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Definition of the minimal fragments of Sti1 required for dimerization,
interaction with Hsp70 and Hsp90 and in vivo functions
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The molecular chaperone Hsp (heat-shock protein) 90 is critical
for the activity of diverse cellular client proteins. In a current
model, client proteins are transferred from Hsp70 to Hsp90 in
a process mediated by the co-chaperone Stil/Hop, which may
simultaneously interact with Hsp70 and Hsp90 via separate TPR
(tetratricopeptide repeat) domains, but the mechanism and in vivo
importance of this function is unclear. In the present study, we used
truncated forms of Stil to determine the minimal regions required
for the Hsp70 and Hsp90 interaction, as well as Stil dimerization.
We found that both TPR1 and TPR2B contribute to the Hsp70
interaction in vivo and that mutations in both TPR1 and TPR2B
were required to disrupt the in vitro interaction of Stil with the
C-terminus of the Hsp70 Ssal. The TPR2A domain was required
for the Hsp90 interaction in vivo, but the isolated TPR2A domain

was not sufficient for the Hsp90 interaction unless combined
with the TPR2B domain. However, isolated TPR2A was both
necessary and sufficient for purified Stil to migrate as a dimer in
solution. The DP2 domain, which is essential for in vivo function,
was dispensable for the Hsp70 and Hsp90 interaction, as well as
Stil dimerization. As evidence for the role of Stil in mediating
the interaction between Hsp70 and Hsp90 in vivo, we identified
Stil mutants that result in reduced recovery of Hsp70 in Hsp90
complexes. We also identified two Hsp90 mutants that exhibit a
reduced Hsp70 interaction, which may help clarify the mechanism
of client transfer between the two molecular chaperones.

Key words: heat-shock protein, Hop, molecular chaperone, tetra-
tricopeptide repeat domain.

INTRODUCTION

The abundant, essential molecular chaperone Hsp (heat-shock
protein) 90 is required for the maturation and activation of diverse
client proteins, including steroid hormone receptors and some
oncogenic kinases. Since Hsp90 interacts with a number of onco-
genic signalling proteins, including Akt, Raf-1, Ber-Abl, mutant
p53 and HER-2/Erb2, Hsp90 is a promising anti-cancer
target and the Hsp90 inhibitor 17-AAG [17-(allylamino)-17-
demethoxygeldanamycin] is currently in Phase II clinical trials
[1]. In Saccharomyces cerevisiae the function of Hsp90 appears
to be restricted to a subset of 200-400 cellular client proteins that
have genetic or physical interactions with Hsp90 [2,3]. Little is
known about what dictates the selectivity of these interactions,
and the mechanism by which Hsp90 binds client proteins and
mediates their folding and activation is also largely unknown
[4-6].

Hsp90 function is dependent on multiple partner co-chaperone
proteins that interact in an ordered, ATP-dependent pathway
[4-6]. According to current models, Hsp90 client proteins first
interact with the molecular chaperones Hsp70 and Hsp40 [7].
Subsequent interaction of Stil/Hop allows formation of a complex
between the client protein, Hsp70, Stil and Hsp90. In a poorly
understood process, the client protein is transferred from Hsp70 to
Hsp90, resulting in Hsp70/Hsp40 release [6,8,9]. Subsequent ATP
binding by Hsp90 induces significant conformational changes,
which result in a weakened Stil interaction along with interaction
of Sbal/p23 and one of a class of large prolylisomerases, such as
FKBP52/54 or Cyp40 (Cpr6 in yeast) [10-12]. ATP hydrolysis
causes additional conformational changes in Hsp90 that result in
Sbal/p23 and prolylisomerase release, client protein folding and
activation [5,13,14].

The co-chaperone protein Stil of S. cerevisiae (Hop in
mammalian cells) is an abundant, highly conserved protein that
does not have chaperone activity on its own [15,16]. Stil/Hop in-
teracts with Hsp70 and Hsp90 through separate TPR (tetratri-
copeptide repeat) domains. TPR1 interacts with the C-terminal
EEVD residues of Hsp70, and TPR2A interacts with the C-
terminal EEVD residues of Hsp90 [17-19]. Both mammalian
Hop and yeast Stil behave as a dimer in solution [20,21]. Stil
is able to stimulate the ATPase activity of the Hsp70 Ssal [22]
and inhibit the ATPase activity of Hsp90 [11,20], but the regions
of Stil required for these functions are unknown. A recent study
[9] demonstrated that Stil was required to mediate transfer of
denatured luciferase from Hsp70 to Hsp90 in vitro, providing
critical evidence for a role of Stil in the transfer of client proteins
[23]. However, the mechanism of this process, and the in vivo
importance of the interaction of Stil with Hsp70 and Hsp90 during
this process is unclear since the amount of Hsp70 recovered in
Hsp90 complexes was not reduced in yeast cells lacking Stil
[24].

In a previous study, we used site-directed mutagenesis of
the TPR domains combined with a genetic screen to isolate
mutations that disrupt in vivo functions of Stil [25]. The most
dramatic effects on Stil function were obtained upon deletion or
mutation of the DP2 region (so named because of the presence of
dipeptide repeats of aspartic acid and proline residues) [21,23].
Surprisingly point mutations in TPR1 or TPR2A designed to
disrupt the Hsp70 or Hsp90 interaction had little effect on
in vivo functions of Stil. Our data, combined with data from
other laboratories [21,23,26,27], suggested that TPR1 and TPR2B
have overlapping or redundant functions in Hsp70 interactions,
and that both the TPR2A and TPR2B domains contribute to the
Hsp90 interaction.

