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The ATP-dependent molecular chaperone Hsp90 and partner cochaperone proteins are required for the
folding and activity of diverse cellular client proteins, including steroid hormone receptors and multiple
oncogenic kinases. Hsp90 undergoes nucleotide-dependent conformational changes, but little is known
about how these changes are coupled to client protein activation. In order to clarify how nucleotides affect
Hsp90 interactions with cochaperone proteins, we monitored assembly of wild-type and mutant Hsp90 with
Stil, Sbal, and Cpr6 in Saccharomyces cerevisiae cell extracts. Wild-type Hsp90 bound Stil in a nucleotide-
independent manner, while Sbal and Cpré specifically and independently interacted with Hsp90 in the
presence of the nonhydrolyzable analog of ATP, AMP-PNP. Alterations in Hsp90 residues that contribute
to ATP binding or hydrolysis prevented or altered Sbal and Cpr6 interaction; additional alterations
affected the specificity of Cpr6 interaction. Some mutant forms of Hsp90 also displayed reduced Stil
interaction in the presence of a nucleotide. These studies indicate that cycling of Hsp90 between the
nucleotide-free, open conformation and the ATP-bound, closed conformation is influenced by residues
both within and outside the N-terminal ATPase domain and that these conformational changes have
dramatic effects on interaction with cochaperone proteins.

The essential abundant molecular chaperone Hsp90 is crit-
ical for the folding and regulation of a wide array of cellular
proteins, termed client proteins. Hsp90 and partner cochaper-
one proteins interact with client proteins in an ordered path-
way that involves sequential ATP-dependent interactions of
the client protein with Hsp70 and Hsp90. Because a number of
oncogenic signaling proteins, including Akt, Raf-1, Ber-Abl,
mutant p53, and HER-2/Erb2, require Hsp90 for function,
Hsp90 is a promising anticancer target and Hsp90 inhibitors
are currently in clinical trials (27, 28, 38, 39).

Hsp90 may be divided into three domains: an N-terminal
ATP-binding domain, a middle domain, and a carboxy-ter-
minal domain, which contains the primary dimerization site.
A model for Hsp90’s ATPase cycle, termed a molecular
clamp, is based on homology with ATPases such as the DNA
gyrase GryB and the DNA mismatch repair protein MutL.
In the absence of a nucleotide, Hsp90 dimerized only at the
carboxy terminus is in an open conformation. Nucleotide
binding induces closing of a lid over bound nucleotide and
association of N-terminal domains. ATP hydrolysis is de-
pendent on residues in a flexible loop from the middle
segment that extend to the mouth of the nucleotide-binding
pocket, and after hydrolysis Hsp90 returns to the open con-
formation (20, 29). Recent structural evidence confirmed
the presence of a dimerization interface between the N
termini in the presence of the nonhydrolyzable ATP analog,
AMP-PNP, and demonstrated that a residue in the flexible
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loop contacts the bound nucleotide, supporting a role for
this loop in catalysis (2). Structural analysis of the Hsp90
protein of the endoplasmic reticulum, GRP94, also provides
evidence for nucleotide-dependent conformational changes
(7, 13). The client binding site(s) and the relationship be-
tween Hsp90 client binding/release and ATP binding, hy-
drolysis, and release remain unclear (38, 39), but recent
evidence suggests that bound Cdk4 kinase contacts both
N-terminal and middle domains on the outer edge of Hsp90
rather than in between the two monomers (37).

Multiple cochaperone proteins, many of which interact in a
mutually exclusive manner, have distinct effects on Hsp90 ac-
tivity (27, 38, 39). In a current model, transfer of a client
protein from Hsp70 to Hsp90 is facilitated by the tetratrico-
peptide repeat (TPR)-containing protein Stil (Hop in mam-
malian cells) (5), which binds the TPR acceptor site at the
carboxy terminus of Hsp90 (34). Nucleotide binding results in
Sbal interaction, which stabilizes the dimerized amino termi-
nus (2, 8, 32). Stil inhibits Hsp90 ATPase activity and N-
terminal dimerization, and displacement by Cpr6, which also
contains TPR domains, was proposed to activate Hsp90 (30,
31). A goal of our study was to determine how nucleotides
affect the cycle of Stil, Sbal, and Cpr6 interaction.

Analysis of Hsp90 in Saccharomyces cerevisiae has identi-
fied a number of mutations that disrupt growth, cochaper-
one interactions, client protein activity, and/or ATPase ac-
tivity (15, 16, 20, 23-25, 29). We determined that the
cochaperones Sbal and Cpr6 stably interact with Hsp90 only
in the presence of the nonhydrolyzable ATP analog, AMP-
PNP. We then examined the effect of Hsp90 mutation on
Stil, Cpr6, and Sbal interaction. Our results suggest that
changes in the lid and the catalytic loop of the middle
segment of Hsp90 play an important role in regulating Sbal
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and Cpr6 interaction and identify Hsp90 mutations that
exhibit reduced Stil interaction.

MATERIALS AND METHODS

Media, chemicals, antibodies, and plasmids. Standard yeast genetic methods
were employed (35). Five-floroorotic acid (5-FOA) was obtained from Toronto
Research Chemicals. ATP, ADP, and 5'-adenylylimidodiphosphate (AMP-
PNP), phosphocreatine, and creatine phosphokinase were obtained from Sigma.
Polyclonal antisera were raised against keyhole limpet hemocyanin-conjugated
peptides corresponding to amino acids 91 to 108 of Stil and 81 to 96 of Cpro6.
Polyclonal antibodies against Hsc82/Hsp82 have been described (10). Polyclonal
antibodies against Ssal/2 and Sbal were generous gifts of Elizabeth Craig and
Brian Freeman, respectively.

S. cerevisiae strain JJ816 (hsc82:LEU2 hsp82:LEU2/YEp24-HSPS2) is iso-
genic to W303 and has been described (9). Strain JJ40 (sbal::URA3 hsc82::LEU2
hsp82::LEU2/pRS313-His-Hsc82) was constructed by subsequent crosses and
sporulations of an isogenic sbal::URA3 strain (8) to strain JJ816.

