ), mutant GR (pG/N768) and wild-type ER [pG/ER(G)] expression
plasmids and their corresponding reporter plasmids pUCA55-26X and pUCASS-
ERE; the two-hybrid fusion constructs expressing the Gal4 DNA binding domain
fused to the ER HBD [pTCA/GAL4(1-93).ER] and the Gal4 activation domain
fused to SRC-1 (pGAD424-SRC1); and the chimeric plasmids pHCA/GALA(1-
93).ER.VP16 and pTCA/GAL4(1-93).GR.VP16. The pHCA-TRP/GALA4(1-
93).ER.VP16 plasmid was constructed from pHCA/GAL4(1-93).ER.VP16 by
moving a 3.0-kb EcoRI/NotI fragment into the pRS314 vector. A plasmid con-
taining the AF-1 mutation A108-317 (25) was a gift from the laboratory of Keith
Yamamoto, and the YEpCUPI-HSE-M-lacZ plasmid was a gift from Dennis
Thiele (50). Plasmid ZF3 was constructed by placing lacZ coding sequences
under control of the SSB2 promoter.

B-Galactosidase assays. 3-Galactosidase assays were performed as described
elsewhere (39). Briefly, cultures were grown in selective medium overnight,
diluted to an optical density at 600 nm (ODg) of 0.05 in fresh selective medium,
and grown overnight at 25°C. As described, hormone (final concentration, 10 uM
deoxycholate [DOC] or 0.1 uM B-estradiol; Sigma) diluted 1:1,000 from stocks
in ethanol or ethanol alone was added prior to the second night of incubation.
Cells were harvested at an ODg, of 0.2 to 1.0. B-Galactosidase units were
calculated as 10° X ODy,, divided by the ODg, X elapsed time (in minutes).
Wild-type and ydj1 mutant cells expressing the GR showed similar dose-response
curves at DOC concentrations between 0.1 and 10 wM. The results shown are for
cells grown overnight at 25°C in the presence of 10 pM DOC or 0.1 pM
B-estradiol, which is the minimum saturation level for wild-type cells. Additional
experiments with either a 30°C incubation or 2-h hormone induction in the ydj!
mutant strains showed similar results in overall GR or ER activation of a
reporter gene relative to wild type.

Yeast strains. The following yeast strains were used in this study: PJ51-3a (a
trpl-1 ura3-1 leu2-3,112 his3-11,15 ade2-1 canl-100 GAL2" met2-Al lys2-A2);
13160 (a trp-1 ura3-1 leu2-3,112 his3-11,15 ade2-1 canl-100 GAL2"Y met2-Al
lys2-A2 ydj1::HIS3); PJ69-4a (a trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA
GAL2-ADE2 LYS2:GAL-HIS3 met2::GAL7-lacZ); J1257 (o Atrpl leu2-3,112
ura3-52 his3-11,15 GAL2 lysl lys2 ydjl::HIS3); and JJ290 (o trpl leu2-3,112
ura3-52 his3 gal4A gal80OA GAL2-ADE?2 lys2 met2::GAL7-lacZ ydj1::HIS3).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. The v-Src antibody (15) was a generous gift of Frank Boschelli.
Polyclonal antiserum was prepared against full-length purified yeast Ydjl by
standard procedures. The antibody against Mgel has been described previously
(38). The GR antibody was obtained from Affinity Bioreagents (catalog no.
MAT1-510). The anti-phosphotyrosine residue antibody was obtained from Up-
state Biologicals (catalog no. 4G10).

Yeast cell lysates were prepared as described by Kimura (29). Briefly, 10
ODyo units of cells were washed once with water and resuspended in cold
ethanol containing 1 WM phenylmethylsulfonyl fluoride. After addition of glass
beads, cells were vigorously vortexed in a cold room for 2 min. Proteins were
precipitated in an ethanol-dry ice bath for 15 min, pelleted, dried, and resus-
pended in 100 pl of 2 SDS-sample buffer; 5 pl of each sample was subjected to
SDS-PAGE on a standard 7.5 or 10% polyacrylamide gel, transferred to nitro-
cellulose, and probed with antibodies against v-Src, phosphotyrosine residues, or
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FIG. 1. Schematic of the domain structure of Ydjl and the Ydjl mutants used in the study. Ydjl mutants were obtained as described in Materials and Methods.
The ydj!I disruption strain JJ160 expressing various Ydjl mutants from low-copy-number plasmids was grown overnight at 25°C and then serially diluted 1:10 prior to

plating onto YPD. YPD plates were grown for 2 days at 30, 34, or 37°C.

the GR. Chemiluminescence immunoblotting was performed as instructed by the
manufacturer (NEN, Boston, Mass.).

