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The kinetochore, which consists of DNA sequence elements and structural proteins, is essential for high-
fidelity chromosome transmission during cell division. In budding yeast, Sgt1, together with Skpl, is required
for assembly of the core kinetochore complex (CBF3) via Ctf13 activation. Formation of the active Ctf13-Skp1
complex also requires Hsp90, a molecular chaperone. We have found that Sgt1 interacts with Hsp90 in yeast.
We also have determined that Skpl and Hsc82 (a yeast Hsp90 protein) bind to the N-terminal region of Sgtl
that contains tetratricopeptide repeat motifs. Results of sequence and phenotypic analyses of sgfl mutants
strongly suggest that the N-terminal region containing the Hsc82-binding and Skp1-binding domains of Sgt1
is important for the kinetochore function of Sgt1. We found that Hsp90’s binding to Sgt1 stimulates the binding
of Sgtl to Skpl and that Sgt1 and Hsp90 stimulate the binding of Skp1 to Ctf13, the F-box core kinetochore
protein. Our results strongly suggest that Sgtl and Hsp90 function in assembling CBF3 by activating Skp1 and

Ctf13.

The centromere is essential for chromosome inheritance and
requires DNA sequence elements and structural and regula-
tory proteins (the structural protein complex is called the ki-
netochore) for its activity and coordination within the cell
cycle. In budding yeast (Saccharomyces cerevisiae), the kineto-
chore consists of more than 30 different proteins, and several
of these proteins are conserved in mammals (21). The budding
yeast centromere DNA is a 125-bp region that contains three
conserved regions, CDEI, CDEII, and CDEIII (8, 13). CDEIII
(25 bp) is essential for centromere function (12) and was the
site shown to be bound by CBF3, a protein complex that
contains the major proteins p110 (encoded by NDCI0/
CTF14/CBF2), p64 (encoded by CEP3/CBF3b), p58 (encod-
ed by CTF13) (4,5, 11, 17, 23, 24, 37, 39), and Skp1 (4, 37).
All four are essential for viability, and mutations in any one
abolish the CDEIII-binding activity of CBF3 (18, 36). No
known kinetochore protein, except for CDEI-binding Cbfl,
can localize to kinetochores when the CBF3 complex is
disrupted. Therefore, the CBF3 complex is the fundamental
structure of the kinetochore, and the mechanism of CBF3
assembly is of great interest.

SGTI was isolated as a dosage suppressor of skpl-4, a ki-
netochore-defective mutant (22). By activating Ctf13, Sgt1 and
Skpl are required for assembly of the CBF3 complex (22).
However, the mechanism of activation is not well character-
ized. Stemmann et al. showed that formation of the active
Ctf13-Skpl complex requires Hsp90, a molecular chaperone
(38). Sgt1 has highly conserved tetratricopeptide repeat (TPR)
(22) and CS (CHORD protein and Sgtl-specific) motifs—in
other proteins these motifs are required for interaction with
Hsp90 (2, 6). Here we report that molecular chaperones from
the Hsp90 and Hsp70 families form a complex with Sgtl in
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yeast. Our results strongly suggest that Hsp90’s interaction
with Sgtl is required for kinetochore assembly in yeast. On the
basis of our findings, we propose a model in which Sgt1 and its
interaction with Hsp90 are required for assembly of the core
kinetochore complex, an initial step in kinetochore activation.

MATERIALS AND METHODS

Yeast strains and medium. Table 1 lists the genotypes of the yeast strains used
in this study. The medium used for yeast growth and sporulation was described
previously (33). Yeast transformation was done as described by Ito et al. (16).
Strains that expressed Sgt1-20myc or Sgt1-13myc were generated in accordance
with the procedure of Longtine et al. (26). Sgtl-13myc contains 13 myc tags;
Sgt1-20myc contains 20. The numbers of tags were confirmed by direct sequenc-
ing. Regions encoding the myc tags were inserted at the 3" end of the endogenous
SGTI locus.

Plasmid construction and primers. Table 2 lists the plasmids used in this study.
Details of their construction (19) and primer sequences are available upon request.

Generation and integration of temperature-sensitive alleles. Temperature-
sensitive mutant forms of sgr/ were generated by a PCR-based method as de-
scribed previously (22). New temperature-sensitive alleles (sgt1-6, sgtl-7, sgtl-8,
sgt1-9, sgt1-10, sgt1-11, and sgt1-12) were isolated, and the recovered mutated
plasmids were retested to determine their effect on cell viability at 37°C. All
alleles were integrated into the SGT1 locus in the yeast genome (Table 1). All
nucleotides of the mutant alleles in plasmids were sequenced. All portions of the
mutant alleles that were integrated into the yeast genome were amplified by
PCR, and the PCR fragments were sequenced. We did not find any additional
mutations after integration (Table 3).

Synthetic lethality. Strain Y1129 (mato hsc82A::KAN hsp82A::TRP1 pYEp24-
HSC82 2pm/URA) and strain YKK54 (mata sgtl-3:leu2) or YKK45 (mata
sgtl-5::leu2) were mated. After diploid selection and sporulation, Ura™ spores
were isolated. From these selected spores, those representing all possible single
or double combinations of G418*, Trp™, or Leu™ were selected. To test syn-
thetic lethality, these haploid strains harboring the pYEp24-HSC82 2pm/URA
plasmid were restreaked on synthetic medium that contained 5-fluoroorotic acid
(Sc+5-FOA) and on Sc that lacked uracil (Sc—Ura). The plates were incubated
at 25°C for 2 days.