Abbreviations used: DP, aspartic acid—proline repeat; 5-FOA, 5-fluororotic acid; GR, glucocorticoid receptor; GST, glutathione S-transferase; Hsc,
heat-shock cognate protein; Hsp, heat-shock protein; TPR, tetratricopeptide repeat; WT, wild-type.
" To whom correspondence should be addressed (email jilliohn@uidaho.edu).
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The goal of the present study was to further elucidate the
function of individual domains of Stil. We assayed the effects
of Stil truncation on the physical interaction with Hsp70 and
Hsp90 in vivo and the ability to dimerize in vitro. We found that
TPR1 is required for wild-type levels of Hsp70 interaction in vivo,
but mutations in both TPR1 and TPR2B were required to disrupt
the interaction of Stil with Hsp70 in vitro. The isolated TPR2A
domain contained the minimal fragment able to dimerize in vitro,
but was unable to interact with Hsp90 in vivo unless combined
with the TPR2B domain. These studies provide evidence that
TPR2B physically interacts with both Hsp70 and Hsp90. Our
results also raise questions about the function of the critical DP2
domain, since loss of the DP2 domain did not affect the Hsp70
or Hsp90 interaction or dimerization. We also provide novel
information regarding the role of Stil in promoting the in vivo
interaction between Hsp70 and Hsp90.

MATERIALS AND METHODS

Strains and growth conditions

Standard yeast genetic methods were employed [28,29]. Yeast
strains used for growth assays are isogenic to W303 and
have been described previously [25]. These include strains
JJ623  (stil ::MET2), 11609 (stil::MET2 ydjl::HIS3/pRS316-
YDJI), 11816 (hsc82::LEU2 hsp82::LEU2/YeP24-HSP82) and
JI832 (hsc82::LEU2 hsp82::LEU2 stil ::MET2/YeP24-HSPS§2).
An alternate yeast strain JJ882 (MAT« pep4::HIS3 stil::HIS3
leu2-3,112 ura3-52 trpl-Al his3-11,15) was used for protein
purification. This strain was constructed by mating strain CN11
(MATastil ::HIS3) [30] to strain WY 11 [MAT« pep4::HIS3, a gift
from Elizabeth Craig (Department of Biochemistry, University
of Wisconsin, Madison, WI, U.S.A.)], followed by diploid
sporulation and tetrad dissection.

Strains were grown at 30°C in YPD [1 % (w/v) yeast extract/
2% (w/v) peptone/2 % (w/v) glucose] or minimal medium
lacking specific amino acids (0.67 % yeast nitrogen base without
amino acids, 2 % dextrose, supplemented with all required amino
acids). To analyse cell growth, cells were streaked onto selective
medium plates or plates containing 5-FOA (5-fluororotic acid;
Toronto Research Chemicals) and incubated at the indicated
temperature for 2—4 days.

To test the ability of Stil truncation mutants to support via-
bility of a stilydjl strain, His-tagged versions of truncation
mutants expressed in 415GPDHis—Stil were transformed into
strain JJ609. Colonies were then streaked onto plates containing
5-FOA to counterselect for pRS316-YDJ 1. To test the ability of
Stil truncation mutants to support viability of an hsc82hsp82stil
(where Hsc is heat-shock cognate protein) strain expressing
various hsc82 alleles, the indicated constitutively expressed His-
tagged versions of Hsc82 expressed from a HIS+ vector [12] was
transformed into strain JJ832. Untagged WT (wild-type) or mutant
Stil expressed from a LYS+ vector was then transformed into
those strains and plated on selective medium. Resultant colonies
were streaked on plates containing 5-FOA to counterselect for the
plasmid expressing WT HSPS82.

Plasmids and antibodies

WT or mutant ST// was expressed under its own promoter
from the low-copy LEU2 plasmid pRS315 [31]. To generate
His—Stil, an Ncol restriction site was introduced at the start
codon of Stil and cloned into pRSETHisB (Invitrogen) as an
Ncol-HindIII fragment. His—Stil was subsequently cloned into
plasmid 415GPD [32] for constitutive expression in yeast. Stil
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truncation mutants were generated using PCR-based methods and
cloned into 415GPDHis-Stil (LEU+). Non-His-tagged versions
of Stil truncation mutants were also cloned into the LYS2
plasmid pRS317. Plasmids expressing GST (glutathione S-
transferase) fused to the 10 kDa fragment of Ssal or the 10 kDa
fragment of Ssal lacking the terminal EEVD residues have
been described previously [33]. Polyclonal antibodies were raised
against peptides representing amino acids 91-108 of Stil and the
C-terminus of Hsc82/Hsp82 [34]. Polyclonal antisera specific for
Ssal/2 was a gift from Elizabeth Craig. The anti-Xpress antibody
(Invitrogen) was used to recognize His—Stil.

Protein purification and size-exclusion gel chromatography

Plasmids expressing WT and mutant His—Stil proteins with
an N-terminal histidine-tag were transformed into strain JJ882
(pep4stil). Stil was purified using metal chelate affinity chro-
matography. Purified proteins were dialysed against a standard
Tris buffer [20 mM Tris/HCl (pH 7.5), 100 mM NaCl, 10 mM
MgCl, and 1 mM DL-dithiothreitol]. The apparent molecular
masses of His—Stil truncation and point mutants were determined
using size-exclusion gel chromatography. Samples were loaded
onto a Sephacryl 16/60 S-300 (Amersham Biosciences) column
equilibrated with 20 mM Tris/HCl1 (pH 7.5), 100 mM NaCl,
10 mM MgCl, and 1 mM DL-dithiothreitol. Blue dextran 2000
(void volume), thyrogloblin (669 kDa), apoferritin (443 kDa),
B-amylase (200 kDa), ADH (alcohol dehydrogenase; 150 kDa),
BSA (66 kDa), ovalbumin (45kDa), carbonic anhydrase
(29 kDa), cytochrome ¢ (23 kDa) and ATP (550 Da) were used
as molecular mass references.