RESULTS

The J + G/F region of Ydj1 is sufficient for wild-type growth
at 30°C. To better understand the in vivo requirements for
Ydjl function, we analyzed an array of Ydjl mutants in a
number of in vivo assays. Figure 1 lists the six carboxy-terminal
truncations and three point mutants that we obtained using
two separate genetic screens (see Materials and Methods).
Also included in this list is the mutation C406S, which inacti-
vates the CAAX box, thus preventing the farnesylation modi-
fication of Ydj1 (11). All mutants produce Ydjl protein levels
similar to wild-type cells (data not shown). Plasmids carrying
each of these mutants were transformed into a ydjl::HIS3
strain, and the resulting transformants were assayed for
growth. Yeast cells containing the J-domain mutation F47L
were the only mutant cells that failed to exhibit wild-type
growth at 23°C (data not shown) and 30°C (Fig. 1). Yeast
expressing even the shortest truncation mutant, N104, which
contains only the J + G/F region, grew as well as the wild type
at 30°C, the optimal growth temperature for S. cerevisiae. How-
ever, none of the mutants were able to grow at 37°C (Fig. 1).
The biggest growth difference between the mutants is evident
at the intermediate temperature of 34°C. Only truncations
containing the entire zinc finger region were able to grow at
34°C, suggesting that this domain has an essential in vivo role
at elevated temperatures.

The carboxy terminus of Ydj1 is required for v-Src activity.
v-Src binds Hsp90 and cochaperones shortly after synthesis
and remains bound during transport to the plasma membrane,

where it is released from chaperones prior to becoming active
as a phosphotyrosine kinase (6). The expression of v-Src is
toxic to wild-type yeast but not to yeast containing deletions or
mutations of genes involved in the Hsp90 pathway (27). Many
of these ydj1 mutants were isolated in a screen for ydjI mutants
that were defective in v-Src processing (see Materials and
Methods). We further tested the effect of the ydjl mutants
N134, N274, N363, C406S, and G315E on v-Src maturation.
Wild-type and ydjl mutant yeast strains containing a multicopy
plasmid expressing v-Src under the control of a GALI pro-
moter or a control vector were assayed for growth on galac-
tose-based media (Fig. 2A). In addition, cell lysates from wild-
type and mutant yeast strains were prepared to determine the
activity of v-Src using an anti-phosphotyrosine residue anti-
body (Fig. 2B) and the level of v-Src protein using an antibody
against v-Src (Fig. 2C).

Surprisingly, Ydjl mutants had differing effects on v-Src
activity and accumulation. Yeast cells expressing N134 and
N274 display neither phosphotyrosine activity nor growth in-
hibition relative to cells carrying the control vector. This lack of
activity was due to the lack of v-Src protein accumulation, as
little or no v-Src was detected in cell lysates from these strains.
The slow growth of N134 and N274 observed (Fig. 2A) is
unrelated to v-Src function; rather, it is a reflection of slower
growth of these mutant strains on galactose media (unpub-
lished results).

N363 and C406S exhibited v-Src activity; however, these
strains had reduced levels of active v-Src relative to the wild
type. We observed growth inhibition in the presence of v-Src
and increased levels of phosphotyrosine residues relative to
control lysates (Fig. 2). Although some variation in the level of
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FIG. 2. v-Src phenotype of ydj1 mutant strains. Wild-type (WT) or ydjl mutant yeast cultures expressing either the GALI-v-src (pBv-src) multicopy plasmid or the
control plasmid (pB656) were grown overnight in selective medium containing raffinose as the carbon source. v-Src expression was induced by addition of 20% galactose
to a final concentration of 2%. Cells were harvested 6 h after induction. (A) Yeast cultures were serially diluted 1:10, plated on selective medium containing galactose
as the carbon source, and incubated for 2 days at 30°C. (B) Immunoblot of yeast lysates using anti-phosphotyrosine residue antibody 4G10 (Upstate Biologicals). (C)

Immunoblot of yeast lysates using anti-v-Src antibody.

v-Src protein and degree of growth inhibition was observed,
v-Src activity was consistently observed in N363 and C406S.
These results indicate that the farnesylation signal is not re-
quired for v-Src function.

A third pattern of v-Src expression was observed in the
presence of the ydjl mutant G315E. v-Src protein levels were
near that of the wild type, but the protein was inactive, result-
ing in no increased phosphotyrosine activity and no growth
inhibition. When expressed in the same yeast cells, the G315E
mutation is recessive to wild type and v-Src is active (data not
shown), suggesting that the G315E mutation does not prevent
further productive interaction with the Hsp90 complex. There-
fore, even though cells expressing G315E produce stable v-Src
protein, the mutant Ydj1 is unable to facilitate folding of v-Src
into the active form. These results indicate that Ydj1 has roles
in both the accumulation of v-Src protein and the maturation
of active kinase. Interestingly, sequences between 274 and 363
appear to be essential for the stable accumulation of active
v-Src protein.