Mass spectrometry. Mass spectrometry (under the direction of Clive Slaugh-
ter) was performed by the Hartwell Center for Bioinformatics and Biotechnology
at St. Jude Children’s Research Hospital. Inmunopurified proteins (see descrip-
tion of immunoprecipitation below) were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins in excised gel
pieces were reduced, alkylated with iodoacetamide, and digested with trypsin.
For Hsc82 identification, the unfractionated digest was subjected to mass spec-
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TABLE 1. Yeast strains used in this study

MoL. CELL. BIOL.

Strain Genotype Reference
YPH499 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 34a
YKKS54 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgtl-3::LEU2 22
CFIII(CEN3.L.YPH983) TRP1 SUP11

YKK45 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 sgt1-5::LEU2 22
CFIII(CEN3.L.YPH983) TRP1 SUP11

Y37R mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-1::LEU2 22

Y40R mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-2::LEU2 22

Y36R mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgtl1-4::LEU2 22

Y310 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al SGT1-20Myc::H1S3-MX6 This study

Y1019 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 SGTI1-13Myc::HIS3-MX6 This study

Y1015 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgtl1-6::LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUP11

Y1016 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgtl-7::LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUP11

Y1134 mata ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al sgt1-8::LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUP11

Y1135 mata ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al sgt1-9::LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUPI11

Y1136 mata ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al sgt1-10:LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUPI11

Y1137 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-11:LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUP11

Y1018 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgti-12::LEU2 This study
CFIII(CEN3.L.YPH983) TRPI SUP11

YPH972R mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al ctf13-30 5

PY694 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 met30-6::KAN 17a

K699 mata ade2-1 trpl-1 canl-100 leu2-3,112 his3-11,15 ura3 GAL™ psi* 29b

MTYS871 mata ura3 trpl-1 his3-11 15 canl-100 leu2-3 112 GAL psi* cdc53-1 41

UsS104 mata ura3 trpl-1 his3-11 leu2-3 112 cdc4-1 11a

US504 mata a ura3 trpl-1 his3-11 leu2-3 112 cdc34-1 11a

US581 mata ura3 trpl-1 his3-11 leu2-3 sicIA::LEU2 11a

US893 mata ura3 trpl-1 his3-11 leu2-3 112 cdc4A::URA3 pGAL-CDC4/TRP1/CEN 11a

US1198 mata ura3 trpl-1 his3-11 leu2-3 112 cdc4A::URA3 pcdc4-12/TRP1/CEN 11a

YPHI1161 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al skplAl::TRPI skpl-4::LEU2 4
CFIII(CEN3.L.YPH983) HIS3 SUP11

YPH1172 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al skplAl::TRPI skpl-3::LEU2 4
CFIII(CEN3.L:YPH983) HIS3 SUP11

APLCDa(T1011) mata ade2-1 canl-100 his3-12,16 leu2-3,112 trpI-1 ura3 hsp82::LEU2 hsc82:LEU2 29c
PRS314-hsp82(T1011)

Y1124 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al pYEp24-HSCS82.2pm/URA This study

Y1125 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al hsp82A::TRP1 pYEp24-HSC82 This study
2wm/URA

Y1126 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al hsc82A::KAN pYEp24-HSCS2 This study
2pm/URA

Y1127 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-3::LEU2 pYEp24-HSCS2 This study
2pm/URA

Y1128 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-5::LEU2 pYEp24-HSCS2 This study
2wm/URA

Y1129 mato ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al hsc82A::KAN hsp82A::TRPI This study
pYEp24-HSC82 2pum/URA

Y1130 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al hsp82A::TRPI sgtl1-3::LEU2 This study
pYEp24-HSCS82 2um/URA

Y1131 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al hsp82A::TRP1 sgt1-5::LEU2 This study
PYEp24-HSC82 2p.m/URA

Y1132 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 hsc82A::KAN sgt1-3::LEU2 This study
PYEp24-HSC82 2p.m/URA

Y1133 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 hsc82A::KAN sgt1-5::LEU2 This study

pYEp24-HSC82 2um/URA

trometry, and the mass values of the peptides were matched with the expected
values obtained by analysis of the protein sequence. Mass spectrometry of the
digested protein in a crystalline matrix of a-cyano-4-hydroxycinnamic acid was

TABLE 2. Plasmids used in this study

performed by matrix-assisted laser desorption/ionization tandem time-of-flight Plasmid Relevant characteristic(s) Reference
mass spectrometry in a model 4700 Proteomics analyzer from Applied Biosys-
tems (Foster City, Calif.). The MS-Fit program of Protein Prospector was used E7K61(<)9 p ff;]gP%GT] CEN/URA 3;
for the database search. The program and the database that were accessed are pL- a
located at http://hc-appcl.stjude.org/index-pp.html. NCBInr. was used for pro- B756 p413-GPD-HSPS2 2%
i et ﬁcagl) . ppet.sjude.org pp-htm. : P pKAT6 PpYEp24-HSC82 2pmURA 29a
) Lo . . L . BKK222 pGALI-His6 HA-CTF13 CEN/URA 18
For Ssal and Ssb1 identification, tryptic peptides were extracted and subjected B584 PGEX-4T-2-SKPI This study

to combined capillary liquid chromatography-tandem mass spectrometry by a
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TABLE 3. sgt! mutations