10 kDa-Ssa1 binding assays

The 10 kDa C-terminal fragment of Ssal (or Ssal AEEVD) was
expressed as a GST-fusion protein in Escherichia coli, purified
on glutathione—agarose beads (Sigma) and released from GST
by thrombin cleavage as described previously [35]. The 10 kDa
fragment (or BSA as a control) was diluted into 0.1 M NaHCO,
and bound to 96-well EIA (enzyme-linked immunoassay) plates
at a concentration of 0.1 ug/well. Wells were washed with PBS,
blocked with PBS containing 0.5 % fatty acid-free BSA (Sigma)
and washed with PBST (PBS containing 0.05 % Tween 20). WT
or mutant Stil was serially diluted in PBST containing 0.2 %
BSA and added to wells for 1 h at room temperature (25 °C). After
extensive washing with PBST, a 1:20000 dilution of polyclonal
antiserum against Stil was added and incubated for 2 h. After
additional washes, a 1:4000 dilution of goat-anti-rabbit HRP
(horseradish peroxidase)-conjugated antiserum (Amersham) was
added and incubated for 45 min. After washing, the reaction
was developed using the TMB Peroxidase EIA Substrate Kit (Bio-
Rad) according to the manufacturer’s specifications. Alternatively,
5 ng of GST-10 kDa-Ssal was prebound to 20 ul of glutathione
resin and then incubated for 30 min with 10 ug of purified WT
or mutant His—Stil. Glutathione resin was washed with 20 mM
Tris/HCI (pH 8.0) containing 0.01 % Nonidet P40, then boiled in
SDS sample buffer and analysed by SDS/PAGE and Coomassie
Blue staining.

Isolation of His—Hsc82 and His-Sti1 complexes

Plasmids expressing WT or mutant His—Stil were transformed
into strain JJ609 (stil::MET ydjl::HIS3/pRS316-YDJI). Re-
sultant colonies were grown overnight at 30°C in selective
medium to a Dy, of 1.2-2.0. Cells were harvested, washed with
water and resuspended in lysis buffer [20 mM Tris/HCI (pH 7.5),
100 mM KCI and 5 mM MgCl, containing a dissolved protease
inhibitor mixture tablet (Roche Applied Science)]. Cells were
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disrupted in the presence of glass beads with 8 x 30 s pulses. His—
Stil complexes were isolated by incubation with nickel resin (1 h
at 4°C with rocking) followed by washes with lysis buffer plus
0.1 % Tween 20 and 35 mM imidazole. Nickel resin was boiled in
SDS/PAGE sample buffer and protein complexes were separated
by gel electrophoresis followed by Coomassie Blue staining
and immunoblot analysis using antibodies against Hsc82/Hsp82,
Ssal/2 or Stil as indicated. His—Hsc82 complexes were isolated in
a similar manner from strain JI832 (hsc82hsp82stil/His-Hsc82)
expressing WT or mutant Stil or from strain JJ816 (hsc82hspS82)
expressing WT His—Hsc82, His—Hsc82-G309S or His—Hsc82-
AMEEVD as the only Hsp90 in the cell [12].

RESULTS

Stil/Hop independently interacts with Hsp70 and Hsp90 via
separate TPR domains and is able to mediate formation of a
ternary Hsp70-Stil/Hop—Hsp90 complex in vitro [19,36,37]. For
these and additional reasons, Stil/Hop was proposed to play a
critical role in the transfer of client proteins from Hsp70 to Hsp90
[23]. However, the importance of Stil in mediating the interaction
between Hsp70 and Hsp90 in vivo is unclear since the absence of
STI!I did not reduce the ability of Hsp70 to co-purify with Hsp90
[24]. The goal of the present study was to determine the minimal
region of Stil required for in vivo functions, interaction with
Hsp70 and Hsp90, and dimerization, and to clarify the function
of Stil in mediating the in vivo interaction between Hsp70 and
Hsp90.

Sti1(222-589), which mimics the form of Sti1 present in
Caenorhabditis elegans, is able to support some, but not all
in vivo functions of Sti1

The domain structure of Stil is shown in Figure 1(A). Stil contains
three separate TPR domains, TPR1, TPR2A and TPR2B, and two
regions that contain aspartic acid—proline (DP) residue repeats:
DP1 after TPR1 and DP2 after TPR2B [21,23]. The TPR1 domain
of Hop (mammalian Stil) co-crystallized with an octapeptide
containing terminal EEVD residues of Hsp70, and the TPR2A
domain of Hop co-crystallized with a peptapeptide containing the
terminal MEEVD residues of Hsp90 [19].

A previous study compared the sequences of Stil/Hop ortho-
logues from different species and noted that the Drosophila
homologue of Hop lacks the DP1 region [38]. We extended this
analysis to include Stil orthologues from other species. We found
that a number of Stilorthologues, including those from C. elegans,
Schistosoma japonicum, Anopheles gambiae, Aedes aegypti
and Stronglyocentrotus purpuratus do not contain sequences
corresponding to either TPR1 or DP1 domains (Figure 1A). This
result suggests that the TPR1 and DP1 sequences arose as a
duplication of TPR2B and DP2 or were subsequently lost. Either
way, it suggests they may share redundant functions. Since prior
studies determined that a fragment of Stil lacking TPR1 and DP1
was able to dimerize and inhibit the ATPase activity of Hsp90
[20,39], we examined whether TPR1 and DP1 are required for
the in vivo functions of Stil.

Yeast containing a deletion of ST// exhibited only minor growth
defects [30]. However, an ST// deletion strain is unable to grow
in the presence of the Hsp90 inhibitor radicicol, and a combined
deletion of genes encoding Stil and the Hsp40 Ydjl results in
a lethal phenotype [25]. WT Stil containing an N-terminal 6x
histidine tag (His—Stil) was able to rescue the lethality of an
stilydjl strain as well as untagged Stil (results not shown
and Figure 1C). We constructed His—Stil truncation mutants
as shown in Figure 1(B) and tested their ability to support
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Figure 1  Sti1 lacking the TPR1 and DP1 domains is able to support some
functions of Sti1

(A) Comparison of domain structure of various Sti1 orthologues. Some orthologues, such
as those present in Drosophila or C. elegans, do not contain the DP1 or TPR1+ DP1
domains respectively. Accession numbers of sequences used for comparison are indicated.
(B) Schematic representation of Sti1 truncation mutants used in the present study. The amino
acids present in each construct are indicated. (G) Ability of truncation mutants to rescue growth
of a stitydj1/pRS316-YDJ1 strain. Plasmids expressing indicated His-tagged Sti1 truncation
mutants were transformed into strain JJ609. Resultant colonies were grown in the presence of
5-FOA for 3 days at 25 °C to counterselect for the pRS316-YDJ1 plasmid.