GR activity in ydjI mutant strains. To further investigate
whether the carboxy terminus of Yd;jl is required for function
in Hsp90 pathways, we assayed the activity of another Hsp90
substrate, the GR, in ydjl mutant strains. Although not native
to S. cerevisiae, steroid receptors expressed in yeast activate
transcription of reporter genes in a hormone-dependent man-
ner. The function of the GR was assayed in the ydjI null strain
expressing the rat GR on one plasmid along with a plasmid
expressing the lacZ reporter gene under the control of the
glucocorticoid response element (GRE). In wild-type strains,
very low levels of B-galactosidase activity were produced in the
absence of hormone, while hormone addition resulted in an
approximate 26-fold induction. In contrast, in a ydjI null strain,
the basal activity of the GR was elevated 28-fold, reaching the
activity of wild-type cells in the presence of hormone (Fig. 3).
GR activity in the null strain increased further in the presence
of hormone, surpassing the level of wild-type cells. Restoring
wild-type YDJI on a plasmid dramatically reduced the basal
levels, resulting in only a twofold increase over cells with a
wild-type chromosomal copy of YDJI.

All of the ydjI mutants were transformed into the ydj1::HIS3
disruption strain and assayed for GR activation of the reporter
gene (Fig. 4A). Surprisingly, increased basal activity of the GR

was observed in all of the ydjl mutants. The range of increase
in basal activity varied from 5-fold for N172 to 36-fold for
N134. The addition of saturating concentrations of hormone
(10 M DOC) resulted in a substantial increase in B-galacto-
sidase production in wild-type and all mutant strains except
N172, which expressed only 19% of wild-type activity. Despite
the increased activity of many of the Ydjl mutants compared
to the wild type, the levels of GR protein produced in the ydj!
mutant strains was similar to that produced in the wild-type
strain (Fig. 4B).

Previously it has been shown that the degradation of wild-
type B-galactosidase is unaffected by mutation in YDJI (31).
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FIG. 3. ydjI null strain exhibits elevated GR activity in the absence of hor-
mone. Yeast cultures were grown in selective medium overnight at 25°C and then
diluted into fresh medium with the addition of ethanol or 10 uM DOC. B-Ga-
lactosidase assays were performed after overnight (16-h) incubation. Experi-
ments were repeated at least twice. A representative experiment with triplicate
samples is shown. Wild-type (WT; PJ51-3A) and ydj! disruption (JJ160) strains
were transformed with plasmids expressing the GR (pTCA/GZ) and correspond-
ing GRE-lacZ reporter plasmid (pUCA55-26X). Activity in the wild type, the
ydjl null strain, and a ydjI null strain with wild-type YDJI (+ YDJI) supplied on
a low-copy-number plasmid were determined.
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FIG. 4. GR activity in ydjl mutant strains. (A) ydjl disruption strain JJ160 containing GR (pTCA/GZ) and corresponding GRE-lacZ reporter plasmid (pUCAS5-
26X) was transformed with indicated ydj/ mutants expressed on low-copy-number plasmids. ydjI indicates the null strain, and YDJI indicates the presence of wild-type
YDIJI on a plasmid. Wild-type (WT) strain (PJ51-3A) is included for comparison. Assays were performed as described in the legend to Fig. 3 and Materials and Methods.
(B) Immunoblot showing level of GR expressed in indicated ydj! mutant strains. As a control for protein loading, the immunoblot was reprobed with antibodies against

the mitochondrial GrpE homolog, Mgel.

However, to rule out the possibility that increased activity in
ydjl mutant strains is due to altered degradation of B-galacto-
sidase, we examined the levels of the GRE-lacZ mRNA in ydj1
mutant strains. Expression of GRE-lacZ mRNA in the absence
of hormone was observed in lysates from cells expressing F47L,
N206, and N363 but not those expressing wild-type YDJI (data
not shown). These results demonstrate that the level of GRE-
lacZ mRNA is directly affected by ydjl mutation, indicating
that in the absence of functional Ydjl, a portion of the GR
becomes capable of binding DNA and activating transcription
in the absence of hormone.

All of the mutants have increased activity in the absence of
hormone, suggesting that the repression of GR activity in the
absence of hormone is defective in ydjl mutant strains. How-
ever, one mutant, N172, seems to have a specific defect in
hormone-dependent activation of the GR, as it shows little
increase in GR activity in response to hormone. We assayed
the GR activity in cells expressing both wild-type YDJI and
N172 and found that the cells behaved like the wild type (data
not shown), indicating that N172 does not have a dominant
negative effect on receptor activity. All of the other mutations
display a hormone-dependent increase in B-galactosidase ac-
tivity, surpassing the level of activity in wild-type cells. Due to
the high basal activity, the fold induction of activity in ydjl
mutant strains appears reduced relative to wild-type cells, but
this effect is most likely due to saturation of receptor activity,
as similar fold induction levels are observed when the hormone
concentration is lowered to 0.1 nM DOC (data not shown).