Hsc82 plasmids and constructs. A plasmid expressing wild-type (WT) HSCS2
was a gift from Susan Lindquist. Point mutations were constructed using site-
directed mutagenesis (QuikChange; Stratagene, La Jolla, CA) or other PCR-
based methods. Sequences of mutagenic primers are available on request. To
construct His-Hsc82, the coding sequence of HSCS82 was cloned into pRSETC
(Invitrogen) to insert an amino-terminal His, tag. The His,—Hsc82 coding se-
quence was subsequently cloned into pRS313GPD (22) to generate pRS313-
GPDHISHSCS2. The complete sequence inserted at the amino terminus of
Hsce82 is NH,-MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWI
RPRDLGTLVPRGS-Hsc82. The constitutively expressed His-Hsc82 fully res-
cues the lethality of an Asc82 hsp82 strain, and as judged by immunoblot analysis,
the level of His-Hsc82 protein expressed is similar to that of Hsc82 expressed
from the endogenous promoter (not shown).

The following amino acid alterations were constructed within pRS313-
GPDHISHSCS2: E33A, D79N, T1011, A107N, W296A, G309S, F325A, F345A,
N373A, R376A, E377K, Q380A, S481Y, T5211, AS83T, F660A, I588A M589A,
L647S L648S, and AMEEVD, which deletes the last five amino acids of Hsc82.
The additional mutant, Hsc82-T221, was expressed from the multicopy plasmid
pRS423GPDHIS-HSCS2. All mutant constructs were sequenced completely us-
ing automated DNA sequencing. The additional L487S mutation encoded in
HSC82 was obtained in a STII synthetic lethal screen (9) and moved into the
pRS313-GPDHISHSCS2 construct using standard techniques.

Isolation of His-Hsc82 complexes. A plasmid expressing His-tagged WT or
mutant Hsc82 was transformed into strain JJ816, and resultant colonies were
grown in the presence of 5-FOA to counterselect for the plasmid expressing WT
untagged Hsp82 (YEp24-HSPS2). His-Hsc82 was the only Hsp90 present in the
cell unless the mutation was unable to support viability, in which case mutant
His-Hsc82 was coexpressed with untagged WT Hsp82 as indicated. Strain JJ816
expressing mutant His-Hsc82 was grown overnight in selective media to an
optical density at 600 nm of 1.2 to 2.0. Cells were harvested, washed with water,
and resuspended in lysis buffer (20 mM Tris, pH 7.5, 100 mM KCl, 5 mM MgCl,
containing a protease inhibitor mixture [Roche Applied Science]). Cells were
disrupted in the presence of glass beads with eight 30-s pulses. After centrifu-
gation, lysate was adjusted to contain (5 mM each) AMP-PNP, ATP plus an ATP
regenerating system (ATP+RS) consisting of 4.5 mg phosphocreatine and 8
units of creatine phosphokinase per ml of yeast lysate (6), or ADP and incubated
at 30°C for 5 min. Hsc82 complexes were isolated by incubation with nickel resin
(1.5 h with rocking, 4°C), followed by washes with lysis buffer plus 0.1% Tween
20 and 35 mM imidazole. Nickel resin was boiled in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and protein
complexes were separated by gel electrophoresis, followed by Coomassie blue
staining or immunoblot analysis using antibodies against Stil, Hsc82/Hsp82,
Ssal/2, Sbal, and/or Cpr6.

RESULTS

Recent structural evidence confirmed that the N termini of
Hsp90 dimerize in the presence of AMP-PNP and identified
the Sbal binding site in the N-terminal domain of Hsp90 (2,
29). We examined which cochaperones in addition to Sbal
specifically interact with yeast Hsp90 in a nucleotide-depen-
dent manner and then determined the effect of Hsp90 muta-
tion on these interactions.
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TABLE 1. Hsc82 mutants used in this work

Growth phenotype

Mutation Location of of hSCSZ_ }fp 82 Reference(s)
u mutation strain (protein)
30°C 37°C

None ++++ ++++ 2
T221 ATPase - - 23 (Hsp82-T22I)
E33A ATPase - - 24, 25 (Hsp82-E33A)
D79N ATPase - - 24, 25 (Hsp82-D79N)
T1011 ATPase - - 23 (Hsp82-T1011)
A107N ATPase ++++  +++ 29 (Hsp82-A107N)
W296A Middle ++ - 20 (Hsp82-W300A)
G309S Middle ++++ - 23 (Hsp82-G313S)
F325A Middle ++++  +++ This study
F345A Middle ++++ - 20 (Hsp82-F349A)
N373A Middle ++++  ++ 20 (Hsp82-N377A)
R376A Middle - - 20 (Hsp82-R380A)
E377K Middle - - 23 (Hsp82-E381K)
Q380A Middle ++++ - 20 (Hsp82-Q384A)
S481Y Middle ++++ - 15 (Hsp82-S485Y)
14878 Middle ++++ - 10; this study
T5211 Middle ++++ - 15 (Hsp82-T525T)
A583T C terminus ~ ++++  — 23 (Hsp82-A587T)
I588A M589A  C terminus ++++ — This study
L647S L648S C terminus  ++ - 40; this study
F660A Cterminus  ++++  ++++  This study
AMEEVD C terminus  ++++  ++++ 16 (Hsp82-AMEEVD)

“WT growth. Growth defects correspond to an approximate 10-fold (+++)
and 100-fold (++) reduction in colony numbers observed upon serial dilation
growth assays.