viability of a stilydjl/pRS316-YDJI strain in the presence of
5-FOA, which counterselects for the plasmid expressing WT
YDJI1 (Figure 1C). Using an antibody specific for sequences
in the His-tag, we demonstrated that all His-Stil fragments
were expressed at similar levels in vivo (results not shown and
Figure 3). Stil(222-589), which lacks both TPR1 and DPI1,
was able to support viability of the sti/ydjl strain similar to
WT Stil, while further deletion of the TPR2A or DP2 region
renders truncation mutants unable to support viability. This result
was consistent with prior studies that demonstrated that an sti/
strain expressing Stil lacking TPR1 was able to support viability
of an stil strain in the presence of radicicol. However, Stil
lacking TPR1 [26] or TPR1 + DP1 (results not shown) exhibited
defects in the activation of the heterologous Hsp90-dependent
glucocorticoid receptor. These results indicate that TPR1 and DP1
are dispensable for some, but not all in vivo functions of Stil.

TPR1 and TPR2B have similar functions in Hsp70 interaction

We previously found that single amino acid alterations in TPR1
and TPR2B residues predicted to contact the EEVD residues of
Hsp70 [19] had only mild effects on Stil activity, but a combin-
ation of point mutations in TPR1 and TPR2B (R79A + R469A
or K75E 4+ R465E) completely disrupted the in vivo functions of
Stil [25]. This result suggested that TPR1 and TPR2B may have
overlapping or redundant functions in Hsp70 interaction. In order
to assess directly whether these mutations in TPR1 and TPR2B
disrupt the physical interaction of Stil with Hsp70, we examined
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Figure 2 Interaction of Sti1 with the C-terminal 10 kDa fragment of Hsp70

(A) Binding of purified WT Sti1 to the 10 kDa fragment of Ssal1, 10 kDa-Ssal AEEVD or
BSA as a control. Serial dilutions of purified Sti1 (01000 ng) were incubated with 0.1 g of
10kDa-Ssa1, 10 kDa-Ssa1 AEEVD or BSA immobilized in wells of a microtitre plate. Bound Sti1
was detected with an antibody specific for Sti1. (B) Purified WT or mutant His—Sti1 was incubated
with GST-10 kDa-Ssa1 immobilized on glutathione resin. Proteins specifically bound to resin
were analysed by SDS/PAGE and Coomassie Blue staining. The location of mutated residues
(by domain name) is indicated.

the interaction of WT and mutant Stil with a C-terminal fragment
of Hsp70 in vitro.

We purified WT and mutant His—Stil out of a protease-defi-
cient stil strain (pep4stil) using one-step standard metal-affinity
chromatography. We monitored the interaction of purified Stil
with the C-terminal 10 kDa fragment of the Hsp70 Ssal (10 kDa-
Ssal) using a modified and sensitive ELISA assay previously used
to study interactions between 10 kDa-Ssal and the Hsp40 Sisl
[33]. 10 kDa-Ssal was expressed in E. coli as a fusion protein
with GST (GST-10kDa-Ssal). The 10 kDa-Ssal fragment
was released by thrombin cleavage [35]. Purified 10 kDa-Ssal,
10 kDa-Ssal containing a deletion of the terminal EEVD residues
(AEEVD) or BSA was bound to the wells of a microtitre plate.
Increasing concentrations of purified WT His—Stil was added
to the wells and the amount of Stil retained on the wells after
multiple washes was determined using Stil-specific antibodies.
Full-length Stil exhibited significant binding to 10 kDa-Ssal,
while minimal interaction was observed for the control protein,
BSA or 10 kDa-AEEVD (Figure 2A). This result indicated that
the EEVD residues are required for stable Stil interaction.

Next we assayed the ability of Stil to be retained on glutathione
resin in the presence of GST—-10 kDa-Ssal. Purified WT His—Stil
was selectively retained by GST-10 kDa-Ssal, but not GST—
10 kDa-Ssal AEEVD or GST alone (results not shown). WT
or mutant His—Stil was incubated with GST-10 kDa-Ssal and
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Figure 3 Effect of Sti1 truncation on in vive interaction with Hsp70 and
Hsp90

(R) Schematic representation of Sti1 truncation mutants used in the present study. The predicted
size of each construct is indicated. (B) WT or mutant His-tagged Sti1 was expressed in sti1
deletion strain JJ609. Cell extracts were prepared as described in the Materials and methods
section and incubated with nickel resin for 1 h at 4°C. Nickel resin-bound protein complexes
were separated by SDS/PAGE followed by Coomassie Blue staining and immunoblot analysis.
Upper panel, the Coomassie Blue stained 15 % acrylamide gel showing migration of His—Sti1.
Middle panel, the same samples run on 7.5% gel to maximize separation of Hsp90, Sti1 and
Hsp70. The migration of His—Sti1 mutants is indicated by *. Lower panels, immunoblot analysis
using antibodies against Hsc82/Hsp82 (Hsp90) or Ssal/2 (Hsp70). —, No His-tagged protein
was present in cell extracts.

the amount of bound His—Stil after washes was assessed by
SDS/PAGE followed by Coomassie Blue staining. We analysed
the effect of homologous mutations of basic residues in the EEVD-
binding cleft of each TPR domain (K75E, R341E and R465E)
and combinations thereof (K75E +R465E and R79A + R341A +
R479A) or single amino acid deletions in each domain (AA48,
AA304 and AA438) (Figure 2B). We also analysed Stil ADP2
(1-519) and full-length Stil containing a mutation in a conserved
residue within the DP2 domain (V540E) [25]. His—Stil binding to
GST-10 kDa-Ssal was significantly disrupted only by combined
mutations in TPR1 plus TPR2B (R79A + R469A) or all three
TPR domains (R79A 4+ R341A 4+ R469A). This result indicates
that the TPR1 and TPR2B domains of Stil/Hop have redundant
functions in the interaction with the C-terminus of Ssal in vitro
and suggests that Hsp70 has similar contacts with the homologous
EEVD-binding groove within TPR1 and TPR2B.