ER activity in ydjl mutant strains. We next examined
whether the basal activity of another steroid hormone recep-
tor, the ER, is elevated in ydjl mutant strains. Like the GR, the
ER was expressed from one plasmid while the estrogen re-
sponse element (ERE) upstream of the lacZ gene was present
on another plasmid. The ydjI null strain and some of the ydjI
mutant strains were examined for ER activation of the lacZ
reporter gene. The effects of ydjI mutations on ER basal ac-
tivity, shown in Fig. SA, were similar to those obtained for the
GR. The basal activity of the ER in the absence of hormone
increased, ranging from 2-fold in the case of N172 to 18-fold
for N363. For many mutants, the ER activity in the presence of

hormone surpassed that of wild-type cells. However, in the
absence of any Yd;jl or in the presence of N172 or N206, the
overall activity in the presence of hormone was only 40, 37, or
54% of wild-type levels, respectively, suggesting some ydjl mu-
tants have decreased hormone-dependent activation of the
ER. Thus, elevated basal activity of steroid receptors in the
presence of ydjl mutants is shared between the ER and the
GR. These results indicate that a major role of Ydjl is to
facilitate repression of receptor activity in the absence of hor-
mone. However, the ydj1 null and some ydjl mutants displayed
a defect in hormonal activation of the ER but not the GR,
suggesting the requirement for Ydjl in hormonal activation
may be receptor dependent (compare Fig. 4A and 5A).

To ensure that the observed effect of ydjl mutations on
steroid receptor activity was not due to a general effect on
transcription, we examined the effect of ydjI mutation on the
activity of two additional promoter constructs that drive ex-
pression of the lacZ reporter gene. YDJI mutations had no
significant effect on the activity of the constitutive promoter
SSB2 (13) (Fig. 5B) or the copper-inducible promoter CUPI
(50) (Fig. 5C). The finding that B-galactosidase activity arising
from these reporter genes is not affected by ydjI mutations
provides further evidence that the dramatic increase in B-ga-
lactosidase activity observed for steroid receptors is due to
increased transcription and not to altered B-galactosidase deg-
radation in ydjl mutant strains.

We also examined whether elevated activity of steroid re-
ceptors is a common feature of ydjl mutant S. cerevisiae strains,
as we and others have noted strain-dependent differences in
the phenotypes of ydjl mutant strains (reference 42 and un-
published results). The experiments shown in Fig. 1 to 5 were
conducted in the W303 strain background (JJ160). We trans-
formed strain JJ257, a ydjl::HIS3 disruption in the S288C
background, with plasmids to assay ER and GR activity to
confirm that high basal activity of the steroid receptors is
observed in this strain background. Strain JJ257 expressing the
N363 mutant displayed a 23-fold increase in the basal activity
of the ER and a 20-fold increase in the basal activity of the GR
(data not shown). These numbers are comparable to results for
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FIG. 5. ER activity in ydjI mutant strains. (A) ydj! disruption strain JJ160 containing plasmids expressing the ER [pG/ER(G)] and the corresponding ERE-lacZ
reporter construct (pUCASS-ERE) was transformed with indicated ydj! mutants expressed on low-copy-number plasmids. ydj! indicates the null strain, and WT
indicates the presence of wild-type YDJI on a plasmid. Assays were performed as described in the legend to Fig. 3 and Materials and Methods except that 0.1 uM
B-estradiol was used instead of 10 uM DOC. (B and C) ydj! disruption strain containing indicated ydjI mutants was transformed with a plasmid expressing lacZ under
the constitutive promoter SSB2 (B) or the inducible CUPI promoter containing a mutation in the heat shock element (C). (B) B-Galactosidase assays were performed
after overnight incubation at 25°C. (C) B-Galactosidase assays were performed after an overnight incubation in the presence or absence of 0.1 mM CuSO,.

strain JJ160, in which N363 displayed increases in inductions of
18-fold for the ER and 30-fold for the GR.

These experiments have shown that two separate steroid
hormone receptors, the ER and the GR, become active in ydjI
mutant strains in the absence of hormone. This effect is seen in
two distinct yeast strains and for all ydjI mutants tested, indi-
cating it is not a limited phenomenon. Intriguingly, increased
basal activity has not been observed in yeast strains containing
mutations in other components of the Hsp90 pathway such as
Hsc82/Hsp82, Sbal, Stil, or Cpr7 (4, 16, 17, 42), suggesting
that Ydjl has a unique role in repressing steroid receptor
activity. The experiments described in the following sections
were designed to attempt to uncover the source of this activity
in order to determine the mechanism by which Ydj1 functions
in steroid receptor maturation.

