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The Saccharomyces cerevisiae SBA1 gene was cloned by PCR amplification from yeast genomic DNA following
its identification as encoding an ortholog of human p23, an Hsp90 cochaperone. The SBAI gene product is
constitutively expressed and nonessential, although a disruption mutant grew more slowly than the wild type
at both 18 and 37°C. A double deletion of SBAI and STI1, encoding an Hsp90 cochaperone, displayed synthetic
growth defects. Affinity isolation of histidine-tagged Sbalp (Sbal"™*%) after expression in yeast led to coisola-
tion of Hsp90 and the cyclophilin homolog Cpré. Using an in vitro assembly assay, purified Sba1**¢ bound to
Hsp90 only in the presence of adenosine 5'-O-(3-thiotriphosphate) or adenyl-imidodiphosphate. Furthermore,
interaction between purified Sbal™*® and Hsp90 in yeast extracts was inhibited by the benzoquinoid ansa-
mycins geldanamycin and macbecin. The in vitro assay was also used to identify residues in Hsp90 that are
important for complex formation with Sba1™*®, and residues in both the N-terminal nucleotide binding do-
main and C-terminal half were characterized. In vivo analysis of known Hsp90 substrate proteins revealed that
Sbal loss of function had only a mild effect on the activity of the tyrosine kinase v-Src and steroid hormone

receptors.

Polypeptide folding occurs in vivo with the aid of molecular
chaperones. Members of this diverse protein family have been
proposed to function by protecting nascent chains from off-
pathway interactions that might otherwise lead to aggregation
and to stabilize conformations from which productive fold-
ing can proceed (25, 29). The two major classes of molecular
chaperone that exist in the eukaryotic cytosol under normal
growth conditions are Hsp70 and Hsp90. Both of these chap-
erones function in protein folding reactions with the aid of
several factors that act as cochaperones or modulators. In the
case of eukaryotic Hsp70, the cochaperones include members
of the Dnal family, p48/Hip, p60/Stilp, and Bagl (10, 21, 26,
50). Each of these cochaperones has been reported to modu-
late the ATPase activity of Hsp70 by either stimulating ATP
hydrolysis or regulating nucleotide exchange (10, 21, 24, 26).
The Hsp70 chaperone machine also appears to function in as-
sociation with Hsp90 via the action of the p60 gene, an or-
tholog of the yeast ST11, which binds to both chaperone pro-
teins (9, 11, 36, 46). Hsp90 is an abundant and highly conserved
molecular chaperone. It exists in several discrete subcomplexes
that together comprise the Hsp90 chaperone machine. One of
these subcomplexes contains Hsp90/Hsp70/Hip and p60/Stil
(46), while another contains one of several immunophilins and
the acidic protein p23 (31).

The p23 protein was first identified in association with the
progesterone receptor (PR) (45) and was later shown to be an
Hsp90 binding protein (30, 32, 49). In addition to being found
in protein complexes with several unliganded steroid hormone
receptors, p23 has been found to associate via Hsp90 with
several proteins including transcription factors, protein ki-
nases, and a viral reverse transcriptase (27, 37, 56). In all of
these interactions, p23 is thought to be indirectly associated via
Hsp90. There is also evidence, however, that p23 can bind
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independently to polypeptides and prevent them from aggre-
gating (5, 20, 27).

Purified p23 binds to Hsp90 in a manner that is stabilized by
nonhydrolyzable ATP and by molybdate ions (49). In addition,
complex formation between p23 and Hsp90 is inhibited by
geldanamycin, a benzoquinoid ansamycin that was originally
defined as a tyrosine kinase inhibitor but was recently shown to
specifically interact with Hsp90 (54). Geldanamycin negatively
affects the activity of steroid hormone receptors and protein
kinases and stimulates their degradation (43, 44, 47, 53). By
contrast, p23 appears to be important for stabilizing a high-
affinity hormone binding conformation of the glucocorticoid
receptor (GR) and PR (14, 47).

Recent studies have demonstrated the conserved nature of
yeast and animal cell Hsp90 protein complexes (8, 9; see ref-
erence 6 for a review), but to date there has been no report of
a yeast p23 homolog. In this report, we present a genetic and
biochemical characterization of a p23 homolog from the yeast
Saccharomyces cerevisiae.

MATERIALS AND METHODS

Materials. Geldanamycin and macbecin were obtained from the Drug Syn-
thesis & Chemistry Branch, Developmental Theraputics Program, Division of
Cancer Treatment, National Cancer Institute. Both compounds were stored at 2
mg/ml in dimethyl sulfoxide at —20°C. Monoclonal antibodies to phosphoty-
rosine (4G10) and v-Src (GD11) were purchased from Upstate Biotechnology
(Lake Placid, N.Y.). Antiserum to Hsp90 was described previously (12), and
antiserum to Hsp70 was purchased from Affinity Bioreagents. Antisera to Cpr6
and Stil were the kind gifts of D. Picard and D. Toft, respectively. Isogenic yeast
strains encoding wild-type and G170D mutant forms of HSPS2 were the kind
gifts of S. Lindquist. Plasmids encoding the A97I (pts38RV), T101I (pcs2-3RV),
and S485Y (pts33BE) hsp82 mutants were the kind gift of Y. Kimura (33), and
those encoding the E431K (pTCA/hsp82 E431K) and T5251 (pTCA/hsp82
T5251) mutants of hsp82 were the gift of K. Yamamoto (3). Plasmid pGVSRC
(CEN/ARS URA3 v-src) was the kind gift of Frank Boschelli.