In vivo interaction of Sti1 truncation mutants with Hsp70 and Hsp90

In order to assess the contribution of individual Stil domains
to the Hsp70 and Hsp90 interaction, we constitutively expressed
His-tagged truncation mutants of Stil in an ST// disruption strain.
These constructs successively delete TPR1 + DP1 [Stil(222—
589)], TPR1 + DP1 4 TPR2A [Sti1(388-589)] or DP2(1-519).In
addition, we tested constructs expressing only TPR2A(222-388),
TPR2B(388-519) or TPR2A + TPR2B(222-519) (Figure 3A).
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Figure 4 Effect of Sti1 mutation on ability of Hsp70 to co-purify with Hsp90

WT or mutant (untagged) Sti1 was expressed in an hsc82hsp82sti1 strain expressing WT
His-Hsc82 as the only Hsp90 in the cell. Cell extracts were prepared as described in the Materials
and methods section and incubated with nickel resin for 1 hat 4 °C. Nickel resin-bound protein
complexes were separated by SDS/PAGE followed by Coomassie Blue staining and immunoblot
analysis. Upper panel, the Coomassie Blue stained 7.5 % acrylamide gel showing migration of
Hsp90, Sti1 and Hsp70. Lower panels, immunoblot analysis using antibodies specific for Stit
or Ssa1/2 (Hsp70). Lane 1, control lane expressing untagged Hsc82; lane 2, WT Stit; lane 3,
strain was transformed with vector alone. For the remainder of the lanes the indicated mutant is
listed.

Yeast expressing His—Stil constructs were lysed in a non-
denaturing buffer. Lysates were bound to nickel resin, then washed
with low levels of imidazole to reduce levels of non-specifically
bound proteins. Proteins specifically bound to nickel resin were
analysed by SDS/PAGE followed by Coomassie Blue staining
and immunoblot analysis. We determined whether the truncated
proteins were able to interact with Hsp90 (comprised of two
isoforms, Hsc82 and Hsp82) and/or Hsp70 (comprised of two iso-
forms, Ssal and Ssa2). As shown in Figure 3(B), each of
the truncation mutants was similarly retained by nickel resin.
StilADP2 domain(1-519) and StilATPR1 + DP1(222-589)
each bound WT levels of Hsp90, indicating that TPR1, DP1 and
DP2 are dispensable for Hsp90 interaction. Isolated TPR2A(222-
388) or isolated TPR2B(388-519) failed to stably interact,
but combined TPR2A + TPR2B(222-519) bound WT levels of
Hsp90. This requirement of TPR2B for stable Hsp90 interaction
was somewhat unexpected, since isolated TPR2A stably binds a

Table 1 TRP2A is necessary and sufficient for Sti1 dimerization

peptide corresponding to the C-terminus of Hsp90 [19]. However,
this result is consistent with our previous observation that deletion
of an amino acid within TPR2B (A A438) disrupted the in vivo
interaction between Stil and Hsp90, although a similar effect was
not observed with the R465E point mutation in TPR2B (Figure 4
and [25]).

The requirements for a stable Hsp70 interaction were distinct
from the requirement for the Hsp90 interaction. Only Stil(1-519)
bound WT levels of Hsp70. Stil1(222-589) exhibited a reduced
Hsp70 interaction, and the remaining truncation mutants failed
to interact reproducibly with Hsp70. These results agree with
our previous results that indicate that both TPR1 and TPR2B
contribute to the Hsp70 interaction, but suggest that TPR1 is the
primary site of interaction.

Identification of the minimal domain of Sti1 required
for dimerization

Purified Stil or Hop behaves as a dimer in solution and previous
studies have demonstrated that a fragment of Stil(237-589)
lacking TPR1 and DP1 was able to dimerize [20,21]. In order to
determine which domain(s) of Stil are required for dimerization
we monitored the migration of Stil truncation fragments using
size-exclusion chromatography (Table 1). WT Stil, Stil ADP2(1-
519), ATPR1 + DP1(222-589), or a fragment consisting only of
TPR2A + TPR2B(222-519) migrated as a dimer. These results
indicate that TPR1, DP1 and DP2 are dispensable for dimerization
and suggest that TRP2A and/or TRP2B contains the regions
required for this function of Stil. We then monitored the migration
of isolated TPR2A(222-388) or TPR2B(388-519). Isolated
TPR2A migrated as a dimer, whereas isolated TPR2B migrated
as a monomer. This result indicates that the TPR2A domain
contains the sequences required for dimerization in addition to se-
quences required for Hsp90 interaction. Slight differences
between predicted and apparent molecular masses may be due
to differential post-translational modification of Stil fragments or
conformational changes.

We next determined whether the three mutations that disrupt
the Hsp90 interaction in vivo (R341E and AA304 in TPR2A
and AA438 in TPR2B) [25] disrupted dimerization of full-length
Stil. His—Stil containing either of these mutations exhibited
mobility similar to WT Stil (Table 1). This result indicates that
although TPR2A contains the dimerization domain, mutations
that target the EEVD binding cleft that are sufficient to disrupt

WT and mutant His—Sti1 were purified out of yeast using one-step metal affinity chromatography, then analysed by gel filtration using a Sephacryl 16/60 S-300 column. A standard curve was
generated for the column using molecular mass standards and the approximate retention volume and size for all Sti1 forms is indicated. Apparent stoichiometry was calculated by dividing the

experimental mass by the deduced molecular mass.