Analysis of Hsc82 mutations. Saccharomyces cerevisiae con-
tains two isoforms of Hsp90 that are largely assumed to be
functionally identical, constitutively expressed Hsc82 and heat-
inducible Hsp82 (97% identical at the amino acid level). De-
letion of genes encoding both isoforms results in a lethal phe-
notype (3). Asp82 mutations that cause temperature-sensitive
growth exhibit defects in Hsp90 client protein activity, but the
effect of hsc82 mutation has not been described. We con-
structed mutant forms of Hsc82 containing an N-terminal His,
tag. Most of the mutants we tested have previously been ana-
lyzed in the context of Hsp82 (12, 15, 20, 23-25) (Table 1). This
set of mutations includes residues in the ATPase domain
(T22I, E33A, D79N, T101I, A107N), a flexible loop in the
middle domain (N373A, R376A, E377K, and Q380A), a hy-
drophobic patch located near the flexible loop (F345A), a
potential client-binding site (W296A and F325A), and another
region of the middle domain (G309S). Three additional mu-
tations cluster in the general vicinity of the carboxy-terminal
dimerization interfaces (2). S481Y and T521I were previously
studied in the context of Hsp82; we isolated the third mutation,
L4878, in a STII synthetic lethal screen (9). We also targeted
residues in the dimerization interface: A583T, IS88A M589A,
F660A, and L647S L648S (2, 11, 40). Finally, we deleted the
binding site for TPR-containing cochaperones, such as Stil
and Cpr6 (AMEEVD) (16, 34).

To assess the ability of mutant Hsc82 to support the viability
of an Asc82 hsp82 strain when present as the only Hsp90 pro-
tein in the cell, plasmids expressing a wild-type (WT) or mu-
tant form of Hsc82 were transformed into strain JJ816 (hsc82
hsp82/Yep24-HSPS2). Resultant colonies were grown in the
presence of 5-FOA, which counterselects for the plasmid ex-
pressing WT HSPS2. Six alterations, T22I, E33A, D79N,
T1011, R376A, and E377K, resulted in a lethal phenotype, and
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the growth of strains expressing remaining mutants is listed in
Table 1. All mutant proteins were expressed at levels similar to
that of WT His-Hsc82 (not shown). The growth phenotypes
with hsc82 mutant alleles mirrored those with the respective
hsp82 alleles except that hsc82-T221, -T1011, and -E377K con-
ferred a lethal phenotype, while the corresponding mutations
in HSP82 conferred temperature-sensitive growth (23). Be-
cause the T22I, E33A, D79N, T1011, R376A, and E377K al-
terations disrupted essential functions, these His,-tagged
mutants were coexpressed along with untagged WT HSPS2 in
the following studies. In a prior study, strong dominant-nega-
tive growth effects were observed upon coexpression of WT
and mutant HSPS2 alleles (25). In contrast, we observed only
slight growth defects at 30°C or 37°C upon coexpression of WT
HSP82 and mutant forms of HSCS2 (not shown).

In vitro assembly of His-Hsc82 complexes. His-Hsp82 com-
plexes were previously shown to contain Stil, the Hsp70
Ssal/2, and Cpr6 (4), and Hsp82 was shown to stably interact
with Sbal in the presence of AMP-PNP (8). We focused on the
Hsc82 isoform because mutant forms of His-Hsp82 were in-
consistently retained by the nickel resin (not shown). To ex-
amine the effect of nucleotides on His-Hsc82 complexes, yeast
cells expressing WT His-Hsc82 as the only Hsp90 protein in
the cell were lysed in a nondenaturing buffer. Cell extracts
were supplemented with no exogenous nucleotide, ADP, ATP,
or AMP-PNP (5 mM, final concentration) and then incubated
on ice or at 30°C for 5 min (Fig. 1A, lanes 1 to 8). Cell lysates
were incubated with nickel resin and washed with intermediate
concentrations of imidazole to reduce levels of nonspecifically
bound proteins. Proteins bound to the nickel resin were ana-
lyzed by SDS-PAGE followed by Coomassie blue staining (up-
per panel) or immunoblot analysis (lower panels). Hsc82 and
associated proteins were specifically retained by nickel resin
only in the presence of His-Hsc82 (not shown; also see Fig. 6).
Similar levels of His-Hsc82 and Stil copurified under all con-
ditions, while the recovery of Ssal/2 was slightly reduced in the
presence of ATP (lanes 5 and 6). As expected, stable Sbal
interaction was observed only in the presence of AMP-PNP
(8). Interaction of Cpr6 with Hsc82 was dramatically increased
in the presence of AMP-PNP, although some Cpr6 interaction
was observed in the absence of a nucleotide (lanes 1 and 2),
which is consistent with prior reports (17). Specific interaction
of Sbal and Cpr6 with His-Hsc82 in the presence of AMP-PNP
was also observed when lysate was dialyzed to remove endog-
enous nucleotides prior to addition of a nucleotide (not
shown). These studies indicate that a complex between Sbal,
Cpro6, and Hsc82 forms in the presence of ATP, which is similar
to a complex observed in mammalian cell lysates (14). We
subsequently examined the composition of His-Hsc82 com-
plexes after incubation of undialyzed cell extracts at 30°C for 5
min, since maximal Sbal interaction was observed under these
conditions (Fig. 1A, lane 8).

The ATPase activity of Hsp82 is essential, and two muta-
tions known to disrupt this activity are Hsp82-E33A, which
disrupted ATP hydrolysis, and Hsp82-D79N, which disrupted
ATP binding. Purified WT Hsp82 stably interacted with Sbal
only in the presence of the nonhydrolyzable ATPvS, Hsp82-
E33A interacted with Sbal in the presence of either ATP or
ATP~S, and Hsp82-D79N was unable to bind Sbal (24, 25).
We constructed the homologous mutations in His-Hsc82
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FIG. 1. Interaction of cochaperone proteins with WT His-tagged
Hsc82 and His-Hsc82 containing alterations of residues required for
ATP binding and hydrolysis. A. Cell extracts were prepared from cells
expressing His-Hsc82 as the only Hsp90 protein in the cell and sup-
plemented with no exogenous nucleotide (lanes 1 and 2), 5 mM ADP
(lanes 3 and 4), 5 mM ATP (lanes 5 and 6), or AMP-PNP (lanes 7 and
8). His-Hsc82 complexes were isolated after a 5-min incubation on ice
(odd-number lanes) or at 30°C (even-number lanes). L, whole-cell
extract. B. Cell extracts were prepared from cells expressing His-Hsc82
WT, -E33A, or -D79N along with WT untagged Hsp82. His-Hsc82
complexes were isolated from lysates incubated for 5 min at 30°C in the
presence of no exogenous nucleotide (lanes 1, 4, and 7), 5 mM AMP-
PNP (lanes 2, 5, and 8), or 5 mM ATP plus an ATP-regenerating
system (ATP+RS, lanes 3, 6, and 9). Lanes 1 to 3, WT His-Hsc82;
lanes 4 to 6, His-Hsc82-E33A; lanes 7 to 9, His-Hsc82-D79N. Nickel
resin-bound protein complexes were separated by SDS-PAGE fol-
lowed by Coomassie blue staining or immunoblot analysis. The Coo-
massie blue-stained band corresponding to His-Hsc82 is shown in the
upper panel, and the lower panels represent immunoblot analysis using
antibodies against the indicated proteins.