Yeast methods and strains. The genotypes of S. cerevisiae strains used in this
study are shown in Table 1. Standard genetic methods were used for growth and
manipulation. Yeast strains were grown in either rich medium (YPD) or selective
minimal medium (0.67% yeast nitrogen base) with 2% glucose (or raffinose or
galactose) and supplemented with adenine, uracil, and amino acids, depending
on auxotrophy. Transformation of yeast strains was performed as described
previously (22). Strain ACY77 was constructed from W3031b by one-step gene
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TABLE 1. Yeast strains used in this study

Strain Genotype Reference
W3031b o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 51
CN11 a Awrpl lysl lys2 ura3-52 leu2-3,112 his3-11,15 stil-1::HIS3 39
ACY77 o ade2-1 leu2-3,112 his3-11,15 trpl1-1 ura3-1 canl-100 stil-1::HIS3 This study
YF233 o ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100 sbal-1::URA3 This study
YF240 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 sbal-1::ura3 This study
YF256 o ade2-1 leu2-3,112 his3-11,15 trpl1-1 ura3-1 canl-100 sbal-1::ura3 pGAL-SBA1 This study
YF257 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 stil-1::HIS3 sbal-1::URA3 This study
YF265 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 pRS426 This study
YF266 o ade2-1 leu2-3,112 his3-11,15 trp1-1 ura3-1 canl-100 pJR10 This study
AFY200 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 pGVSRC This study
AFY202 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 sbal-1::ura 3 pGVSRC This study
YF267 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 pARH, pPGKarelacZC This study
YF268 o ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 sbal-1::ura3 pARH, pPGKarelacZC This study
p82a a ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pTGPDHsp82 38
G170Da a ade2-1 leu2-3,112 his3-11,15 trpl-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pTGPpd/T1-101 38
ACY 2W a ade2-1 leu2-3,112 his3-11,15 trp1-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pTGPDHsp82, pJR1 This study
ACY 1WU a ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pJR1 This study
AFYA97I a ade2-1 leu2-3,112 his3-11,15 trp1-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pts38RV This study
AFYT1011 a ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pcs2-3RV This study
AFYE431K a ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pTCA/hsp82 E431K This study
AFYS485Y a ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pts33BE This study
AFYT5251 a ade2-1 leu2-3,112 his3-11,15 trpl1-1 ura3-1 canl-100 (hsc82::LEU2) (hsp82::LEU2) pTCA/hsp82 T5251 This study

replacement (42) using a DNA fragment containing the stil-1::HIS3 allele that
was amplified by PCR from the genomic DNA of strain CN11 (38), using the
primers 5 GCGCGCAAGCTTAATATTCTATGTCTGGCAACT 3’ and 5'
GCGCGCTCTAGACTTATTATCTTCAAGTTCCGA 3’ in a 30-cycle reaction
at an annealing temperature of 50°C. stil-1/sbal-1 double mutants were prepared
from ACY77 by one-step gene replacement using the 2.4-kb sbal-1::URA3 frag-
ment as described below.

The hsp82 mutant strains (except for G170D, which was the gift of S. Lind-
quist) were constructed from strain p82a (38). This strain was transformed with
pJR1 (CEN6/ARS4/HSPS82/URA3), and the resulting strain (AFY2W) was grown
in rich medium to deselect for p TGPD (HSPS2/TRPI). Resulting Trp auxotrophs
were designated AFY1WU. This strain was transformed with plasmids contain-
ing different Asp82 mutant genes (see above) and subsequently plated on 5-
fluoro-orotic acid to select for loss of pJR1. The resulting strains all contained a
single mutant Asp82 allele (Table 1).

SBAI cloning and gene disruption. SBAI was cloned by a 30-cycle PCR am-
plification (using Tag polymerase; annealing temperature of 37°C) from S. cere-
visiae W3031b genomic DNA, using the primers 5 GCGCGCCTCGAGGATA
ATCATCCAGCA 3’ and 5" GCGCGCTCTAGAACTGCCTTTTATGAA 3'.
The 1,269-bp product was gel purified and cloned into the pCR-Script vector
(Stratagene) to generate the clone designated p2323. The SBAI disruption allele
was generated by insertion of a 1.1-kb blunt-ended DNA fragment containing the
URA3 gene into Hpal-digested p2323, which linearized the plasmid in the SBA1
open reading frame (ORF). A 2.4-kb DNA fragment containing the sbal-I::
URA3 disruption allele (called sbal-1 hereafter) was released from this plasmid
(pA23URA3) by digestion with restriction endonucleases Xhol and Xbal. This
linear 2.4-kb fragment was transformed into haploid wild-type yeast (W3031b)
for one-step gene replacement of SBAI.

A gene encoding His,-tagged Sbal (Sba1's®) under control of the yeast GALI
promoter was cloned by PCR amplification (using Pfu polymerase at an anneal-
ing temperature of 55°C) from p2323 by using the primers 5’ ATAGTCATGC
ACCACCATCACCACCACTCCGATAAAGTTATTAAC 3’ and 5 GCGCGC
CTCGAGGATAATCATCCAGCA 3'. This amplification resulted in addition of
six histidine residues just downstream of the N-terminal methionine. The 1-kb
product was first cloned into pCR-Script (Stratagene) and then released from
this vector by BamHI and Sacl digestion before ligation into pRS316.GAL
(CEN/ARS URA3 GALI-10 promoter) digested with the same restriction endo-
nucleases. The resulting plasmid (pGAL-SBA1) was transformed into an shal-1
strain that had been plated on medium containing 5-fluoro-orotic acid (2) to
select for reversion to uracil auxotrophy (YF240).