Allele No. 0 f Codon DNA Sequence change
mutations position
sgtl-1 2 119 356 Y (TAC) to C (TGC)
378 1132 S (TCT) to P (CCT)
sgtl-2 2 243 728 L (CTT) to H (CAT)
378 1133 S (TCT) to F (TTT)
sgtl-3 3 31 92 L (CTC) to P (CCC)
99 295 F (TTC) to L (CTC)
213 638 N (AAT) to I (ATT)
sgtl-4 2 360 1078 K (AAA) to E (GAA)
385 1153 S (TCA) to T (ACA)
sgtl-5 2 220 659 D (GAT) to V (GTT)
364 1090 E (GAA) to K (AAA)
sgt1-6 2 26 77 L (CTT) to P (CCT)
99 295 F (TTC) to L (CTC)
sgtl-7 2 117 350 L (CTT) to P (CCT)
191 571 Q (CAA) to K (AAA)
sgt1-8 3 360 1078 K (AAA) to E (GAA)
135 403 L (TTG) to L (CTG)
288 864 S (TCA) to S (TCG)
sgt1-9 1 360 1078 K (AAA) to E (GAA)
sgtl-10 1 378 1132 S (TCT) to P (CCT)
sgtl-11 3 378 1132 S (TCT) to P (CCT)
390 1168 M (ATG) to V (GTG)
196 588 V (GTC) to V (GTT)
sgtl-12 2 74 220 A (GCT) to T (ACT)
151 451 I (ATT) to V (GTT)

ThermoQuest LCQ-DECA ion trap mass spectrometer with a nanoelectrospray
ion source. Fragment ion (MS2) spectra were subjected to a search by the
SEQUEST program of Eng and Yates (ThermoQuest). The National Center for
Biotechnology Information nonredundant protein database was used.

Antibodies. The anti-Hsc82 antibody used was a gift from Suzan Lindquist
(Whitehead Institute for Biomedical Research). The anti-Skpl and anti-Sgtl
antibodies used were previously described (20, 22). The anti-hemagglutinin (anti-
HA; Roche), anti-myc (Roche), and anti-His, (QIAGEN) antibodies used were
purchased.

Protein expr and im precipitation. Inmunoprecipitation with yeast
lysates was performed as described previously, except that antibodies were cross-
linked to Sepharose by using the Seize Primary Immunoprecipitation kit (Pierce)
(20, 22).

For in vitro expression of proteins (Sgtl deletion proteins [Sgtl-Ds] and
HA-Hsp82), PCR products that encoded polypeptides of interest were used as
templates in the TnT T7 Quick for PCR DNA in vitro transcription-translation
system with rabbit reticulocyte lysates (Promega), and Sgtl deletion proteins
were labeled with [**S]methionine. HA-tagged Skp1 was expressed in insect cells
as previously described (20, 22). For Skpl- and Hsc82-binding domain analyses,
approximately equal amounts of deletion proteins were used for immunopre-
cipitation with an anti-HA antibody. Immune complexes were washed five or
seven times with 1.5 ml of buffer A (50 mM Tris-HCI [pH 7.5], 0.5% NP-40, 150
mM NaCl, 10 mM B-glycerophosphate, protease inhibitor cocktail [Roche])
before they underwent SDS-PAGE and immunoblotting. Total reticulocyte ly-
sates (T) were represented by material in a volume that was equivalent to 2 to 6%
of that of the starting material.

For protein expression in bacteria, BL21(DE3) cells were transformed with
pGEX (a glutathione S-transferase [GST] gene fusion vector; Amersham Bio-
sciences) or with pGEX-Skp1; expression was induced by addition of isopropyl-
B-D-thiogalactopyranoside (1 mM) and incubation for 3 h at 37°C. The GST-
tagged proteins were affinity purified in accordance with the manufacturer’s
instruction and then subjected to immunoprecipitation studies.

Expression and purification of the Hisg-Sgt1, Hisg-Sgt1(59-395), and HA-His,-
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Ctf13 proteins were done in accordance with the manufacturer’s (QIAGEN)
instructions. Human Hsp90 protein purified from HeLa cells was purchased from
Stressgen. Approximately 200 ng of the purified proteins was mixed with 500 pl
of buffer B (50 mM Tris-HCI [pH 7.5], 0.2% Triton X-100, 50 mM NaCl,
protease inhibitor cocktail [Roche]) and incubated at 30°C for 1 h. The proteins
were then mixed with an anti-Hisg or anti-HA antibody and Sepharose A and
incubated at 4°C for 2 h. Immune complexes were washed five or seven times
with 1.5 ml of lysis buffer before they underwent SDS-PAGE and immunoblot-
ting. Total protein mixtures (T) were represented by material in a volume that
was equivalent to 5% of that of the starting material.