ER AF-2 activity is unaffected by mutations in YDJ1. We
examined whether the source of receptor activity in the ab-
sence of hormone arose from the amino-terminal AF-1 do-
main or the AF-2 domain, located in the HBD. First we de-
termined whether the AF-2 domain in ydjl mutant cells has
properties similar to those of hormone-bound receptor. Upon
ligand binding and Hsp90 release, the HBD undergoes a large
conformational change, exposing AF-2, which is the site of
interaction for a number of transcriptional coactivators (19,
24). One such coactivator, SRC-1, was originally isolated in a
yeast two-hybrid screen designed to find proteins that interact
with the HBD in a hormone-dependent manner (41). We con-
firmed that we could observe a hormone-dependent two-hy-
brid interaction between a SRC-1-Gal4 activation domain fu-
sion and a Gal4 DNA binding domain-ER-HBD fusion in a
wild-type strain PJ69-4a (data not shown), commonly used in
two-hybrid assays (26). A hormone-dependent two-hybrid in-
teraction between a Gal4 DNA binding domain-GR-HBD fu-
sion and the SRC-1 fusion was also observed (data not shown).

To directly test whether ydjI mutations result in functional
AF-2 domains in the absence or presence of hormone, we
examined the two-hybrid interaction between the AF-2 of the
ER and SRC-1 in ydjl mutant strains. To construct a
ydj1::HIS3 disruption strain for two-hybrid analysis, we created

strain JJ290 by crossing PJ69-4a and the ydj! disruption strain
JJ257, both of which are in the S288C background. As ex-
pected, this strain had elevated basal activity of the ER and the
GR (data not shown). We monitored the two-hybrid interac-
tion between the Gal4 DNA binding domain-ER-HBD fusion
and the Gal4 activation domain—-SRC-1 fusion by assaying
B-galactosidase levels produced from the GAL7-lacZ reporter
gene. In cells expressing wild-type YDJI, a strong hormone-
dependent interaction between the HBD of the ER and SRC-1
was observed (Fig. 6). Almost identical patterns of interaction
were observed in the ydjI null strain or in the presence of N274
or N363. No two-hybrid interaction was observed between the
Gal4 DNA binding domain-ER-HBD fusion and the Gal4
activation domain plasmid lacking SRC-1 sequences (data not
shown), indicating the interaction requires SRC-1. These re-
sults suggest that the basal activity of the ER activity is not due
to hormone-independent activation of the AF-2. In addition,
the results demonstrate that Ydjl is not required for the HBD
to undergo the hormone-dependent conformational change
that exposes AF-2, as wild-type and ydjl mutant strains dis-
played similar two-hybrid interactions in the presence of hor-
mone.

GR containing AF-2 mutation but not AF-1 mutation dis-
plays elevated basal activity. The above results suggest that
basal activity of steroid receptors in ydjl mutant strains does
not arise from hormone-independent activation of the AF-2
domain. In addition to AF-2, steroid receptors contain an
amino-terminal activation domain, AF-1 (Fig. 7A) (2, 21). To
localize the source of receptor activity, we used mutations in
the GR that abolish activity of either AF-2 (GR N768) or AF-1
(A108-317). In wild-type cells, each of these mutations dramat-
ically reduced GR activity (Fig. 7A), which agrees with earlier
findings that the AF-1 and AF-2 domains activate transcription
synergistically in yeast (21, 51). First, we tested whether a GR
truncation mutant that preserves the Hsp90 binding site but
disrupts the AF-2 activation domain had elevated basal activity
in ydjl mutant strains. For this test, we used the previously
described GR truncation mutant GR N768 (20), which re-
moves 27 amino acids from the carboxy terminus of the HBD,
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FIG. 6. Two-hybrid interaction between SRC-1 and the ER HBD in ydj!
mutant strains. The Gal4 DNA binding domain (DBD)-ER-HBD fusion plasmid
(pTCA-Gal4.ER) and the Gal4 activation domain (AD)-SRC-1 plasmid (424-
SRC-1) were transformed into the ydjI disruption strain JJ290 and strain JJ290
expressing wild-type (WT) YDJI or mutant ydj! from low-copy-number plasmids.
B-Galactosidase assays were performed after overnight incubation in the pres-
ence or absence of 0.1 pM B-estradiol.
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disrupting helix 11, the core of the AF-2 activating domain (19,
24). In yeast and mammalian cells, GR N768 was unable to
activate transcription from a GRE either in the presence or in
the absence of hormone (18). GR N768 was transformed into
wild-type and ydjl mutant strains and assayed for GR activity
(Fig. 7B). As expected, the GR N768 mutation ablated the
hormone response in wild-type cells. In the ydjI mutant strains,
however, the basal activity of GR N768 was as high as in
wild-type GR, although no additional increase in response to
hormone was observed. These results, combined with those
presented in Fig. 6, indicate that increased basal activity is not
due to hormone-independent activation of the AF-2 domain.