Purification of Sbal"**® and preparation of Sbal antiserum. A gene encoding
recombinant Sbal™® for expression in Escherichia coli was generated by PCR
amplification from p2323 (as above), using the primers 5 GCGCGCCATATG
TCCGATAAAGTTATTAAC 3" and 5" GCGCGCGGATCCAAGTTACTCA
TTCTAGCA 3'. The 1-kb product was cloned into pCR-Script (Stratagene),
excised by using Ndel and BamHI, and subcloned into similarly digested pET15b
(Novagen). Construction of SBAI in this vector resulted in an N-terminal se-
quence extension juxtaposed to wild-type SBAI sequence as follows: MGSSHH
HHHHSSGLVPRGSH (single-letter amino acid code). The resulting plasmid,
p23ET, was transformed into E. coli BL21(DE3). Expression of Sbal'!® was

induced as follows. BL21(DE3) containing p23ET was grown overnight at 37°C
in 100 ml of LB medium plus 50 pg of ampicillin per ml. The culture was diluted
1:10 into fresh LB medium and incubated for 1 h at 37°C before addition of
isopropyl-B-p-thiogalactopyranoside to a final concentration of 1 mM. The cul-
ture was incubated for a further 2 h before harvesting the cells. The cells were
resuspended in 5 ml of BL buffer (10 mM Tris-HCI [pH 7.5], 50 mM Sbal, 50
mM KCl, 10 mM MgCl,, 1 mM EDTA, 5 mM dithiothreitol, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF], protease inhibitor cocktail containing equimolar
amounts of aprotinin, chymostatin, leupeptin, and pepstatin [each at 2 pg/ml])
and broken by sonication (10 times, 10-s bursts with cooling on ice for 30 s
between bursts). The lysate was cleared by centrifugation at 14,000 X g for 30
min at 4°C. The protein concentration was adjusted to 10 mg/ml with lysis buffer.

SbalHis® was purified by a two-step procedure. First, Sbal"is¢ present in the
crude bacterial lysate was bound to Ni-nitrilotriacetic acid (NTA) resin (Qiagen)
in batch. This was performed by adding 2 ml of Ni-NTA resin (equilibrated in
lysis buffer) to 20 ml of crude lysate (at 10 mg/ml) supplemented with 5 mM
imidazole (Sigma); this mixture was incubated on a nutator for 30 min at 4°C.
The resin was collected by centrifugation at 1,000 X g and washed twice in lysis
buffer plus 10 mM imidazole and twice with lysis buffer plus 20 mM imidazole.
Bound proteins were eluted in lysis buffer plus 150 mM imidazole in a 3-ml
volume for 10 min at 4°C. The eluate was dialyzed overnight against 20 mM
HEPES (pH 7.2)-0.2 mM EDTA-0.5 mM PMSF. The dialyzed eluate was
concentrated in a Centricon-10 centrifugal concentrator before loading onto a
5-ml Mono-Q column. Bound proteins were eluted with a 0 to 500 mM KCl
gradient.

Antiserum to Sba was prepared by resolving crude bacterial lysate as
described above in a denaturing 10% polyacrylamide gel. The band containing
SbalHis® was identified after Coomassie blue staining and excised with a razor
blade. Antiserum to Sba1's® was prepared from these gel slices in rabbits by
Covance Research Products Inc. (Denver, Pa.).

Affinity isolation of Sbal from yeast. One-step affinity chromatography of
Sbal'is® expressed in yeast was performed by a modification of the procedure of
Fang et al. (18). Briefly, 100-ml yeast cultures were harvested, the pellet was
washed once with water and once with YL buffer (10 mM Tris-HCI [pH 7.5], 50
mM NaCl, 50 mM KCl, 10 mM MgCl,, 1 mM EDTA, 1 mM PMSF, and protease
inhibitor cocktail [2 pg/ml] as described above). The pellet was resuspended in
0.8 ml of lysis buffer plus 20 mM sodium molybdate, and the cells were broken
in the presence of 1.5 g of 0.4-mm-diameter glass beads by 5 30-s bursts in a
mini-BeadBeater (Biospec Products) at 4°C, with cooling on ice for 30 s between
bursts. The crude lysate was cleared at 14,000 X g for 30 min at 4°C. The protein
concentration was adjusted to 3 mg/ml, and 0.5 ml of protein extract was incu-
bated with 50 wl of Ni-NTA resin (equilibrated in lysis buffer) for 15 min at 4°C
on a nutator. The resin was collected at 500 X g and washed three times in 1 ml
of lysis buffer plus 20 mM sodium molybdate and 10 mM imidazole. The resin
was incubated with 50 pl of elution buffer (lysis buffer plus 150 mM imidazole)
at 4°C for 10 min. The eluted protein was resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Coomassie
blue staining or by Western blotting.