Domains present

Experimental mass (kDa) ~ Deduced mass Apparent

TRP1 -+ DP1 TRP2A TRP2B DP2  (relative elution volume) of monomer (kDa)  stoichiometry
His—Sti1(1-589) X X X X 160 70.7 dimer (2.2)
His—Sti1(1-519) X X X 140 62.9 dimer (2.2)
His—Sti1(222-589) X X X 94 46.3 dimer (2)
His—Sti1(222-519) X X 68 385 dimer (1.8)
His—Sti1(222-388) X 46 238 dimer (1.9)
His—Sti1(388-589) X X 28 272 monomer (1)
His—Sti1(388-519) X 15 195 monomer (0.8)
His—Sti1(1-589)AA304  x X X X 160 70.7 dimer (2.2)
His—Sti1(1-589)R341E X X X X 150 70.7 dimer (2.1)
His—Sti1(1-589)AA438 X X X X 170 70.7 dimer (2.4)
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Hsp90 interaction in vivo do not disrupt dimerization. This result is
consistent with a previous study that demonstrated that mutations
targeting the EEVD-binding cleft of TPR2A or TPR2B of Hop
do not affect dimerization [21]. This result also suggests that the
Stil AA438 mutation is not grossly misfolded, even though it
disrupts in vivo function [25].

Effect of Sti1 mutation on the interaction between Hsp90 and Hsp70

Purified mammalian Hsp70 and Hsp90 do not interact except
in the presence of Hop, suggesting that Hop/Stil mediates
the physical interaction between Hsp90 and Hsp70 [36,37].
However, a previous study indicated that deletion of ST7/ did not
dramatically reduce the ability of Hsp90 to interact with Hsp70
in vivo [24]. To determine the effect of ST// deletion or mutation
on the ability of Hsp90 to interact with Hsp70 in vivo, we
examined His—Hsp90 complexes in cells expressing no Stil, or
untagged WT or mutant Stil. We used an hsc82hsp82stil strain
(JJ832) expressing His—Hsc82 as the only Hsp90 in the cell. Yeast
cells expressing vector alone, WT Stil, or the indicated mutant
were disrupted in a non-denaturing buffer, incubated with nickel
resin, and proteins bound to nickel resin after washes with lysis
buffer containing low levels of imidazole were analysed by
SDS/PAGE and immunoblot analysis (Figure 4).

As shown in Figure 4, similar levels of Hsp90 were recovered
from each strain. As expected, no Stil interaction was observed
in the strain lacking STI!/ (lane 3), or in yeast expressing the
R341E and AA304 mutations within TPR2A or the AA438 mu-
tation within TPR2B (lanes 4, 8 and 9) [25]. The remaining Stil
mutants had wild-type levels of interaction with Hsp90. The main
question was how loss or mutation of ST// affected the in vivo
interaction between Hsp90 and Hsp70. In the presence of
WT Stil (lane 2), significant binding of Hsp70 was observed
compared with cells that do not express His—Hsp90 (lane 1).
In accordance with the previous report [24], deletion of STI/
does not significantly alter the level of Hsp70 observed in Hsp90
complexes (lane 3). Similarly, the level of Hsp70 recovered was
not dramatically altered by the Stil-V540E mutation, while the
A A438 mutation caused an intermediate effect. Notably, the level
of Hsp70 present in Hsp90 complexes was significantly reduced
in the presence of Stil-R341E, Stil-R79A + R469A, R465E or
Stil-AA304 mutations.

The Hsc82-G309S and Hsc82- AMEEVD mutants exhibit a defect in
Ssa1/2 interaction in vivo

The above results confirm that Stil is not essential for the in
vivo interaction between Hsp70 and Hsp90, but indicate that Stil
does contribute to formation of the ternary complex in vivo. In
order to gain additional clues about the formation of Hsp90—
Hsp70 complexes, we analysed mutations in Hsc82. The hsc82-
G309S mutation caused a temperature-sensitive phenotype, but
His—Hsc82-G309S did not exhibit defects in the interaction with
Stil, Sbal or Cpr6 [12]. However, as demonstrated in Figure 5,
Hsc82-G309S does exhibit a defect in the Hsp70 interaction. We
isolated WT His-tagged Hsc82 and Hsc82 containing the G309S
mutation from yeast expressing WT Stil. We also isolated His—
Hsc82-AMEEVD, which does not interact with Stil or Cpr6
due to deletion of the C-terminal MEEVD sequences [12,40].
Relative to WT Hsc82, G309S exhibits a marked reduction in
Ssal/2 interaction (Figure 5, compare lanes 1 and 2). The Hsc82-
AMEEVD mutation (lane 3) also resulted in a similar reduction
of the Hsp70 interaction compared with WT Hsc82, even though
this mutation does not cause noticeable growth defects [41]. Since
Hsc82-AMEEVD also exhibits a reduced Hsp70 interaction, this
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Figure 5 The Hsc82-G309S mutant exhibits reduced Hsp70 interaction
in vivo

WT or mutant His—Hsc82 was expressed in an hsc82hsp82 strain as the Hsp90 in the cell. Cell
extracts were incubated with nickel resin for 1 h at 4 °C. Nickel resin-bound protein complexes
were separated by SDS/PAGE followed by Coomassie Blue staining and immunoblot analysis.
Upper panel, the Coomassie Blue stained 7.5 % acrylamide gel showing migration of Hsp90, Sti1
and Hsp70. Lower panels, immunoblot analysis using antibodies specific for Hsc82, Sti1 or
Ssal/2 (Hsp70). Lane 1, WT His—Hsc82; lane 2, His—Hsc82-G309S; lane 3, His—Hsc82
AMEEVD; lane 4, control lane expressing untagged Hsc82. Lane 5 and lane 6, WT His—
Hsc82 isolated out of hsc82hsp82stit strain expressing WT Sti1 (lane 5) or lacking Stit
(lane 6).

suggests that Stil, or likely another protein that interacts with the
C-terminus of Hsp90, mediates the in vivo interaction between
Hsp90 and Hsp70. However, for unknown reasons, this effect is
distinct from that observed in a ST/ disruption strain (lane 6).