(Hsc82-E33A and Hsc82-D79N) and examined their effect on
cochaperone interactions. Because both mutations disrupt the
essential in vivo functions of Hsc82 (Table 1), this experiment
was conducted with cells coexpressing WT untagged Hsp82
(Fig. 1B). His-Hsc82 complexes were isolated as described
above. The amount of Ssal/2 recovered in complex with mu-
tant Hsc82 was essentially unchanged relative to that with WT
Hsc82, while Stil exhibited slightly reduced binding to E33A
and D79N Hsc82 under all conditions. WT His-Hsc82 bound
Sbal and Cpr6 only in the presence of AMP-PNP. In contrast,
Sbal bound His-Hsc82-E33A under all conditions tested but
did not bind Hsc82-D79N under any conditions (Fig. 1B, lanes
4 to 9). Surprisingly, stable interaction of Cpr6 with E33A
Hsc82 was observed in the presence of ATP+RS but not
AMP-PNP, suggesting that the nucleotides have differential
effects on Hsc82 conformation.

Although the E33A and D79N alterations similarly disrupt
the in vivo functions of either Hsc82 or Hsp82, additional
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FIG. 2. Effect of mutations predicted to affect lid closure and N-
terminal dimerization. A. Cell extracts were prepared from yeast ex-
pressing His-Hsc82 WT or His-Hsc82-A107N. His-Hsc82 complexes
were isolated from lysates incubated for 5 min at 30°C in the presence
of no exogenous nucleotide, 5 mM AMP-PNP, or 5 mM ATP plus an
ATP-regenerating system as indicated. Nickel-bound protein com-
plexes were separated by SDS-PAGE and analyzed as described in the
legend to Fig. 1. B. As above, except that WT His-Hsc82, His-Hsc82-
T221, or His-T1011 was isolated from cells coexpressing WT untagged
Hsp82, since hsc82-T221 and hsc82-T1011 confer a lethal phenotype.

studies will be required to determine whether these and addi-
tional amino acid alterations have similar effects on the enzy-
matic activities of the two isoforms of yeast Hsp90. However,
nucleotide-dependent assembly of Hsc82 with Sbal and Cpr6
was prevented by the D79N alteration, consistent with a defect
in ATP binding. In addition, the pattern of interaction of Sbal
with Hsc82-E33A in our assay was similar to that observed with
purified Sbal and Hsp82-E33A (24), suggesting that the
Hsc82-E33A mutation has the predicted effect of inhibiting
ATP hydrolysis. Finally, although the presence of het-
erodimers between WT Hsp82 and mutant Hsc82 cannot be
excluded, dramatic differences between WT and mutant forms
of Hsc82 may be observed despite the presence of WT HspS82
in cell extracts.

Effects of mutations predicted to affect lid closure and N-
terminal dimerization. Structural studies indicate that nucleo-
tide binding to Hsp82 is followed by closing of a lid over a
bound nucleotide, association of N-terminal domains, and sta-
bilized Sbal interaction (2, 27). We constructed mutations in
Hsc82 that were predicted, based on analysis of homologous
Hsp82 mutants, to affect lid closing or association of N-termi-
nal domains. Residue A107 of Hsp82 is located within the lid
segment that closes over the mouth of the nucleotide-binding
pocket upon ATP binding (2). The A107N alteration was pre-
dicted to stabilize lid closure, and purified Hsp82-A107N ex-
hibited enhanced N-terminal dimerization and ATPase activity
(29). We monitored the interaction of Hsc82-A107N with co-
chaperones (Fig. 2A). The interaction of Hsc82-A107N with
Sbal was unaltered. However, the interaction of Stil with
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Hsc82-A107N was specifically reduced in the presence of
AMP-PNP, and significant levels of Cpr6 binding to Hsc82-
A107N were observed in the absence of nucleotides and in the
presence of ATP+RS. This suggests that while Hsc82 is in the
closed conformation, Stil interaction is weakened and Cpr6
interaction is enhanced. This result is consistent with prior
evidence that a mutant form of Hsp82 exhibited weaker bind-
ing to Stil in the ATP-bound form (31).

Next we examined the effect of mutations that affect N-
terminal dimerization. In Hsp82, residue T22 is part of the
N-terminal dimerization interface and also makes contact with
residues in the catalytic loop. The T22I alteration was pre-
dicted to stabilize these contacts, and the Hsp82-T22I muta-
tion displayed enhanced AMP-PNP-dependent N-terminal
dimerization and ATPase activity (2, 29). In contrast, the
Hsp82-T101I mutant, predicted to stabilize the open confor-
mation, displayed reduced AMP-PNP-dependent N-terminal
dimerization (29). We analyzed the interaction of Hsc82-T221
and Hsc82-T101I with cochaperones. Because each of these
alterations disrupted the in vivo functions of Hsc82 (Table 1),
they were coexpressed along with WT untagged Hsp82. Hsc82-
T22I exhibited reduced Stil interaction, consistent with a
weakened interaction of Stil with the closed conformation. As
observed for Hsc82-E33A, Hsc82-T221 interacted with Cpr6 in
the presence of ATP but not AMP-PNP, and surprisingly,
Hsc82-T221 exhibited no Sbal interaction (Fig. 2B). In con-
trast, consistent with a defect in obtaining the closed position,
Hsc82-T1011I exhibited WT levels of Stil interaction but failed
to bind either Cpr6 or Sbal.