In vitro assembly assay. Sbal'® purified from E. coli was bound to Ni-NTA
resin (30 wl of packed beads, equilibrated in YL buffer as described above) by
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Sbal MSDKVINPQV AWAQRSSTT.D PERNYVLITV SIADCDAPEL TIKPSYIELK 50
Cp23  *......... .. .*PA*AKWY DR*D**F*EF CVE*SKDVNV NFEK*KLTF. 38
Hp23 *......... . .*PA*AKWY DR*D**F*EF CVE*SKDVNV NFEK*KLTF. 38

Sbal AQSKPHVGDE NVHHYQLHID LYKEIIPEKT MHKVANGQHY FLKLYKKDLE 100
Cp23 SCLGGSD... *FK*LN.E** *FNN*D*NES K**RT..DRS I*CCLR*GES 82
Hp23 SCLGGSD... *FK*LN.E** *FHC*D*NDS K**RT..DRS I*CCLR*GES 82

Sbal SEYWPRLTKE KVKYPYIKTD FDKWVDEDEQ DEVEAEGNDA AQGM.DFSQM 149
Cp23 GQA***#¥*+*x RAXILNWLSV* *NN*K*WEDD SD........ .ED*SN*DRF 123
Hp23 GQS******x RAYLNWLSV* *MNN*K*WEDD SD........ . ED*SN*DRF 123

Sbal MGGAGGAGGA GGMDFSQMMG GAGGAGSPDM AQLQQLLAQS GGNLDMGDFK 199
¥ *

CP23  SE.ereninn ceninns N ONMF* Dot tee ettt e 133
Hp23 SE......ov cevenns FEN ONM**D. ..ot e e 133
Sbal  .eeeann.. ENDEEDEEEE I1EPEVKA 216
Cp23 DDVDLPEVDG AD*DSPDSDD EKMPDLE 160
Hp23 EDVDLPEVDG AD*DSQDSDD EKMPDLE 160

FIG. 1. Sequence comparison of Sbal with chicken (Cp23) and human
(Hp23) p23 proteins. Identical matches are denoted by asterisks; gaps in the
sequence are denoted by periods.

direct addition and incubation for 15 min at 4°C. Beads containing 1 pg of
SbalHis® were added to 100 pl of desalted yeast whole-cell extract (at a concen-
tration of 1 mg/ml; prepared by using a 5-ml HiTrap desalting column [Pharma-
cia]). The volume was adjusted to 250 wl with YL buffer, and the mixture was
incubated for 30 min at 30°C. The beads were collected by centrifugation at
1,000 X g and washed three times with 1 ml of YL buffer plus 10 mM imidazole.
Protein was eluted from the beads YL buffer plus 150 mM imidazole in a 30-pl
volume for 10 min at 4°C and analyzed by SDS-PAGE and Western blotting.

v-Src expression, immunoblot analysis, and steroid hormone receptor assays.
Lysates of yeast expressing v-Src were prepared as follows. Yeast cultures were
grown at 30°C in minimal medium containing 2% (wt/vol) raffinose to late log
phase. v-Src expression was induced by the addition of 2% (wt/vol) galactose to
the medium. Induction was continued for 6 h, at which time cells were harvested,
resuspended in YLS buffer (20 mM Tris-HCI [pH 7.4], 0.14 M NaCl, 5 mM
EDTA, 1% Nonidet P-40, 1 mM sodium vanadate, 5 mM dithiothreitol, 1 mM
PMSF, a mixture of aprotinin, chymostatin, leupeptin, and pepstatin [each at 2
wg/ml]), and lysed with glass beads as described above. Lysates were cleared of
broken cell debris at 14,000 X g.

The levels of tyrosine phosphorylation and v-Src protein were assayed by
immunoblot analysis using either antiphosphotyrosine or anti-v-Src monoclonal
antibodies (see Materials and Methods). Lysates (100 ug of total protein) were
resolved by SDS-PAGE and transferred to nitrocellulose membranes (0.45 wm;
MSI). Filters were washed briefly with TTBS (20 mM Tris-HCI [pH 7.5], 0.5 M
NaCl, 0.05% Tween 20) and blocked overnight with TTBS containing 5% nonfat
dry milk. Filters were incubated with antibodies to v-Src or phosphotyrosine (di-
luted 1:1,000 in antibody dilution buffer [1X phosphate-buffered saline, 3% bo-
vine serum albumin, 0.05% Tween 20, 0.1% thimerosal) for 2 h. Filters were
washed three times for 10 min each in TTBS. Filters were incubated with sec-
ondary antibody (horseradish peroxidase-conjugated goat anti-mouse immuno-
globulin G, diluted 1:10,000 in antibody dilution buffer) for 1 h, and subsequently
washed as for the primary antibody. Filters were then treated with the chemilu-
minescence reagent (Pierce) and exposed to X-ray film for detection.

Immunoblots for detecting Sbal, Cpr6, Stil, and Hsp90 were processed by
standard procedures after transfer of the proteins in denaturing gels to nitrocel-
lulose membranes. The filters were typically blocked overnight in TTBS plus 5%
nonfat dried milk and incubated with primary and secondary antibodies for 1 to
2 h. Filters were washed between antibody incubations with TTBS (three times,
5 min each), and proteins were detected as described above. Assays for steroid
hormone receptor activation were performed as previously described (7, 18).

RESULTS

YKL117W is orthologous to vertebrate p23 genes. A BLAST
search of the GenBank database with the sequence of hu-
man p23 protein revealed a single orthologous ORF in S. ce-
revisiae displaying 24% identical amino acids (28). This gene
(YKL117W) encodes a putative protein of 24.1 kDa, which is
5.4 kDa larger than the human p23 protein (18.7 kDa) (Fig. 1
shows protein sequence alignments). YKL117W resides on the
left arm of chromosome XI between coordinates 219970 and
220620, just downstream of a tRNA™'? gene and upstream of a
hypothetical ORF, YKL116C.