We next examined the activity of a GR construct containing
mutations in the AF-1 domain. We used a mutation that de-
letes amino acids 108 to 317 of the GR. The A108-317 muta-
tion was transformed into wild-type and ydjl mutant strains
and assayed for GR activity (Fig. 7C). As in mammalian cells,
this mutation results in very low receptor activity (25) but still
displays a hormone-dependent increase in activity. In contrast
to the clear increase in basal activity in ydj/ mutant strains
expressing the GR N768 mutation, we observed no significant
difference in basal receptor activity between wild-type and ydj!
mutant cells expressing GR A108-317. Together, the results of
these experiments using GR mutants indicate that the receptor
activity present in ydjl mutant cells arises from the AF-1 do-
main.

Heterologous activation domains fused to the HBD of the
ER or GR exhibit elevated basal activity in ydjl mutant
strains. The AF-1 site is normally repressed in steroid recep-
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FIG. 7. Activity of mutant GR in ydjI mutant strains. (A) Locations of AF-2 (GR N768) and AF-1 (A108-317) mutations in the GR and corresponding activity in
wild-type yeast. DBD, DNA binding domain. (B and C) Similar to Fig. 4A except that a plasmid expressing mutant GR N768 (B) or GR A108-317 (C) was transformed
into the indicated wild-type (WT) or ydjl mutant strain containing the GRE reporter plasmid.
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FIG. 8. Chimeric proteins containing the HBD of the GR or the ER display
elevated basal activity in ydjl mutant strains. ydjI disruption strain JJ290 express-
ing either ydjI-N363 or wild-type (WT) YDJI was transformed with plasmids
expressing chimeric proteins containing the VP16 activation domain and Gal4
DNA binding domain (DBD) fused to the HBD or either the GR [pTCA/
GALA4(1-93).GR.VP16] or ER [pHCA-TRP/GAL4(1-93).ER.VP16].

tors in the absence of hormone. However, deletion of the HBD
of either the ER (51) or the GR (20) results in constitutive
AF-1 activity, suggesting that the HBD represses the AF-1 site.
The HBD of the ER or GR is able to confer hormonal regu-
lation and Hsp90 binding on proteins containing heterologous
activation and DNA binding domains (44, 46), indicating that
HBDs and Hsp90 can repress a variety of nearby activation
domains.

To directly examine whether Ydj1 acts through the HBD to
inhibit nearby activation domains, we examined whether chi-
meric proteins containing heterologous activation and DNA
binding domains linked to the HBD of the ER or the GR
exhibit elevated activity in ydjI mutant strains. We used con-
structs in which the VP16 activation domain was linked to the
Gal4 DNA binding domain and the HBD of either the GR
(pTCA/Gal4.GR.VP16) or ER [pHCA-TRP/Gal4(1-93).ER.
VP16]. We transformed ydj! disruption strain JJ290 with the
above plasmids and measured the activity of the GAL7-lacZ
reporter gene. In the presence of wild-type YDJI, little B-ga-
lactosidase activity was observed in the absence of hormone,
but addition of DOC or B-estradiol resulted in increased B-ga-
lactosidase production. When mutant N363 was expressed, the
basal activity of the reporter gene increased fivefold in the case
of the GR and fourfold in the case of the ER (Fig. 8). These
results demonstrate that the HBD fails to repress heterologous
activation domains in ydjI mutant strains and suggest that Ydj1
acts through the HBD to repress nearby activation domains,
including AF-1, in the absence of hormone.

DISCUSSION

To better understand the role of Ydjl in Hsp90 pathways,
we isolated a number of Ydjl mutants that confer a tempera-
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ture-sensitive phenotype in the absence of wild-type YDJI and
analyzed their specific defects in the maturation of diverse
Hsp90 substrates.

The J + G/F region confers wild-type growth at 30°C. Both
genetic and biochemical evidence indicates that the J + G/F
region of Hsp40s interacts with Hsp70s (12, 28). Our results
provide further evidence for the in vivo significance of this
portion of Ydjl. The only mutation used in our study that fails
to exhibit wild-type growth at 23°C (data not shown) and 30°C
is F47L, which contains a mutation in a highly conserved res-
idue of helix 3 in the J domain (28). This result suggests that
the interaction between Ydjl and Hsp70 is critical for both
growth and the maturation of Hsp90 substrates.