The Hsc82-G309S mutation becomes inviable upon alteration
of the TPR1 or TPR2B domains of Sti1

The above result suggests that the temperature-sensitive pheno-
type caused by the hsc82-G309S mutation is due to a specific
defect in the Hsp70 interaction. To determine whether the func-
tion of Hsc82-G309S is further disrupted by mutations that
disrupt the Stil-Hsp70 interaction, we examined the genetic
interaction between Hsp90 and Stil. Deletion of both genes
encoding Hsp90 (HSCS82 and HSPS2) is lethal [34]. We isolated
a number of mutations in hsc82 that confer a temperature-
sensitive phenotype when present as the only Hsp90 in the cell
[12]. We examined the ability of these Asc82 mutant alleles to
support viability in the absence of ST7/. Plasmids expressing
WT or mutant forms of HSCS82 were transformed into strain
JI832 (hsc82hsp82stil/YEp24-HSPS2). Resultant colonies were
streaked onto medium containing 5-FOA, which counterselects
for the presence of the plasmid expressing WT HSPS82 (YEp24-
HSP82). Of 16 mutations tested, eight of the /hsc82 mutants
exhibited WT or near WT growth in the presence of STI/
(hsc82hsp82 strain) but were unviable in the absence of ST/ (Fig-
ure 6 and results not shown). The Asc82-AMEEVD mutation
does not exhibit growth defects in the presence or absence of
STII (results not shown). These Hsc82 mutants are located in
the middle (G309S, F345A, S481Y, L487S and T5211) and C-
terminal (A583T, IS88A, M589A, L647S and L648S) domains of
Hsp90 [10,42].

Next we determined whether any of these 4sc82 mutant alleles
that are dependent on ST// for viability are specifically affected
by loss of the TPR1 and DP1 domains. We transformed a plasmid
expressing Sti1(222-589) into the hsc82hsp82stil [Yep24-HSPS2
strain expressing the Asc82 mutant alleles shown in Figure 6.
Transformants were then streaked onto medium containing 5-
FOA to counterselect for the Yep24-HSPS82 plasmid (Figure 6).
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Figure 6 Genetic interaction between Sti1 and Hsc82-G309S

Yeast strain JJ832 (hsc82hsp82sti1/YEp24-HSP82) expressing WT Hsc82, Hsc82-G309S,
F345A, S481Y, L487S, T5211, A583T, 1588AM589A or L647SL648S was transformed with
plasmids expressing Sti1 WT, Sti1(222-589), Sti1-R465E or vector alone as indicated. Resultant
colonies were grown for 3 days at 30 °C in the presence of 5-FOA, which counterselects for the
presence of the YEp24-HSP82 plasmid.

In most cases, Stil(222-589) was able to support growth.
The exception was that the combination of Asc82-G309S with
stil(222-589) was lethal, suggesting that the Hsc82-G309S
mutant is particularly dependent on the function of TPR1 and/or
DP1. We then tested the combination of sti/-R465E with mutant
hsc82 alleles as described above. Again, we observed that ssc82-
G309S was the only mutant that was unviable in the presence of
the stil-R465E mutant. Since the Stil-R465E mutation resulted
in reduced interaction of Hsp70 with Hsp90 (Figure 4), these
results suggest that further reduction in Hsp70 interaction disrupts
the essential functions of Hsp90. Together, these results indicate
that Hsc82-G309S either has a specific defect in Stil-mediated
Hsp70 interaction or has an enhanced requirement for Stil-
mediated Hsp70 interaction due to a defect in another mechanism
that promotes in vivo interaction between the two molecular
chaperones.

DISCUSSION

The present study further defines the domains of Stil required for
in vivo interaction with Hsp70 and Hsp90 and identifies the region
of Stil required for dimerization. We also provide novel evidence
that mutation of Stil results in reduced interaction between Hsp90
and Hsp70, which is consistent with the proposed role for Stil
in mediating the transfer of client proteins between Hsp70 and
Hsp90 [9,23].

Interaction of Sti1 with Hsp70

TPR1 of Stil/Hop has been recognized as the primary binding
site for Hsp70 since an EEVD-containing peptide corresponding
to the C-terminus of Hsp70 co-crystallized with isolated TPR1
[19]. However, other studies subsequently showed that mutations
outside of TPR1 affected the Hsp70 interaction [21,23,27]. There
is also evidence that suggests that Stil/Hop has a contact site
with Hsp70 in addition to the terminal EEVD residues, since a
truncated form of Hsp70 lacking the C-terminal 38 amino acids

maintained wild-type levels of Hop interaction [21], and Stil was
able to stimulate the ATPase activity of the Hsp70 Ssal [22].
Our studies indicate that both TPR1 and TPR2B contribute to the
Hsp70 interaction in vivo and in vitro, although loss of TPR1 has
a much more dramatic effect on the interaction between Hsp70
and Stil in vivo. The C-terminus of Hsp70 likely has similar
contacts with the EEVD-binding grooves of TPR1 and TPR2B,
since homologous point mutations in both domains were able
to completely disrupt the in vivo functions of Stil [25] and the
in vitro interaction with 10 kDa-Ssal. In contrast with previous
studies with Hop [21,23], deletion of DP2 or a point mutation
within DP2 did not inhibit the Hsp70 interaction. The reason
for this difference is unknown and may reflect species-specific
differences.

A previous study [38] and our results suggest that the TPR1
and/or DP1 sequences arose as a duplication event in species
ranging from yeast to humans, or were lost in species such as C.
elegans. What is the function of TPR1 and DP1? One possibility
is that Stil has Hsp90-independent functions and that TPR1 and
DP1 are critical for these functions. This possibility is supported
by the observation that mutations in TPR1 specifically affect the
regulation of Hsp70 function in yeast prion [PSI4] propagation
[26]. We found that Stil lacking TPR1 and DP1 (222-589) was
able to function in various growth assays, but was unable to
function in the activation of the heterologous client protein, the GR
(glucocorticoid receptor). Independent results suggest that both
TPR1 and DP1 contribute to this function: Stil lacking TPR1,
but not DP1, was also unable to function in GR activation [26],
and when expressed in yeast, the Drosophila homologue of Hop
(which lacks DP1) was able to bind both Hsp70 and Hsp90,
but exhibited defects in GR activation [38]. Since GR activity
is particularly sensitive to deletion of TPR1 and/or DP1, it is
possible that activation of this heterologous client has enhanced
requirements for Stil function. However, it is also possible that
TPR1 and/or DP1 have a crucial role in co-ordinating the activity
of Hsp70 and Hsp90 during transfer of client protein from one
chaperone to the other. Additional evidence that TPR1 and TPR2B
need to be within the same polypeptide to support GR function
supports this hypothesis [43].