The YKL117W protein sequence displays weak identity and
similarity throughout its length with human and chicken p23
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FIG. 2. Characterization of Sbal by gel electrophoresis. (A) Western blot
analysis of Sbal in yeast whole-cell extracts using polyclonal anti-Sbal. Lane 1,
50 pg of whole-cell extract from wild-type (WT) cells; lane 2, 50 g of whole-cell
extract from sbal-I cells containing pGAL-SBA1 (YF256) grown in glucose-
containing medium; lane 3, 5 g of whole-cell extract from sbal-1 cells contain-
ing pGAL-SBA1 grown in galactose-containing medium. The arrowhead shows
positions of Sbal (lane 1) and Sba1'® (lane 3). The asterisk shows the band at
60 kDa that reacts with anti-Sbal in cells overexpressing Sba1™¢. (B) Coomassie
blue-stained gel of 2 pg of Sbal''*® (lane 2) after overexpression in E. coli and
protein purification. Molecular size markers (in kilodaltons) shown in lane 1.

proteins. The strongest region of identity is between seven
identical consecutive amino acids starting at position 104 of
the yeast sequence: Trp Pro Arg Leu Thr Lys Glu (three-letter
code). The sequences of vertebrate and yeast p23 proteins
diverge toward the C-terminal end, with the yeast protein hav-
ing additional sequence that is rich in hydrophobic amino
acids. This region contains the motif Gly Gly Ala repeated five
times from amino acids 150 to 174. Like human and chicken
p23 proteins, YKL117W has an acidic C terminus. We have
named this yeast gene SBA1I because the binding of Sbal to
Hsp90 is sensitive to benzoquinoid ansamycins, as will be
shown below.

SBA1 is nonessential and constitutively expressed. The
SBAI gene was cloned by PCR amplification from wild-type
yeast genomic DNA. Northern blot analysis revealed that
SBAI is constitutively expressed as previously found (17) but
not heat shock inducible under the same conditions when S771
mRNA is induced (reference 38 and data not shown). Sbal
protein was detected in wild-type yeast whole-cell extracts by
Western blot analysis using antisera prepared from recombi-
nant Sbal™¢ expressed in E. coli. Wild-type Sbal migrates
anomalously at 32 kDa, approximately 8§ kDa larger than the
predicted size (Fig. 2A, lane 1). Sbal'"® also migrated anom-
alously at 32 kDa after inducible expression in yeast or after
purification (to approximately 90%) from E. coli (Fig. 2).

A disruption allele was constructed by inserting the URA3
gene into the SBAI ORF. Replacement of wild-type genomic
SBA1 with the disruption allele (sbal-1) resulted in complete
loss of Sbal protein expression as assessed by Western blotting
(Fig. 2A), although this did not result in a very severe growth
phenotype. Using a plate assay to determine the relative
growth rate of wild-type and sbal-1 cells, there was very little
difference in the growth rate at 30 or 37°C, although the sbal-1
cells grew noticeably more slowly at 18°C (Fig. 3). In liquid
media, sbal-1 cells had a doubling time similar to that of the
wild type at 30°C but grew 1.6 times more slowly than the wild
type at 37°C. Thus, deletion of Sbal protein resulted in mild
growth defects at both low and high temperatures but not at
30°C.

To investigate the relationship between Sbal and other com-
ponents of the molecular chaperone machinery, we con-
structed a double mutant that was deleted for SBAI and also



3730 FANG ET AL.

sbai1-1/sti1-1 £-J

MoL. CELL. BIOL.

sti1-1
sbai1-1
sba1-1/sti1-1

FIG. 3. Growth phenotype of sbal-I cells. Each panel shows a serial dilution of yeast cells spotted (3 .l of culture starting at 2 X 10® cells/ml) from left to right
of each plate, using wild-type (WT), stil-1, shal-1, and double-mutant (sbal-1/stil-1) strains. Each plate was incubated at the indicated temperature for either 4 days

(30 and 37°C) or 7 days (18°C).

for STII, a gene encoding an Hsp90 cochaperone that is or-
thologous to p60 of vertebrate cells (8, 9, 36, 38, 46). As
previously shown, STII deletion results in reduced growth at
both low and high temperatures (38) (Fig. 3). While the double
mutant grew normally at 30°C, it exhibited synthetic defects by
having more restrictive growth at both 18 and 37°C compared
with either mutant alone (Fig. 3). These synthetic defects sug-
gest that Sbal and Stil either interact with each other or
function in the same or redundant processes. Expression of
wild-type SBAI on a low-copy-number plasmid in the double
mutant resulted in a growth phenotype similar to that of the
stil-1 mutant (data not shown). The temperature-sensitive
growth phenotype of sbal-1/stil-1 double mutants was some-
what strain dependent, being more severe in the W303 back-
ground having the ade2 mutation than in strains that were
ADE?2 wild type.

Shal interacts with Hsp90. Vertebrate p23 proteins bind to
Hsp90 in a nucleotide-dependent manner (49). To determine
whether Sbal also interacts with Hsp90, Sbal™*® was inducibly
expressed from the yeast GAL1 promoter at 30°C in the sbal-1
disruption strain (Fig. 2A). Sbal"*® was isolated from whole-
cell extracts by affinity chromatography using Ni-NTA resin.
Examination of the protein profiles after affinity chromatogra-
phy revealed that many yeast proteins bound nonspecifically to
the Ni-NTA resin. However, comparison of the eluates from
induced and noninduced cells revealed the presence of two
major bands at 32 and 86 kDa that were observed only after
Sbal1™¢ induction (Fig. 4A; compare lanes 4 and 5). The band
at 32 kDa corresponds to Sbal™*® itself and reacted with Sbal
antiserum (data not shown), while the 86-kDa protein (which
appears as a very tight doublet in Fig. 4A) reacted with anti-
serum to Hsp90 (Fig. 4B). The isolation of Hsp90 with Ni-NTA
resin was dependent on the presence of Sbal™™°, since it was
not isolated from extracts of wild-type cells not containing
plasmid pGAL-SBA1 (Fig. 4B). Complex formation between
Hsp90 and Sbal'™¢ was stabilized by the presence of sodium
molybdate in the binding and wash buffers; omission of sodium
molybdate from the wash buffer destabilized the complex and
Hsp90 dissociated from Sbal™™°® (Fig. 4C).