35S-labeled proteins were detected by autoradiography and quantified with a
Molecular Dynamics Phospho-Imager with Image Quant software. Nonradiola-
beled proteins were detected by immunoblotting with ECL reagents (Amer-
sham) and quantified with a Chemidoc EQ system (Bio-Rad) with Quantity One
1-D Analysis Software (Bio-Rad). All signals were measured within the linear
ranges of detection.

RESULTS

Association of Sgtl with Hsp90 in budding yeast. Sgtl, to-
gether with Skpl, is required for formation of CBF3 (the core
kinetochore complex) in budding yeast (22). To further in-
vestigate the function of Sgtl, we performed immunopre-
cipitation-mass spectrometry analysis of strains expressing
myc-tagged Sgtl. Sgtl is essential for viability, and strains
expressing the myc-tagged proteins showed no growth defect
or chromosome missegregation (data not shown); therefore,
we concluded that myc-tagged Sgtl was functional. Hsc82 (a
yeast Hsp90 protein) and other cochaperones were found spe-
cifically in precipitates of myc-tagged Sgt1 (unpublished data).
The specificity of the immunoprecipitation was confirmed by
Western blot analysis with anti-Hsc82 antibody (Fig. 1A). Skpl
was also present in the myc-tagged Sgtl immunoprecipitates
(unpublished data), a result consistent with our previous find-
ing (22). These results indicate that Sgt1 forms a complex with
Hsp90 in vivo.

Sensitivity of sgt/ mutants to a specific inhibitor of Hsp90.
Five sgt] temperature-sensitive mutants were isolated from the
initial screen as described previously (22). One mutant, sgtl-3,
was arrested in the G, phase at the nonpermissive temperature
(therefore, sgt1-3 is called a G, allele), and this mutant showed
substantial chromosome missegregation (22). The other mu-
tants, sgt1-1, sgt1-2, sgt1-4, and sgt1-5, underwent arrest in the
G, phase at the nonpermissive temperature (therefore, sgtl-1,
sgt1-2, sgt1-4, and sgt1-5 are called G, alleles) (22). Genetic and
biochemical experiments indicated that sgr/-3 is defective in
kinetochore (CBF3) assembly and that sgt/-5 is deficient in
SCF ubiquitination and adenylyl cyclase activity (6, 22). To
further characterize the role of Sgtl in kinetochore function,
we obtained seven new temperature-sensitive mutants: sgt/-0,
sgt1-7, sgt1-8, sgt1-9, sgt1-10, sgt1-11, and sgtl-12.

To examine whether the function of Sgt1 involves Hsp90, we
tested whether sgt/ temperature-sensitive mutants are sensitive
to geldanamycin, an Hsp90 inhibitor. All 12 sgtI temperature-
sensitive mutants showed substantial sensitivity to geldanamy-
cin (Fig. 1B and unpublished data). These results are consis-
tent with the previous finding that skp/ temperature-sensitive
mutants and ctf13-30 have marked sensitivity to geldanamycin
(38). Together with the interaction between Sgtl and Hsp90,
these results suggest that Hsp90 is required for the function of
Sgtl.

Because Sgtl is involved in the function of the SCF ubiquitin
ligase complex that targets cell cycle regulators, i.e., Sicl (a
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A untagged Sgtl-13myc Sgtl1-20myc
T IP T IP T IP
B 25°C DMSO GA (20pg/ml)

WT (YPH499)
sgtl-3 (G2)
sgtl-5 (G1) [

ctf13-30(G2)
skpl-4 (G2) §
skpl-3 (G1)
sgtl-6 (G2) K J

C  xc
WT (K699)
cdc53-1
cded-1
cdc34-2
sicIA

30°C

WT (K699)
cde53-1
cdcd-1
cdc34-2
siclA

yeast CDK inhibitor) and Clns (yeast G, cyclins), we tested the
sensitivity of other SCF mutants to geldanamycin. Our obser-
vation that skpI-3 cells (deficient in SCF function) are moder-
ately sensitive to geldanamycin (Fig. 1B) is consistent with the
findings of Stemmann et al. (38). However, in contrast to their
finding that cdc34-1, cdc4-1, and cdc4-2 did not show any
growth defects on geldanamycin-containing medium (38), the
SCF mutants, especially the F-box protein mutants cdc4-1,
cdc4-12, met30-6, and grrl A, showed substantial sensitivity to
geldanamycin at the permissive temperatures (Fig. 1C and D).
Our results indicate that Hsp90 is required for cell viability
when the SCF activity is compromised.

Genetic interaction between SGT1 and HSP90. Because in-
hibition of yeast Hsp90 by geldanamycin resulted in a lethal
phenotype in sgf/ mutants, we examined whether SGT7 and
HSP90 show genetic interaction. The two budding yeast Hsp90
proteins, Hsc82 and Hsp82, are functionally equivalent (3),
and Hsc82 is expressed 10 times as highly as Hsp82 at 25°C (3).
The sgt1-3 hspS82A, sgt1-3 hsc82A, sgt1-5 hsp82A, and sgtl-5
hsc82A double mutants and the single mutants harbored YEP-
HSC82 (URA HSC82). All of the mutants were streaked onto
5-FOA plates to select cells that could lose the HSCS2 plasmid.
When the cells were incubated at 25°C, sgt1-3 hsc82 and sgt1-5

MoL. CELL. BIOL.