Another structural change upon ATP binding is docking of
a flexible catalytic loop from the middle domain (residues 370
to 390) with the mouth of the nucleotide-binding pocket.
Within the nucleotide-bound structure, Hsp82-R380 is located
close to the catalytic residue E33, and the side chain of Hsp82-
R380 makes a polar interaction with the y-phosphate of bound
AMP-PNP (2). Purified Hsp82-R380A and Hsp82-Q384A ex-
hibited minimal ATPase activity, indicating a critical role for
this loop in ATP hydrolysis (20).

We examined the effect of alterations of residues within the
catalytic loop (Fig. 3). The biochemical defects of the Hsc82
mutants have not been determined, but the known biochemical
properties of homologous mutations in Hsp82 are listed in
Table 2. The hsc82-E33A, hsc82-R376A, and hsc82-E377K al-
terations caused a lethal phenotype and thus were coexpressed
with WT Hsp82. Each of the other mutants analyzed was the
only Hsp90 protein present in the cell. First we will focus on
the interaction of Stil and Sbal with these mutants. The
E377K mutant exhibited reduced binding to Stil under all
conditions, while the E33A mutant exhibited slightly reduced
Stil interaction, as shown in Fig. 1. The E377K mutant also
displayed a pattern of Sbal interaction similar to that of the
E33A mutant, with both mutants displaying stable, albeit re-
duced, Sbal interaction in the presence of AMP-PNP or
ATP+RS. The only other mutant with altered Sbal interaction
was the R376A mutant, which failed to interact with Sbal.

Other than the N373A mutant, which exhibited a WT pat-
tern of Cpr6 interaction, catalytic loop mutants had altered
Cpr6 interaction. In the presence of AMP-PNP, only the
N373A and Q380A mutants bound Cpr6. However, as ob-
served for the E33A and T22I mutants, the R376A, E377A and
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FIG. 3. Effect of alteration of residues in the catalytic loop. Cell
lysates from strains expressing indicated His-Hsc82 mutants were iso-
lated, supplemented with a nucleotide, and incubated as described for
Fig. 1, except that the effect of 5 mM ADP was also monitored.
His-Hsc82 mutants unable to support viability of an isc82 hsp82 strain
(E33A, R376A, and E377K mutants) were coexpressed along with
untagged WT Hsp82. In the remaining cases (WT and N373A and
Q380A mutants), His-Hsc82 was the only Hsp90 protein expressed in
the cell. Nickel-bound protein complexes were separated by SDS-
PAGE. Upper panels, His-Hsc82 present in a Coomassie blue-strained
gel. Lower panels, immunoblots using antibodies specific for Stil,
Cpr6, or Sbal.

Q380A mutants were able to interact with Cpro6 in the presence
of ATP+RS. This result suggests that the conformation of the
catalytic loop and nearby residues, such as T22 (2), is a key
determinant of Cpr6 interaction.

Effect of additional hsc82 mutations on cochaperone inter-
action. Next we monitored the effect of mutations outside the
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FIG. 4. Effect of additional Hsc82 mutations on cochaperone in-
teraction in the presence of AMP-PNP. WT and mutant His-Hsc82
complexes were isolated and analyzed as described in the legend to
Fig. 3 except that lysate was supplemented with 5 mM AMP-PNP. In
all cases, WT or mutant His-Hsc82 was the only Hsp90 protein present
in the cell.

N-terminal domain or catalytic loop on Stil, Cpr6, and Sbal
interaction. All of the mutants shown in Fig. 4 and 5 were able
to support viability of the sc82 hsp82 strain (Table 1) and were
expressed as the only Hsp90 protein in the cell. First we ex-
amined the interactions of WT and mutant His-Hsc82 with
cochaperones in the presence of AMP-PNP (Fig. 4). Three
mutants besides the A107N mutant showed altered interaction

TABLE 2. Known properties of Hsp82 mutants and comparison with Hsc82 mutant interactions”

Relative ATPase activity Stil interaction

Hsp82 mutation

Sbal interaction

Interaction
Hsc82 mutation

(reference) (reference) (reference) Stil Sbal Cpr6
T221 Enhanced (29) WT (36) WT (36) T221 l l +*
E33A Decreased (24, 25) ND WT* (24) E33A + +* +*
D79N No ATP binding (24, 25) ND 1 (24) D79N + l |
T101I Decreased (29) WT (36) 1 (36) T1011 + ! !
A107N Enhanced (29) WT (36) WT (36) A107N l + +*
W300A ~WT (20) ND WT (12) W296A l + +*
G313S ND ND ND G309S + + +
F329A ND ND ND F325A ! + + ¥
F349A Decreased (20) WT (36) 1 (36) F345A + l |
N377A ~WT (20) ND N373A + + +
R380A Decreased (20) ND ND R376A + l +*
E381K ~WT (20) ND ND E377K ! +* + ¥
Q384A Decreased (20) ND ND Q380A + + +*
S485Y Decreased (12) ND (8, 12) S481Y + ! |
L491S ND ND ND L487S + l |
T5251 Decreased (12) ND (8, 12) T5211 + ! |
AS87T WT (29) ND ND AS583T + ! !
1592A M593A ND ND ND IS88A M589A + l !
L651S L6528 ND ND ND L647S L648S + l l
F664A ND ND ND F660A + ! !
AMEEVD ND L) ND AMEEVD l + !

“x, nucleotide dependence of the interaction was altered; +, WT level of interaction observed; |, reduced interaction relative to WT Hsc82.