In vertebrate cells, p23 binds to Hsp90 in a complex with
immunophilins such as cyclophilin 40. S. cerevisiae contains cy-
clophilin homologs encoded by the CPR6 and CPR7 genes that
also bind to Hsp90 (16, 52). We therefore analyzed whether
one of these proteins (Cpr6) was present in the Sbal*'¢-
Hsp90 complexes isolated by the affinity chromatography pro-
cedure described above. Cpr6 was identified in this experiment
by using specific antisera (52), and as shown in Fig. 4C, it is
highly enriched in the eluates containing Sbal™® and Hsp90.
We also observed a small amount of Stilp to coisolate with
Sbal**® (Fig. 4D, lower panel), although the amount is very
small compared with Cpr6, as judged by the relative band

intensity of the eluted sample (Fig. 4D, lane 3) compared with
the corresponding extract sample (Fig. 4D, lane 1).

The formation of Sbal™™®Hsp90 complexes was further
investigated by an in vitro assembly assay. Purified recombi-
nant Sbal'"® was first bound to Ni-NTA resin and then incu-
bated at 30°C with desalted whole-cell extracts from a wild-
type yeast strain. Complex formation with Hsp90 was assayed
after reisolation of the resin bound Sba1™*°, several rounds of
washing, and subsequent protein elution with a high concen-
tration of imidazole. The presence of Hsp90 was determined
after SDS-PAGE and Western blot analysis. As shown in Fig.
5, complex formation between Hsp90 and Sbal™™® was ex-
tremely weak in the absence of nucleotide or in the presence
of AMP, ADP, or ATP. Complex formation between Hsp90
and Sbal*® was readily observed, however, when the extracts
were supplemented with adenyl-imidodiphosphate (AMP-PNP)
or adenosine 5'-O-(3-thiotriphosphate) (ATP+S), suggesting
that this interaction is strongest when ATP is unable to be hy-
drolyzed. The binding of Sbal™¢ to Hsp90 is apparently spe-
cific since there was no interaction with Hsp70 under any of the
conditions used, as revealed by reprobing the Western blot
with antiserum to Hsp70 as shown in Fig. 5A. The interaction
between Sbal™*® and Hsp90 can also occur with either the
Hsc82 or the Hsp82 isoform, as judged by the formation of
complexes in strains having deletions in either the HSCS2 or
HSPS2 gene (data not shown). This interaction with both iso-
forms may account for the presence of a doublet at 86 kDa (4)
after affinity isolation of Sba1™*¢ from wild-type yeast cell ex-
tracts after in vivo expression (Fig. 5SA).

We also tested whether binding of Sbal™*°® to Hsp90 was
sensitive to benzoquinoid ansamycins, which have been shown
to inhibit complex formation between p23 and Hsp90 (23, 32,
47). Similar inhibition occurs between yeast Hsp90 and Sbal.
As shown in Fig. 5B, both geldanamycin and the related com-
pound macbecin inhibit the association of purified Sbal with
Hsp90 in yeast extracts supplemented with AMP-PNP. The
inhibition by macbecin is 5- to 10-fold less sensitive than was
found for geldanamycin.

The in vitro binding assay was used to identify residues in
Hsp90 that are critical to Sbal binding. This experiment was
performed by incubating purified Sbal™**® with extracts from
yeast cells expressing different mutant forms of Hsp90 (specif-
ically the Hsp82 isoform expressed from a constitutive promot-
er). Six different point mutants were used in this experiment
(Fig. 5C), and in the presence of AMP-PNP, only two of these
mutant forms of Hsp90 (T1011 and E431K) were able to bind
to Sbal™° Of those that failed to bind Sbal™°, two have
their mutations in the N-terminal nucleotide binding do-
main and two (S485Y and T525I) reside in the C-terminal
half of Hsp90, suggesting that this region is also important
for Sbal™"® binding.
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FIG. 4. Sbal''® binding to Hsp90. (A) Coomassie blue-stained gel of whole-cell extracts from strain YF256 (shal-1 pGAL-SBAL1) (lanes 2 and 3) and eluates after
affinity chromatography with Ni-NTA resin (lanes 4 and 5). Extracts were prepared from cells grown in glucose-containing medium (lanes 2 and 4) or galactose-
containing medium (lanes 3 and 5). Molecular size markers (M, in kilodaltons) are shown in lane 1. Bands corresponding to Sba1'¢ and Hsp90 are indicated by arrows.
(B) Detection of Hsp90 by Western blot analysis in whole-cell extracts (lanes 1 to 3) and eluates after Ni-NTA resin affinity chromatography (lanes 4 to 6). Extracts
and eluates were prepared from strain YF256 grown in glucose (lanes 1 and 4)- or galactose (lanes 2 and 5)-containing medium and wild-type strain W3031b grown
in galactose-containing medium (lanes 3 and 6). (C). Western blot analysis of Hsp90 after isolation of Sbal'*® protein complexes on Ni-NTA resin and washing in
buffers plus (lane 2) or minus (lane 3) sodium molybdate. A Western blot of the whole-cell extract is shown in lane 1; the band labeled with an asterisk is an Hsp90
degradation product. Data are from nonconsecutive lanes of the same gel and Western blot. (D) Western blot analysis of Cpr6 (upper panel) and Stil (lower panel)

after isolation of Sbal''® protein complexes on Ni-NTA resin. Lanes 1 and 2, whole-cell extracts of cells grown in galactose or glucose; lanes 3 and 4, eluates after

affinity chromatography on Ni-NTA resin.