Expression of N104, which contains the J + G/F region of
Ydjl, enables wild-type growth at 30°C, the optimal growth
temperature of S. cerevisiae, indicating that this short region is
sufficient to carry out some basic important roles. Interestingly,
the J + GJ/F region of the Hsp40, Sisl, is also sufficient to
support robust growth at 30°C in a normally inviable sis/ dis-
ruption strain (52). Ydjl and Ssa cooperate in the transloca-
tion of preproteins across mitochondrial and endoplasmic re-
ticulum membranes (3). It is likely that disruption of these
functions is responsible for the slow-growth phenotype of a
ydj1 disruption strain, as N104 relieves the accumulation of the
precursor for the mitochondrial protein Hsp60 observed in the
ydj1 null strain (data not shown).

Ydj1 and Sis1, which share sequence homology only in the
J + GJF region, are both located in the cytosol of S. cerevisiae
and are each able to stimulate the ATPase activity of Ssa (36).
Previously, it was shown that overexpression of either E. coli
Dnal or SIST relieved the 30°C growth defect of a ydjI null
strain (9) and also relieved translocation defects of the ydjI-
151 mutant (8). We examined the ability of SIS/ overexpres-
sion to rescue the defects in Hsp90 substrate maturation ob-
served in ydjl mutant strains. Despite relieving the 30°C
growth defect, SIS1 overexpression resulted in only a slight
decrease in basal activity of the GR in a ydjI disruption strain
(data not shown) and did not affect the ability of ydjI mutant
strains to live in the presence of v-Src (data not shown). It is
possible that the inability of SIS7 to rescue the Hsp90 pathway
defects of a ydjI null strain is a consequence of the localization
of Sisl or reduced levels of Sisl relative to Ydjl in vivo (52).
However, since SIS is able to rescue other defects of a ydj1
mutant strain, this result suggests that the carboxy terminus of
Ydjl has a specific role in Hsp90 pathways that cannot be
rescued by Sisl.

v-Src maturation requires the carboxy terminus of Ydjl.
Even though yeast expressing N104 grows well at 30°C, the
activity of the Hsp90 substrates v-Src, ER, and GR is severely
affected at both 25 and 30°C. These results suggest that the
carboxy terminus of Ydj1 has specific functions in Hsp90 path-
ways, but these functions are not essential at 30°C. Within the
carboxy terminus of Ydj1 lies the zinc finger region, the neigh-
boring less conserved region, and the farnesylation signal (Fig.
1). The zinc finger region must be present for wild-type growth
at the intermediate temperature of 34°C. The farnesylation
signal has previously been shown to be required for growth at
37°C (11), and so it is not surprising that all of the truncation
mutants fail to grow at 37°C. We constructed pairs of trunca-
tion mutations containing wild-type (CASQ) or mutant
(SASQ) farnesylation signals after amino acids 209 and 310.
The addition of the farnesylation signal did not restore 37°C
growth (data not shown). Additionally, the truncation pairs
displayed similar v-Src and GR activities (data not shown),
indicating that sequences in the carboxy terminus in addition
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to the farnesylation signal are likely required for growth at
elevated temperatures and maturation of substrates.

All but two Ydjl mutants used in this study resulted in
dramatically reduced v-Src activity. Yeast expressing ydjl mu-
tants N363 and C406S had near-wild-type levels of v-Src activ-
ity, indicating that the farnesylation signal is not essential for
v-Src activity in vivo. The remaining Ydj1l mutants had differing
effects on v-Src activity and accumulation. v-Src protein did not
accumulate in ydjl mutant strains expressing N134 and N274,
but it is unknown whether this is due to lower levels of v-Src
mRNA or reduced protein stability. In cells expressing G315E,
the level of v-Src is unaffected, but the protein is much less
active, results similar to those observed for the ydjI-G315D
(29) and ydjI-151 mutations (15). Analysis of Hsp90 mutants
also revealed affects on v-Src activity as well as stability (40),
suggesting multiple roles for both Hsp90 and Ydjl in v-Src
maturation.