25°C

WT (YM4575)

grriA

wrussonl N N K K-
NP O © 9 8

FIG. 1. Sgtl associates with Hsp90 in yeast. (A) Proteins from
strains expressing untagged Sgt1 or myc-tagged Sgt1 (Sgt1-13myc and
Sgt1-20myc) were immunoprecipitated with anti-myc antibody and
then immunoblotted with anti-Hsc82 antibody. T, total lysate; IP, im-
munoprecipitate. (B) The sgt/ mutants and SCF mutants are sensitive
to geldanamycin. The indicated strains were grown on yeast extract-
peptone-dextrose plates containing 20 g of geldanamycin per ml
(GA) or dimethyl sulfoxide (DMSO) only. The numbers of cells that
were spotted onto each plate (left to right) were approximately 5 X
104, 1 X 10%,2 X 103 4 X 10% and 8 X 10". The plates were incubated
at the indicated permissive temperatures for 3 days. (B) Strains in the
YPHA499 background. (C) Strains in the K699 background. (D) Strains
in the YM4575 or US893 background. WT, wild type.

hsc82 did not grow, although all of the other types of cells grew
(Fig. 2A). These results indicate that sgz/ mutations exert syn-
thetic lethality with Asc82A.

When we investigated the reciprocal phenotypes, we found
that overexpression of Hsp82 can suppress the temperature
sensitivity of sgt/-3 (a G, allele, G,/M arrest at the nonpermis-
sive temperature, kinetochore deficient) but not that of sgt/-5
(a G, allele, G, arrest at the nonpermissive temperature) (Fig.
2B and results not shown). Note that overexpression of yeast
Hsp90 does not protect cells from heat stress (15). Importantly,
overexpression of Hsp82 can suppress the chromosome mis-
segregation phenotype of sgt/-3 (Fig. 2C). These results strong-
ly suggest that Hsp90 activity is relevant to the functions of
Sgtl, including its kinetochore function.

Binding of Skpl and Hsc82 to the N-terminal domain of
Sgtl. Previous analyses of amino acid sequences revealed that
Sgtl has three conserved domains (Fig. 3C and 4A). The first
is located at the N-terminal end (amino acids 13 to 141) and
contains TPR motifs that are homologous (27% similarity) to
those of HOP (Stil in budding yeast), an Hsp90-Hsp70-orga-
nizing protein (22). The second domain is the CS motif (amino
acids 184 to 279), which is homologous (18% similarity) to a
domain in the cochaperone p23 (6, 9). The TPR domain of
HOP and the CS motif of p23 are required for each protein’s
interaction with Hsp90. Therefore, we hypothesized that one
or both of these domains in Sgtl are responsible for the asso-
ciation between Hsp90 and Sgtl.

We performed immunoprecipitation experiments with trun-
cated Sgtl proteins to identify the Skpl-binding and Hsc82-
binding domains. Various deletion proteins (Fig. 3A and B)
were expressed and labeled with [**S]methionine by the in
vitro translation system, and the reticulocyte lysates containing
the deletion proteins were mixed with a protein extract con-
taining HA-tagged Skpl that was expressed separately. HA-
tagged Skpl was immunoprecipitated by using Sepharose to
which anti-HA antibody was conjugated (Fig. 3A). Analysis of
the binding activity of the deletion proteins revealed that there
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SC-URA
[+ YEP24-HSC82 (URA)]
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sgtl-3:LEUC2

WT

hsc82A:: KAN

Nsc82A::KAN sgt1-3:LEU2

lisp82A::TRPI hsp82A::TRPI

sgtl-3:LEL2
. hsc82A:: KAN
SgiI-3:LEUZ 4 pgon:: TRPT
hsc82A:: KAN
WI a-s:iLEU2

hsc82A:: KAN

IAKAN
hsc82A::KAN sgtl-5:LEU2

hsp82A::TRP1

A
hsp82A::TRPI sgtl-5:LEU2

1-5:LEU2 hsc82A:: KAN
sgi-5: hsp82A:: TRPI

sgtl-3

B

34°C

Vector HSPS82

C sgtl-3

HSPS82

Vector

FIG. 2. (A) The sgt and hsc82 mutations exert synthetic lethality.
The indicated single and double mutants carrying YEP24-HSCS2 were
streaked onto plates containing Sc+5-FOA and Sc—Ura, respectively.
The plates were incubated at 25°C for 2 days. (B) Hsp82 overexpres-
sion suppressed the temperature sensitivity of sg/-3. The sgt-3 cells
containing p413-GPD-Hsp82 (GPD promoter/CEN/HIS3) and the
vector alone were streaked onto Sc-His plates and incubated at the
indicated temperatures for 3 days. (C) Hsp82 overexpression sup-
pressed the chromosome missegregation phenotype of sgtl-3 cells.
Shown are the results of a colony color-sectoring assay to analyze sgt1-3
cells that contained the vector alone and that contained p413-GPD-
Hsp82. WT, wild type.

is an inhibitory region between amino acids 270 and 312
(Fig. 3A). The Skpl-binding activity of the deletion protein
(amino acids 1 to 270) is approximately twice that of the
shorter deletion proteins (amino acids 1 to 241 or amino
acids 1 to 211), a result that suggests that part of the CS
domain contributes to the binding activity (Fig. 3A). Be-
cause the absence of the first 58 amino acids did not affect
the binding activity (Fig. 3A and B), we conclude that the
Skp1-binding domain of Sgt1 is located between amino acids
59 and 211 (Fig. 3C). The Skpl-binding domain contains
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two of the three repeats of the putative TPR domain and a
short part (amino acids 184 to 211) of the CS domain (Fig. 3C).