VoL. 27, 2007
g
<
258 E g g
E aR 8§ FES 9 3
2 PO« 94 B < L i
His-Hsc82 e - -— o —
Sti] = il - — -
Cpr6 = = 4
Shal
< 7))
< 3
Lol = 48 =2
= oo e ol = %2 2 & I
z $ IL 28 22 5
—

His-Hsc82 ey v Wl o -
Qi - ——— ‘ - g —
Cpré = - :

Shal

FIG. 5. Interaction of mutant Hsc82 with Stil, Sbal, and Cpr6 in
the presence of ATP plus an ATP-regenerating system. His-Hsc82
complexes were isolated and analyzed as for Fig. 4, except that samples
were supplemented with 5 mM ATP+RS. In all cases, WT or mutant
His-Hsc82 was the only Hsp90 protein present in the cell.

with Stil. Hsc82-AMEEVD was unable to bind Stil due to loss
of the TPR binding site (1, 34), while Hsc82-W296A and
-F325A exhibited reduced Stil interaction. With the exception
of Hsc82-AMEEVD, which was able to bind Sbal but not
Cpr6, the remaining mutants displayed similar patterns of in-
teraction with Sbal and Cpr6. The W296A, G309S, F325A,
and Q380A mutants were able to bind both Sbal and Cpr6 and
thus appear to be able to adopt the closed, ATP-bound con-
formation. The remaining mutants exhibited reduced or no
interaction with Sbal and Cpr6. This group includes mutations
in both the middle domain, F345A, S481Y, L487S, and T5211,
and the carboxy-terminal domain, AS583T, IS88A MS589A,
F660A, and L647S L648S.

We examined the same set of mutants under conditions that
support ATP hydrolysis (Fig. 5). Under these conditions, the
W296A mutant still exhibited a defect in Stil interaction, while
the A107N and F325A mutants displayed WT Stil interaction.
Sbal interaction was not observed for any mutants, suggesting
that Sbal release was not affected. Finally, as observed with the
A107N and Q380A mutants, discussed earlier, the W296A
mutant exhibited enhanced interaction with Cpr6 in the pres-
ence of ATP+RS.

Interaction with Cpr6 is not dependent on Sbal interaction.
Sbal interaction with Hsc82 is not dependent on stable Stil or
Cpro6 interaction, since His-Hsc82-AMEEVD exhibited a WT
pattern of Sbal interaction. In order to determine if Sbal was
required for Cpr6 interaction, we examined whether Cpr6 in-
teracted with His-Hsc82 in a strain lacking Sbal (Asbal hsc82
hsp82). As shown in Fig. 6, no Sbal binding to Hsc82 was
observed in the SBA!I deletion strain (lanes 7 to 9). However,
the pattern of Cpr6 binding to WT His-Hsc82 was unaffected
(lower panels, compare lanes 4 to 6 with lanes 7 to 9). Thus,
Cpr6 and Sbal independently bind the ATP-bound form of
Hsc82.
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FIG. 6. Cpr6 interacts with His-Hsc82 in a strain lacking Sbal.
Untagged Hsc82 (lanes 1 to 3) or His-Hsc82 (lanes 4 to 6) was ex-
pressed in strain JJ816 (hsc82 hsp82). In lanes 7 to 9, His-Hsc82 was
expressed in strain JJ40 (hsc82 hsp82 sbal). Cell lysates were isolated
and supplemented with a nucleotide as described in the legend to Fig.
1: lanes 1, 4, and 7, no exogenous nucleotide; lanes 2, 5 and 8, 5 mM
AMP-PNP; lanes 3, 6, and 9, 5 mM ATP plus an ATP regenerating
system. For the upper panel, nickel resin-bound protein complexes
were separated by SDS-PAGE (7.5% acrylamide) followed by staining
with Coomassie blue. For the lower panels, protein complexes were
subjected to SDS-PAGE followed by immunoblot analysis using anti-
bodies against the indicated proteins. In the panel marked “lysate,”
whole-cell extract was separated by SDS-PAGE and immunoblotted
with an antibody specific for Sbal to confirm the lack of expression of
Sbal in the hsc82 hsp82 sbal strain.

As shown in Fig. 6, we also demonstrated that retention of
Hsc82 and cochaperones by nickel resin was dependent on the
presence of His-Hsc82. Yeast lysates were prepared from cells
expressing untagged WT Hsc82 (lanes 1 to 3) or His-Hsc82
(lanes 4 to 9), supplemented with a nucleotide, bound to nickel
resin, and analyzed by SDS-PAGE followed by Coomassie blue
staining (upper panel) or immunoblot analysis (lower panels).
As seen in the stained gel, the predominant copurifying protein
is Stil, and the Hsp70 Ssal/2 migrates just below Stil. In the
absence of His-Hsc82 (lanes 1 to 3), background binding of two
predominant unidentified proteins that migrate at approxi-
mately 30 and 40 kDa was observed. In the presence of His-
Hsc82, the binding levels of these unidentified proteins were
reduced, and significant amounts of Hsc82, Stil, and Ssal/2
were retained only in the presence of His-Hsc82. The levels of
copurifying Stil were similar under the three conditions, while
the level of Ssal/2 was slightly reduced in the presence of
ATP+RS. Upon comparison of His-Hsc82 complexes isolated
in the presence of no nucleotide, AMP-PNP, or ATP+RS
(lanes 4 to 6), two protein bands are observed only in the
presence of AMP-PNP (lane 5), with one migrating at approx-
imately 45 kDa and another vary faint band migrating just
above the dye front. The size of these bands, coupled with the
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pattern of Sbal and Cpr6 obtained by immunoblot analysis
(lower panels), strongly suggests that these bands correspond
to Cpr6 (42 kDa) and Sbal (24 kDa), particularly since the
smaller band did not copurify with His-Hsc82 isolated out of a
sbal strain (lane 8; also data not shown). We did not observe
specific interaction of additional proteins in the presence of
AMP-PNP, which suggests that there are not other predomi-
nant Hsp90 cochaperones that stably and specifically interact
with His-Hsc82 in the ATP-bound, closed conformation.