These combined results demonstrate the similarity in struc-
ture and function between Sbal and vertebrate p23 proteins.
We next performed a functional analysis in yeast to determine
whether Sbal loss of function affected processes known to
require the Hsp90 chaperone machine: the activity of the ty-
rosine kinase v-Src and steroid hormone receptors.

Role of Shal in v-Src maturation and steroid hormone re-
ceptor activation. After heterologous expression in yeast, the
tyrosine kinase v-Src is active in a manner that is dependent on
Hsp90 and its cochaperones. In wild-type cells, expression of
v-Src from a galactose-inducible promoter leads to greatly in-
creased levels of phosphotyrosine (Fig. 6A) which result in a
lethal phenotype (reference 19 and data not shown). Previous
studies have shown that mutation or deletion of yeast genes
encoding Hsp90 or other components of the Hsp90 chaperone
machine resulted in decreased levels of v-Src activity, often
suppressing the lethal phenotype accompanying it (9, 12, 13,
16, 34, 35, 55). Disruption of the SBAI gene, however, did not
suppress this lethal phenotype upon inducible expression of
v-Src. Furthermore, v-Src gene induction from a GALI pro-
moter led to similar accumulation of v-Src protein (Fig. 6A,
lower panel), and the level of protein tyrosine phosphorylation,
as assessed by Western blotting with antiphosphotyrosine, re-

vealed significant v-Src activity in sbal-I cells (Fig. 6A), al-
though the levels were approximately twofold lower in this
strain than in the wild type (Fig. 6B).

We also tested whether Sbal was important for signaling by
steroid hormone receptors. For these experiments, androgen
receptors (AR) were assayed for hormone-dependent transac-
tivation of a lacZ reporter gene in wild-type and sbal-1 strains.
However, there was only a slight decrease in signaling in the
mutant compared to the wild type (Fig. 6C), corresponding to
a mean of 82% of wild-type activity in the sbal-I mutant.
Similar results were obtained by assaying GR activity in the
same strains (data not shown). Thus, Sbal loss of function did
not significantly affect the activity of proteins known to require
other components of the Hsp90 chaperone machine.

DISCUSSION

Molecular chaperones are thought to play a major role in
the folding and assembly of newly synthesized polypeptide
chains in both prokaryotes and eukaryotes. Hsp70 and Hsp90
are the most abundant molecular chaperones in the eukaryotic
cytosol and are probably responsible for the majority of chap-
eroning events taking place in this compartment. These ac-
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FIG. 5. In vitro association of Sba1® with Hsp90. (A) Purified Sba1'*® was prebound to Ni-NTA resin and added to desalted whole-cell extracts from wild-type
yeast cells and incubated at 30°C for 30 min. Hsp90 binding to Sba1"i® (lanes 1 to 8; lane 9 is whole-cell extract loaded directly onto the gel) was determined after
reisolation of Sbal''® and Western blotting using anti-Hsp90. Lane 1, Ni-NTA-Sba1"¢ incubated in buffer; lane 2, Ni-NTA resin without prebound Sba1'® incubated
with extract; lane 3; Ni-NTA-Sba1"® incubated with extract but without further addition; lane 4, Ni-NTA-Sba1'® incubated with extract plus 5 mM AMP; lane 5,
Ni-NTA-Sba1"¢ incubated with extract plus 5 mM ADP; lane 6, Ni-NTA-Sba1"¢ incubated with extract plus 5 mM ATP; lane 7, Ni-NTA-Sbal1™® incubated with
extract plus 5 mM AMP-PNP; lane 8, Ni-NTA-Sba1'*¢ incubated with extract plus 5 mM ATPvS; lane 9, 2.5 ug of desalted whole-cell extract. The blot was first probed
with anti-Hsp90 and subsequently reprobed with anti-Hsp70. Molecular size markers are shown in kilodaltons at left. (B) Binding of Hsp90 to Sba1™® is competed
by benzoquinoid ansamycins. Ni-NTA-Sba1'%¢ resin was incubated with desalted extracts as described above plus 5 mM AMP-PNP in the presence of solvent (dimethyl
sulfoxide; lane 1), geldanamycin (lanes 2 to 4), or macbecin (lanes 5 to 7) at the concentrations indicated. After 30 min at 30°C, the resin was reisolated and washed,
and bound proteins were resolved by SDS-PAGE. Hsp90 was detected by Western blotting. (C) Binding of wild-type (wt) and different mutant forms of Hsp90 to
Ni-NTA-Sba1"¢ resin. Lane 1, whole-cell extract (E); lane 2, incubation of Ni-NTA-Sba1'i*® resin with extracts in the absence of AMP-PNP; lane 3, incubation of
Ni-NTA-Sba1"¢ resin with extracts in the presence of AMP-PNP. The Western blots were probed with anti-Hsp90.

tivities occur in association with various cochaperones that or by molybdate ions (32, 49). This nucleotide requirement is

modulate Hsp70 or Hsp90 action and may also function as
molecular chaperones themselves.

The Sbal protein has properties similar to those of the
vertebrate Hsp90 cochaperone, p23. These proteins display
several regions of conserved sequence similarity, although the
overall amino acid sequence identity between Sbal and p23 is
only 24% (Fig. 1). In addition, both p23 and Sbal migrate
more slowly in denaturing gels than would be predicted from
their size, suggesting some shared structural feature (30).