Interaction of Sti1 with Hsp90

TPR2A of Stil/Hop has been recognized as the primary binding
site for Hsp90 since an EEVD-containing peptide corresponding
to the C-terminus of Hsp90 co-crystallized with isolated TPR2A
[19]. Accordingly, we found that alterations in basic residues
of TPR2A predicted to contact EEVD residues selectively
disrupt Hsp90 interaction in vivo [25]. Although multiple lines
of evidence suggest that there are additional sites of contact
between Hsp90 and Stil [11,12,20,25,44], it was nonetheless
surprising that the TPR2A domain did not stably interact with
Hsp90 unless combined with TPR2B. TPR1 cannot replace this
function of TPR2B since Stil(1-387), which contains TPR1 +
DP1 + TPR2A does not stably interact with Hsp90 (results not
shown). This requirement for TPR2B is consistent with prior
evidence from our laboratory and others that mutations in TPR2B
disrupt Hsp90 binding [23,25,26]. Although the A A438 mutation
in TPR2B disrupts the Hsp90 interaction, the R465E mutation
targeting the EEVD-binding cleft did not affect the Hsp90 in-
teraction. At this time we are unable to ascertain whether Hsp90
contacts a different site within TPR2B or whether Hsp90 does
indeed contact the EEVD-binding cleft but the R465E mutation
is not sufficient to disrupt the Hsp90 interaction due to altered
specificity of the Hsp70 and Hsp90 interactions [27].
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Dimerization of Sti1

Our results indicate that the isolated TPR2A domain contains
the sequences required for dimerization. Of the multiple TPR-
containing proteins that interact with Hsp90 [16], only Stil is
known to function as adimer and a dimer of Stil appears to interact
with a dimer of Hsp90 [20]. The location of the dimerization
domain within TPR2A is unknown, as neither the R341E nor
the AA304 mutations disrupted the ability of full length Stil to
migrate as a dimer in solution. At this time we do not know
whether dimerization is required for Stil function in vivo since
we are unable to distinguish between the functions of TPR2A in
Hsp90 interaction and dimerization.

Role of Sti1 in mediating ternary complex formation

A ternary complex of purified Stil/Hop, Hsp70 and Hsp90 occurs
readily in an ATP-independent manner, but purified Hsp70 and
Hsp90 interact only in the presence of Hop/Stil [6,36,37]. This
finding led to the hypothesis that by promoting formation of the
ternary complex, Stil/Hop mediates the transfer of client proteins
from Hsp70 to Hsp90 [23], and a recent report demonstrated
that transfer of denatured luciferase from Hsp70 to Hsp90
in vitro was dependent on Stil [9]. Stil is likely to have a critical
role in regulating the activity of both Hsp70 and Hsp90 during
this process [11,20,22], but the regions of Stil required for this
function remain unknown.

How does Stil mediate the interaction between Hsp70 and
Hsp90? Our results combined with results from the Smith
and Blatch laboratories [21,23,27] indicate that TPR1 and TPR2B
both contact Hsp70, while both TPR2A and TPR2B contact
Hsp90. Since Hsp70 binds Hop in a 2:1 molar ratio in the absence
of Hsp90 but a 1:1 molar ratio in the presence of Hsp90 [8], it
seems likely that Hsp90 binding displaces one monomer of Hsp70
from TPR2B, but additional studies are required to resolve this
issue. Stil/Hop is known to undergo conformational changes upon
Hsp70 or Hsp90 interaction [20,45], and it is possible that the
Hsp90-TPR2B interaction results in a conformational change that
allows the Hsp90 interaction with TPR2A.

How important is Stil in mediating the in vivo interaction
between Hsp90 and Hsp70? We identified Stil mutants that result
in reduced recovery of Hsp70 in Hsp90 complexes (Figure 4). In
two of these cases, R79A + R469A and R465E, the Stil-Hsp90
interaction was unaffected but a reduced Hsp70 interaction was
observed. Since these mutations alter the EEVD-binding cleft in
TPR1 and TPR2B, the reduced Hsp70 interaction likely results
from a defect in Hsp90-bound Stil to interact with Hsp70. The
other mutants, R341E and AA304, result in loss of Stil interaction
and reduced Hsp70 interaction. The reason that the R341E and
AA304 mutations have an effect distinct from an S77/ null strain
[24] is unknown. However, loss of STI/ resulted in enhanced
transcription of heat-shock genes [30], and thus it is possible
that a protein upregulated under these conditions functionally
replaces Stil in mediating a stable Hsp70-Hsp90 interaction.
In this scenario, the R341E and AA304 mutations may fail to
upregulate the heat-shock response or may interfere with the other
protein interacting with Hsp90. The nature of this other protein is
unknown, although a number of other Hsp90 co-chaperones have
been identified [2—4].

Our results raise additional questions about the transfer of
client proteins from Hsp70 to Hsp90. The Hsc82-AMEEVD
mutant exhibits reduced Hsp70 interaction, along with a reduced
interaction of TPR-containing proteins, yet does not cause
noticeable growth defects [12,41]. The most likely explanations
are the presence of alternate pathways that promote Hsp70—
Hsp90 interactions and/or that Hsc82-AMEEVD maintains
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in vivo interactions with both Hsp70 and/or co-chaperones but
with reduced stability not detected in our assays. The Hsc82-
G309S mutant should be very useful in understanding the
mechanism and specificity of the client transfer between Hsp70
and Hsp90 since it appears to be specifically dependent on the
ability of Stil to interact with Hsp70. In conclusion, our results
answer some of the questions about the role of Stil in Hsp90
function, but questions of whether alternate pathways promote
Hsp90—client interaction and whether all client proteins have
similar interactions with Hsp90 and co-chaperone proteins remain
unresolved.
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