Steroid receptors have increased basal activity in ydjl mu-
tant strains. The common feature of all ydjI mutant strains
was increased steroid receptor activity in the absence of hor-
mone. This effect on steroid receptors appears to be unique to
ydjl mutations, as no previously described mutations in genes
encoding other components of the Hsp90 pathway have af-
fected the basal activity of steroid receptors (4, 16, 17, 42). In
addition, it seems unlikely that ydjl mutations indirectly affect
steroid receptor activity, as activation of other signaling path-
ways does not lead to hormone-independent activation of the
GR in yeast (43). Basal receptor activity does not appear to
come from unmasked AF-2 domains, as there is no detectable
two-hybrid interaction between the transcriptional coactivator
SRC-1 and the HBD of the ER in the absence of hormone.
Additionally, mutant GR N768 containing an AF-2 mutation
retained elevated basal activity in ydjl mutant strains, whereas
GR A108-317 containing an AF-1 mutation did not, indicating
that the activity arises from the AF-1 domain. Consistent with
this interpretation, chimeric proteins containing heterologous
activation and DNA binding domains fused to the ER or GR
HBD also exhibited constitutive activity in ydj/ mutant strains.
These results suggest that increased basal activity in ydjl mu-
tant strains arises from a defect in the ability of the HBD to
repress the amino-terminal AF-1 domain.

In contrast to the dramatic effect on basal activity, no ydj!
mutants except N172 decreased the ability of the GR to acti-
vate transcription in a hormone-dependent manner. ER activ-
ity appears to have a greater requirement for Ydjl, as the ydjI
null and some ydjl mutants display significant induction de-
fects. These results suggest that Ydjl has functions in the
activation as well as repression of steroid receptors.

Many ydjl mutant strains exhibited greater than wild-type
activity of the GR and ER in response to hormone. Consistent
with this hormone-dependent activation, the ability of the
HBD of the ER to undergo a conformational change that
exposes the AF-2 was not decreased in the presence of ydjI
mutations. The reason for increased receptor activity is un-
known, but does not appear to be due to increased receptor
levels in ydjl mutant cells. Intriguingly, increased hormone-
dependent receptor activity was observed in ydjl mutant cells
expressing GR A108-317, suggesting a role for the HBD in this
activity. Recently, Hsp90 has been found to be involved in the
recycling of active DNA-bound receptors back to the inactive
form complexed with Hsp90 (33). It is possible that Ydj1 also
has a role in receptor recycling, so that loss of Ydjl would
increase the length of time receptor is active.

Model of Ydjl1 function in Hsp90 pathways. The data pre-
sented in this report can be integrated into a working model of
Ydj1 function in the Hsp90 pathway. According to our model,
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interaction of Ydjl with Hsp90 substrates is a critical step
resulting in entry of substrates into the Hsp90 folding pathway.
In the absence of functional Ydjl, transfer of the receptor to
the Hsp90 pathway is not complete, and some of the receptor
escapes the regulation imposed by the Hsp90 association, be-
coming capable of binding DNA and activating transcription.
Our results suggest that the interaction of Ydjl with the HBD
of steroid receptors is required for strict hormonal control.
When Ydjl is not functional, the HBD is unable to suppress
the activity of AF-1, resulting in active receptor. We have not
shown that this interaction is direct, but Ydjl is capable of
binding nonnative polypeptides (14, 35). The ability to bind
substrate proteins for presentation to other chaperones would
be consistent with the function of Dnal, which binds o2 or
other substrates before presentation to Hsp70 for subsequent
folding (22, 30, 32).

In vertebrate cells, virtually all of the steroid receptors
present in cell extracts in the absence of hormone is bound to
Hsp90 and cochaperones. Our results suggest the presence of
(at least) two distinct populations of steroid receptor com-
plexes in ydjl mutant cells: one population is in the constitu-
tively active, DNA-bound form, while another population re-
mains bound to Hsp90 until exposure to hormone. Numerous
experiments have shown that Hsp90 binding inhibits DNA
binding and transcriptional activity, suggesting that active re-
ceptor is free of Hsp90 and cochaperones (45). However, since
previous studies have shown that continual interaction with
Hsp90 is necessary for efficient hormone response in vivo (40),
it is likely that there is also a population of receptors in ydjI
mutant cells that remains associated with Hsp90 and cochap-
erones until hormone binding. Accordingly, Kimura et al. (29)
found that GR complexes immunoprecipitated from ydjl mu-
tant cells exhibiting elevated basal activity contained near-wild-
type levels of Hsp90 and cochaperones.

We have found that sequences throughout Ydjl are re-
quired for Hsp90 substrate maturation. Our model predicts
that the carboxy terminus of Ydjl directly binds Hsp90 sub-
strates. While such a direct interaction has not been demon-
strated, Lu and Cyr (35) found that a fragment of Ydjl con-
taining amino acids 173 to 384 is capable of substrate binding.
As the carboxy terminus was required for the function of both
v-Src and steroid receptors, it appears that substrate binding is
required for the function of Ydjl in Hsp90 pathway, but fur-
ther studies will be necessary to demonstrate such interactions
in vitro and in vivo. It will be particularly informative to extend
these studies to examine the effect of ydjl mutations on the
activity of native Hsp90 substrates such as Stel1 (34) and Hap1
(53) to gain a fuller understanding of the roles of Ydjl in the
Hsp90 pathway.
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