Sbal and p23 also have functional similarities. Both bind to
Hsp90 in a manner that is stabilized by nonhydrolyzable ATP
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likely to represent the binding of ATP to Hsp90 itself, which
has recently been shown to have a nucleotide binding pocket in
its N-terminal domain (41). Indeed, two mutations in the
HSPS2 gene (A971 and G170D) that alter amino acids adjacent
to those directly interacting with the nucleotide prevent bind-
ing of Sbalp to Hsp90 in vitro (Fig. 5C). Similar inhibition has
also been observed between human Hsp90 and p23 when the
G170 equivalent (G182 in human Hsp90) is mutated to aspar-
tate (23). Residues at the C-terminal domain of Hsp90 also
appear to be important for its interaction with Sbal, since no
complex formation was observed with the S485Y or T5251
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FIG. 6. v-Src and AR activities in wild-type and sbal-1 mutant yeast cells. (A) Western blot analysis of phosphotyrosine activity (upper panel) and the level of v-Src
protein (lower panel) in wild-type (WT; strain AFY200; lanes 1 and 2) or sbal-1 (strain AFY202; lanes 3 and 4) cells after growth in glucose (lanes 1 and 3) or galactose
(lanes 2 and 4) for 6 h. Molecular size markers are shown in kilodaltons at the left. (B) Quantitation of the level of phosphotyrosine in wild-type and sbal-1 cells from
the Western blot shown in panel A. (C) lacZ gene expression in wild-type (strain YF267) and sbal-1 cells (strain YF268) after addition of dihydrotestosterone (DHT)
as indicated. Cells were assayed for B-galactosidase 2 h after addition of hormone. Data are means of three independent assays.
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mutant (Fig. 5C). A further similarity between vertebrate and
yeast p23 proteins derives from the finding that Sbal associa-
tion with Hsp90 is inhibited by geldanamycin and by the re-
lated compound macbecin, which has been shown to affect the
activity of p53 expressed in yeast (1). Geldanamycin binds in
the nucleotide binding pocket of human Hsp90 (48) and also
inhibits complex formation with p23 (23, 47, 49). The effect of
N-terminal mutations in Hsp90 and the effect of geldanamycin
or macbecin may therefore be related to nucleotide-dependent
conformations that may allosterically affect the binding of Sbal
elsewhere in Hsp90. The most likely candidate region for Sbal
binding is therefore the C-terminal half of Hsp90, since two of
three mutations in this region (S485Y and T525I) blocked
complex formation.

The complex between p23 and Hsp90 in animal cells also
contains one of several immunophilins, such as cyclophilin 40
(31). Similar interactions also occur in yeast, since the cyclo-
philin Cpr6 is highly enriched in eluates after affinity chroma-
tography of Sbal™*°. By contrast, the Stil cochaperone was
present in these complexes in much smaller amounts. Previous
biochemical studies have concluded that p60 and p23 reside
independently of each other on different Hsp90 subcomplexes
(30, 46) and that immunophilins and p60 compete with each
other for the same binding site on Hsp90 (40). The relationship
between p23 and p60/Stil may not be so discrete, however,
since purified p23 can interact with the Hsp90-Hsp70-p60 com-
plex, suggesting that these proteins may indeed function to-
gether, if only in a temporary manner (14, 32). Our results are
consistent with there being a functional interaction between
Stil and Sbal, based on the biochemical evidence that they
coexist in the same complexes (albeit to a very small degree) in
addition to the synthetic growth defects of the sbal/stil double
mutant.

Together, these combined data indicate that Sbal is a yeast
homolog of vertebrate p23 proteins. SBAI disruption did not
result in any major growth phenotype, however, although the
sbal-1 cells grew more slowly at both low and high tempera-
tures compared to the wild type. These data contrast with the
relative importance of Hsp90 for cell growth (4) and suggest
that Sbal is dispensable for general chaperone-mediated pro-
tein folding under normal conditions, although it may have a
more specific role under nonoptimal growth conditions.

The vertebrate p23 protein has been characterized as a com-
ponent of Hsp90 containing heterocomplexes with steroid hor-
mone receptors and with v-Src. However, loss of Sbal function
resulted in only mild defects in steroid receptor signaling or
v-Src activity. These data contrast with the relative importance
of other yeast Hsp90 or Hsp70 cochaperones to both steroid
receptor signaling and v-Src activity, such as Ydjl, Cdc37,
Cpr7, and Stil (9, 12, 13, 16, 34, 35, 55). The results from the
sbal-1 strain are especially surprising given the relative impor-
tance attributed to p23 for stable complex formation between
Hsp90 and steroid hormone receptors (14, 31). However, the
near-wild-type activity of AR and GR in the sbal-1 strain is
consistent with the recent finding that while p23 is important to
stabilize Hsp90-GR complexes in a high-affinity hormone bind-
ing state (14), it is not responsible for generating this confor-
mation (15), through which receptor activation is likely to
occur in yeast. In the absence of p23, the GR can attain the
high-affinity hormone binding state via the action of Hsp90/
Hsp70 and p60, although its ability to maintain it is severely
compromised. But as observed by Dittmar and Pratt (15),
heterocomplex instability does not preclude hormone binding
if the ligand is incubated during heterocomplex assembly.
Thus, Sbal may be dispensable for AR and GR signaling
because it stabilizes the activatable state rather than generates
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it. In this manner, Sbal may contribute to the efficiency with
which chaperone-mediated folding of steroid receptors and
v-Src take place and hence the relatively mild reductions in
activity resulting from its loss of function.
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