By using the same immunoprecipitation method and HA-
tagged Hsc82 instead of HA-tagged Skpl, we found that the
N-terminal region (amino acids 1 to 211) of Sgt1 is able to bind
to Hsc82 (Fig. 3B). However, the binding activity of the dele-
tion protein (amino acids 1 to 211) is less than that of the
longer deletion protein (amino acids 1 to 312) (Fig. 3B), a
result that suggests that the CS domain contributes to the
binding activity. Furthermore, a deletion protein lacking amino
acids 1 through 58 but containing the Skpl-binding domain
(amino acids 59 to 211) or the rest of the protein (amino acids
59 to 395) bound weakly to Hsc82 (Fig. 3B). Thus, we conclude
that the full-length TPR domain and a short part (amino acids
184 to 211) of the CS domain are required for Sgt1’s binding
to Hsc82 (Fig. 3C). Together, these results indicate that the
Hsc82-binding domain and the Skpl-binding domain are lo-
cated within the N-terminal region of Sgtl.

Requirement of the N-terminal domain of Sgtl for kineto-
chore function. To assess the biological significance of the
domains of Sgt1, we analyzed the phenotypes and sequences of
sgtl temperature-sensitive mutants. We previously showed that
sgt1-3 cells, which undergo arrest in the G,/M phases at the
nonpermissive temperature, lack the ability to assemble CBF3
and thus exhibit a chromosome-missegregation phenotype; in
addition, sgtI-5 cells, which undergo arrest in the G, phase at
the nonpermissive temperature, are deficient in the function of
the SCF complex and in activation of adenylyl cyclase (6, 22).
Therefore, we categorized all 12 mutants on the basis of their
chromosome stability.

The colony color-sectoring assay, which measures the stabil-
ity of a marker chromosome fragment, revealed that only sgt7-3
(22), sgt1-6, sgt1-7, and sgtl-12 showed increased chromosome
missegregation (Fig. 4A and B; unpublished data). These mu-
tants consistently exhibited sensitivity to benomyl, a micro-
tubule-destabilizing agent; this phenotype is typical of a
kinetochore mutant. Except for sgt-1, the other temperature-
sensitive mutants were not sensitive to benomyl and underwent
cell cycle arrest in the G, phase at a nonpermissive tempera-
ture (Fig. 4A and B; unpublished data).

Analysis of the sgtl sequences in the temperature-sensitive
mutants revealed that mutations in the strains with the colony
color-sectoring and G, arrest phenotypes (G, alleles) are in
the N-terminal region of Sgt1, which contains the Skp1-binding
and Hsc82-binding domains (Fig. 4A and B). In contrast, mu-
tations in the strains with the nonsectoring and G, arrest phe-
notypes (G, alleles) are in the C-terminal region of Sgt1, which
contains the SGS motif (2) that is highly conserved in Sgtl
homologs of eukaryotes (Fig. 4A and B). These results are
consistent with our previous observation that Skpl binds to
sgtl-5 (G, allele) protein but not to sgt1-3 (G, allele) protein
in vitro (22) and with our two-hybrid finding that Skp1 binds to
G, allele proteins but not to G, allele proteins (Fig. 4B and
unpublished data).

These results strongly suggest that the N-terminal region of
Sgtl containing the Skpl- and Hsc82-binding domains is im-
portant for kinetochore function and that the C-terminal re-
gion containing the SGS domain appears to be important for
the G, function of Sgtl.
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FIG. 3. Skpl-binding and Hsc82-binding domains of Sgt1. (A, top) The indicated proteins were expressed and labeled with [**S]methionine in
the in vitro translation system with rabbit reticulocyte lysates, and the radiolabeled proteins were mixed and incubated for 1 h at 30°C with an
extract containing HA-tagged Skp1 that was not radiolabeled (20, 22). HA-tagged Skp1 was immunoprecipitated by using anti-HA-Sepharose, the
immunoprecipitates were eluted and subjected to SDS-PAGE, and the radioactive bands were identified by autoradiography. HA-tagged Skpl
(HA-Skpl) was detected by immunoblotting with anti-HA antibody. T, total lysates (6% of the starting material); IP, immunoprecipitate; Ds,
deletion proteins. The numbers above the lanes indicate the positions of the N- and C-terminal amino acids (aa) in each Sgtl deletion protein.
(A, bottom) Relative Skpl-binding activities of Sgt1 mutant proteins. Binding activity was defined as the ratio of the amount of coprecipitated
protein to the amount of input protein. The binding activity of Sgt1 (wild type) was defined as 1, and the binding activities of the mutants were
normalized to that value. (B, top) Essentially the same experiments as in panel A but with HA-tagged Hsc82 in place of HA-tagged Skpl.
HA-tagged Hsc82 was expressed in the in vitro translation system but not radiolabeled. HA-tagged Hsc82 was detected by immunoblotting with
anti-HA antibody. The numbers in parentheses indicate the positions of the N- and C-terminal amino acids in each Sgtl deletion protein. (B,
bottom) Relative Hsc82-binding activities of Sgt1 mutant proteins. Binding activity was calculated as described for panel A. (C) Illustration of the
Sgtl deletion proteins used in the Skpl- and Hsc82-binding assays and the results of these assays. The results of the Skpl-binding domain
(Skp1-BD) and the Hsc82-binding domain (Hsc82-BD) analyses are summarized. Plus signs indicate significant binding activity. Minus signs
indicate no significant binding activity. Plus-minus signs indicate weak binding activity.