DISCUSSION

Our studies provide an outline for how nucleotides modu-
late the interaction of Hsp90 with Stil, Sbal, and Cpr6. We
observed nucleotide-dependent interaction of Hsc82 with Sbal
(yeast p23) and Cpr6 (yeast Cyp40), which is similar to a
complex observed in mammalian cell extracts (14). As evidence
of the specificity of these interactions, a mutant form of Hsc82
predicted to be unable to bind a nucleotide, D79N (24, 25), was
unable to bind Cpr6 or Sbal. We further demonstrated that
Sbal and Cpr6 independently interact with yeast Hsp90 and
that mutations throughout Hsp90 have differential effects on
the nucleotide-dependent interactions of Stil, Cpr6, and Sbal.

Identification of Hsc82 mutations with altered Stil interac-
tion. The primary site of Stil interaction is the TPR acceptor
site at the carboxy terminus of Hsp90 (34), but multiple lines of
evidence suggest that Stil has additional contacts with Hsp90:
Hop (mammalian Stil) exhibited reduced binding to Hsp90
lacking part of the N-terminal domain (6); binding of Stil to
Hsp82 inhibited ATPase activity and displaced bound geldana-
mycin from the ATP-binding pocket (30); and Stil was shown
to prevent N-terminal dimerization of Hsp82 (31). Although
WT Hsc82 bound Stil under all conditions, our results support
a prior study that demonstrated that Stil has a weakened
interaction with the ATP-bound form of a mutant Hsp90 pro-
tein (31). Two Hsc82 mutants predicted to favor the closed
conformation displayed reduced Stil interaction: the Hsc82-
A107N mutant exhibited a specific defect in the presence of
AMP-PNP, while the T22I mutant exhibited reduced overall
interaction. Two additional Hsc82 mutants also exhibited re-
duced Stil interaction in the presence of AMP-PNP: the
W296A mutant, which caused a dramatic reduction, and
Hsc82-F325A, which resulted in slightly reduced Stil interac-
tion. Within the isolated middle domain of Hsp82, the homol-
ogous residues W300 and F329 are located within an exposed
hydrophobic patch proposed to play a role in protein-protein
interactions (20). A mutation in the catalytic loop, E377K, also
resulted in reduced Stil interaction under all conditions. In a
prior study (36), purified Stil did not exhibit reduced interac-
tion with Hsp82-A107N, -T22I, -T1011, or -F349A, but those
studies were conducted in the absence of a nucleotide, and
with the exception of the T22I mutant, we did not observe
reduced Stil interaction under those conditions. Further stud-
ies will be required to determine whether these differences are
isoform specific or whether the presence of a nucleotide results
in reduced interaction of purified Stil with Hsc82/Hsp82 con-
taining these alterations. Further studies will be required to
determine whether the exposed hydrophobic patch containing
Hsc82 residues W296 and F325 is a second site of contact
between Hsp90 and Stil.
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Identification of Hsc82 mutations with altered Sbal inter-
action. Binding of ATP to Hsp90 induces the closed confor-
mation characterized by Sbal interaction with the N-terminal
domains (2). Our results suggest that Sbal interaction is spe-
cifically linked to ATP binding and hydrolysis. With the excep-
tion of the E33A mutant, Sbal interaction was not observed in
the absence of a nucleotide, and only two Hsc82 mutants, the
E33A and E377K mutants, demonstrated stable Sbal interac-
tion in the presence of ATP. Hsc82-E33A is predicted to have
a defect in ATP hydrolysis (24, 25), and E377 is located within
the catalytic loop (20), suggesting the E377K alteration may
affect hydrolysis. Further studies will be required to determine
if these mutations cause specific defects in ATP hydrolysis or
Sbal release after ATP hydrolysis. As expected, Hsc82-T1011,
predicted to favor the open conformation (29), did not interact
with Sbal. Two additional mutants that disrupted Sbal inter-
action, the T22I and R376A mutants, are located near contact
sites between Hsp90 and Sbal (2), and thus, it is possible that
these alterations cause local conformational changes that dis-
rupt Sbal interaction. The remaining mutations that disrupted
Sbal interaction (F345A, S481Y, L487S, T5211, A583T, I588A
MS589A, L647S L648S, and F660A) are located outside the
vicinity of N-terminal domain and thus are not expected to
directly affect nucleotide binding. It seems likely that these
mutations disrupt Sbal interaction either by restricting the
conformational changes required to adopt the closed confor-
mation or by stabilizing alternative conformations of Hsp90.
These results are generally consistent with prior studies of
Hsp82-Sbal interaction, since the T1011, F349A, S485Y, and
T5251 mutations in Hsp82 were shown to disrupt Sbal inter-
action and Hsp82-S485Y and Hsp82-T5251 exhibit reduced
ATPase activity (8, 12, 36). In contrast, purified Hsp82-T22I
did not exhibit a defect in Sbal interaction (36). Additional
studies will be required to determine if this is due to isoform-
specific differences or assay-specific differences.

Identification of Hsc82 mutations with altered Cpr6 inter-
action. A number of Hsc82 mutations similarly disrupted the
interactions of both Sbal and Cpr6 (Table 2). However, some
mutations that did not disrupt Sbal interaction altered Cpr6
interaction, indicating that the two cochaperones have distinct
requirements for binding to Hsc82. Since the only known Cpr6
binding site is located in the carboxy-terminal domain, the
signal of ATP binding and associated conformational changes
in the N terminus must be transmitted to the carboxy-terminal
domain. Mutations predicted to alter nucleotide-induced con-
formational changes apparently disrupted transmission of the
signal of nucleotide interaction to the carboxy terminus. A few
mutants (E33A, T22I, R376A, and E377K) stably bound Cpr6
in the presence of ATP but not AMP-PNP. A prior study
suggested that AMP-PNP is not as efficient as ATP in inducing
conformational changes in Hsp90 (32). Since the affected res-
idues are located in or near the catalytic loop (2), it seems
probable that conformational changes in the loop are not as
efficient in the presence of AMP-PNP and that this effect is
exacerbated by the mutations we tested. Further studies will be
required to establish that these changes correspond to a pro-
posed rate-limiting conformational change in Hsp90 that is
required for ATP hydrolysis (18, 19).