Hsp90 stimulates Sgt1’s binding to Skpl. The analyses of
the Skpl- and Hsc82-binding domains of Sgtl raised the pos-
sibility that the chaperone protein Hsp90 may stimulate Sgt1’s
binding to Skp1. To test this hypothesis, we determined wheth-
er the addition of purified human Hsp90 protein stimulates
Sgt1’s binding to Skpl. GST-Skp1 and His,-Sgt1 were expressed
in Escherichia coli and partially purified. These proteins were

mixed together and incubated at 30°C for 1 h, and the inter-
action was tested by immunoprecipitation. We observed a
weak but specific interaction between GST-Skp1 and His-Sgt1
(Fig. S5A, left side; unpublished data). The addition of human
Hsp90 stimulated Sgtl’s binding to Skpl (Fig. 5A, left side).
The stimulation was approximately 4.8-fold (unpublished data).
To confirm the specificity of this stimulation, we used a dele-
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tion protein that lacks amino acids 1 through 58 and has lost
the ability to bind to Hsp90 substantially; the deletion protein
was expressed in E. coli and partially purified. As expected on
the basis of results of the binding domain analyses (Fig. 3A),
we observed a weak but specific interaction between GST-Skp1
and Hisg-Sgt1(59-395). However, addition of human Hsp90 did
not stimulate the binding of Sgt1(59-395) to Skpl (Fig. 5A,
right side, and unpublished data).

To confirm the importance of Sgt1-Hsp90 association for
Sgt1’s binding to Skpl, two of these three proteins were first
incubated together and the other was added later. As expected,
when Hisg-Sgtl and Hsp90 were incubated together before
Skpl was added, the result was stimulated binding of Sgtl to
Skpl (Fig. 5B). In contrast, no such stimulated binding was
observed when either GST-Skp1 and Hise-Sgtl or GST-Skpl
and Hsp90 were incubated together initially. Taken togeth-
er, these results support the hypothesis that Hsp90’s binding
to Sgtl is required for the activation of Sgtl in binding to
Skpl.

Hsp90 and Sgt1 stimulate Skp1’s binding to Ctf13. Next we
tested whether this Hsp90-induced activation of Sgt1’s binding
to Skp1 affects Skp1’s binding to Ctf13, which is the F-box pro-
tein of the core kinetochore. We observed a weak but specific
interaction between GST-Skpl and His,-Ctf13 (Fig. 5C; un-
published data). The addition of His.-Sgtl and human Hsp90
stimulated the binding of Skpl to Ctf13 (Fig. 5C), a finding
that strongly suggests that Hsp90 plays a role in promoting the
association of the core kinetochore proteins. The stimulation
was approximately 3.2-fold (unpublished data). On the basis of
these in vitro data, we hypothesized that Hsc82 activates Sgtl

to bind to Skpl, and then Skpl is activated to bind to Ctf13
(see Discussion; Fig. 5F).

The CBF3 complex fails to form in sgt-3 cells, and the
sgt1-3 protein cannot bind to Skpl (22). Therefore, we tested
whether the sgt1-3 protein can bind to Hsc82. We performed
immunoprecipitation experiments by using Sgtl (wild-type)
and sgtl-3 proteins that were expressed and labeled with
[*>S]methionine by the in vitro translation system, and we
found that the sgt1-3 protein cannot bind to Hsc82 in vitro
(Fig. 5D). If our hypothesis (the Ctf13-Skpl interaction is
activated by Sgtl and Hsp90) is true, the Skp1-Ctf13 interac-
tion should be altered in sgt1-3 cells. In addition, because the
CBF3 complex fails to form in Asp82T1011 mutant cells (38),
the Skpl-Ctf13 interaction should be reduced in hsp82T1011
mutant cells. To confirm the biological relevance of our in vitro
observations, we tested the Ctf13-Skpl interaction in sgt/-3
cells and in Asp82T1011 cells in vivo. Because the level of
endogenous expression of Ctf13 is extremely low in cells, HA-
tagged Ctf13 was overexpressed through the use of a galactose-
inducible promoter and immunoprecipitated with anti-HA an-
tibody. The amounts of Skp1-Ctf13 complex detected in sgt1-3
and hAsp82T1011 cells, respectively, were significantly less than
that detected in wild-type cells (Fig. 5D, bottom, and E). These
results strongly support the biological significance of our in
vitro data that indicate the activation of the Ctf13-Skp1 inter-
action by Sgt1 and Hsp90. Taken together, these results strong-
ly suggest that Sgtl and its interactor Hsp90 are required for
proper interactions among Sgt1, Skp1, and Ctf13; these inter-
actions are the initial steps of assembly of the core kinetochore
complex (see Discussion; Fig. 5F).
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DISCUSSION

In this study we showed that Sgt1 associates with the molec-
ular chaperone Hsp90 in yeast. Analyses of Sgt1 domains re-
vealed that the N-terminal domain including TRP motifs is
able to bind to Skpl or Hsc82 (a yeast Hsp90 protein), and
sequence analysis of sgt/ temperature-sensitive mutants sug-
gested that the N-terminal domain of Sgtl is important for ki-
netochore function. On the basis of this work, we have devel-
oped a model of CBF assembly mediated by Sgtl and Hsp90.