Cpr6 binds Hsp90 in the closed conformation, and the
A107N mutation, which favors the closed conformation and
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FIG. 7. Model of Hsc82 interaction with Sbal and Cpr6. Our re-
sults suggest the presence of two intermediate complexes during the
ATPase cycle: Sbal interaction prior to Cpr6 interaction (as observed
with the E33A and E377K mutants) and Sbal release prior to Cpr6
release (as observed with the A107N and W296A mutants). See the
text for details.

exhibits enhanced ATPase activity (29), bound low levels of
Cpr6 both in the absence of an exogenous nucleotide and in
the presence of ATP. Similar results were obtained with
W296A (Fig. 4 and 5; also not shown), suggesting that W296A
also favors the closed conformation. Neither of these mutants
exhibited altered Sbal binding. Thus, is appears that these
mutants have a specific defect in Cpr6 release or the return of
Hsp90 to the open conformation after ATP hydrolysis, al-
though it is also possible that altered patterns of Cpr6 inter-
action reflect decreased interaction of these mutants with Stil.

In summary, our results indicate that mutations in the cat-
alytic loop, lid, or N-terminal dimerization domain result in
altered specificity of the Cpr6-Hsc82 interaction. Since muta-
tions in chick Hsp90 containing deletions of the amino termi-
nus or catalytic loop resulted in altered patterns of interaction
of multiple TPR-containing proteins (6), it is possible that
these conformational changes regulate Hsp90 interactions with
multiple TPR-containing cochaperones.

Model for nucleotide-dependent interactions of Hsc82 with
cochaperone proteins. Our results extend existing models of
interaction of Hsp90 with Stil, Sbal, and Cpr6 (27, 31, 32) to
include novel information about how mutation of Hsc82 affects
cochaperone interactions and conformational changes (Fig. 7).
In the absence of a nucleotide, Stil interacts with both the
TPR acceptor site at the carboxy terminus and a second site in
or near the ATPase domain, possibly involving residue Hsc82-
W296. Nucleotide binding results in a shift from the open
conformation to the closed conformation, weakened Stil in-
teraction, and enhanced Sbal interaction. Formation of a sta-
ble Hsc82-Stil-Sbal complex has not been observed, and there
is evidence for competitive interactions of Sbal and Stil (32).
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Thus, it seems likely that Stil dissociates upon Sbal interac-
tion. A conformational change involving the catalytic loop re-
sults in stable Cpr6 interaction. Sbal appears to be released
upon ATP hydrolysis, but Cpr6 release and Stil binding appear
to require additional steps as Hsp90 returns to the open con-
formation. This cycle between the open and closed forms of
Hsp90 is disrupted by mutations in or near the carboxy termi-
nus of Hsp90.

These conformational switches likely have dramatic effects
on Hsp90 activity. While bound to the open conformation of
Hsp90, Stil inhibits N-terminal dimerization and ATPase ac-
tivity (30, 31). The Hsc82-Sbal-Cpr6 complex, which interacts
with client proteins late in the folding pathway (14, 28, 39), was
proposed to be the complex capable of hydrolysis (32). How-
ever, purified Sbal inhibited the ATPase activity of purified
Hsp82, although the effects were variable (18, 26, 32, 41).
Because we observed interaction of Hsc82-E33A and -E377K
with Sbal but not Cpr6 in the presence of AMP-PNP, we
propose an intermediate step in which Sbal interacts with
Hsc82 prior to interacting with Cpr6 (Fig. 7). Sequential inter-
action of Sbal and Cpro6 suggests that Sbal may inhibit activity
of Hsp90 until formation of the specific Hsc82-Sbal-Cpr6 ter-
nary complex.

Conformational changes in the N-terminal domain, such as
dimerization, lid closing, and catalytic loop repositioning, ap-
pear to regulate Stil, Cpr6, and Stil interaction. N-terminal
dimerization and conformational changes in the catalytic loop
also regulate the interaction of Hsp90 with the cochaperones
Cdc37 and Ahal, respectively (21, 33). Additional studies will
be required to determine how these mutations affect the direct
interaction of Hsp90 with these and other Hsp90 cochaperone
proteins. In addition, it is important to note that the interac-
tion of Hsp90 with cochaperone proteins is very dynamic, and
there are likely distinct complexes at different stages of the
ATPase cycle, which may explain why we do not always see
reduced Stil interaction in conjunction with enhanced Cpr6
interaction.

Relationship of cochaperone interaction to overall Hsp90
function. Our study provides novel information linking the
conformational changes that occur during the ATPase cycle of
Hsp90 to cochaperone interactions. For simplicity we included
only three cochaperones here, and studies are under way to
monitor the interaction of additional cochaperones with WT
and mutant forms of Hsp90. It will be interesting to determine
whether Hsc82-G309S, which caused a temperature-sensitive
phenotype but did not exhibit defects in interaction with Stil,
Sbal, or Cpr6, has defects in interaction with other cochaper-
one proteins. In addition, we are curious about how the inter-
action of cochaperone proteins is affected by client protein
interaction and vice versa. A recent report suggests that the
stoichiometry of the Hsp90-Cdc37 interaction changes in the
presence of the kinase Cdk4 (37), and thus, it will be important
to incorporate assays of client interaction into our studies to
determine the effect on cochaperone interaction.

The mechanism by which Hsp90 and cochaperones recog-
nize and interact with diverse client proteins in order to me-
diate their folding and regulation is becoming clearer as struc-
tural studies indicate the range of conformational changes in
Hsp90 (2, 7, 13). The location of the client-binding site has
been elusive, but a recent report characterized a complex be-
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tween Hsp90, the cochaperone Cdc37, and the Cdk4 kinase. In
this complex, both the N-terminal and middle domains of
Hsp90 contact the Cdk4 kinase (37). Intriguingly, one site of
Cdk4 interaction was centered on Hsp82-W300. Since muta-
tion of homologous Hsc82-W296A caused reduced Stil inter-
action, analysis of this mutation may provide valuable infor-
mation about the Stil-mediated transfer of client proteins
from Hsp70 to Hsp90 and the ability of Hsp90 to couple
nucleotide-induced conformational changes in Hsp90 to client
protein activation.
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