Model of CBF3 assembly. By activating Ctf13, Sgt1, together
with Skpl, is required for the formation of the CBF3 complex
(22). Hsp90 is also required for activation of the Ctf13-Skpl
complex and thus the formation of the CBF3 complex (38).
Here we showed that Sgtl associates with Hsc82 (a yeast
Hsp90 protein) in vivo and that the Hsc82-binding domain of
Sgtl contains its Skp1-binding domain. The addition of Hsp90
stimulated Sgt1-Skp1 binding. Moreover, Sgtl and Hsp90 stim-
ulated Skp1-Ctf13 binding. Therefore, we propose that in vivo
Sgtl binds to Hsc82 first to form the proper structure for
binding to Skp1 and that by binding to Skp1, Sgt1 activates the
Skp1-Ctf13 complex for subsequent formation of the CBF3
complex (Fig. 5F) (34). Skp1 can form a complex with Sgt1 and
an F-box protein (e.g., Ctfl3 is an F-box protein; Fig. SF,
middle) (22). Because Sgtl is not in the CBF3 complex (22),
Sgtl is expected to dissociate from the complex after assembly
(Fig. SF, bottom).

Possible role of Sgtl as a cochaperone. Sgtl participates in
multiple activities: kinetochore complex assembly, SCF activ-
ity, adenylyl cyclase activity in yeasts, and R gene-triggered
disease resistance in plants (1, 2, 6, 22). Our present results
suggest that Hsp90 stimulates the binding of Sgt1 to Skpl and
the binding of Skp1 to Ctf13 via Sgt1, which is essential for the
assembly of the CBF3 complex. Sgtl did not appear to be
unstable in geldanamycin-treated cells (results not shown), an
observation that suggests that Sgtl is not solely an Hsp90
substrate (often called a “client” protein) that is stabilized by
the chaperone (30). Hsp90 contains three distinct domains: an
amino-terminal ATPase domain, a client-binding domain in
the middle, and the C-terminal end containing a dimerization
domain and an MEEVD motif that binds to TPR domains of
many cochaperones (29). The significant homology of Sgtl’s
TPR domain to that of the Hsp70-Hsp90-organizing protein
HOP (Stil in yeast) and the stable physical interactions be-
tween Sgtl and Hsp90 in vivo suggest that Sgtl acts as a
cochaperone (22, 38). However, the expression pattern of Sgtl
in yeast under various stress conditions is very different from
those of the known cochaperones, Ahal, Hchl, Stil, and Crp6
(10, 31). Therefore, Sgtl does not seem to be required for
stress responses. We could not detect physical interactions in
yeast cells between Sgtl and the cochaperones Cdc37, Sbal
(p23 in humans), Ahal, and Stil (HOP in humans) (data not
shown). Cdc37, p23, and HOP inhibit the ATPase activity of
Hsp90, but Ahal stimulates this activity of this chaperone (31,
32). Therefore, it is of interest to examine whether Sgt1 affects
the ATPase activity of Hsp90. In addition, we did not observe
any difference in the results of our binding assays when ATP
was present or absent (data not shown). Lee et al. also re-
ported that human Sgt1’s binding to Hsp90 does not depend on
ATP (25).
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FIG. 4. Mutations in temperature-sensitive sgt/ mutants. (A) The
mutations in sgt/ G, alleles are in red; the mutations in sgt/ G, alleles
are in blue. “Arrest” indicates the cell cycle stage at which the mutant
cells accumulate when incubated at the nonpermissive temperature
(unpublished data). Skp1-BD, Skp1-binding domain of Sgt1; Hsc82-
BD, Hsc82-binding domain of Sgtl. The mutants indicated by the
asterisk in panel A differ: sg¢/-8 has two additional silent mutations at
nucleotide positions 403 and 864. (Table 3 contains details of the sgt/
mutations.) (B) Summary of the phenotypes of sg¢/ mutants. Plus signs
in the sectoring column indicate that the mutant cell showed a chro-
mosome missegregation defect that was shown by a colony color-
sectoring assay. Minus signs in the sectoring column indicate that the
cells did not show substantial chromosome missegregation. The letter
S indicates sensitivity to benomyl or geldanamycin (GA); a minus sign
indicates resistance. Because the sgf/-/0 mutant, which has only the
S378P mutation, is not sensitive to benomyl, we believe that the Y119C
mutation is probably responsible for the benomyl sensitivity of the
sgtl-1 mutant, which has two mutations (Y119C and S378P). Also
shown are results of the two-hybrid assay (TH-Skpl) to assess the
ability of sgt/ mutant proteins to bind to Skpl (unpublished data). A
plus sign in the TH-Skpl column indicates that the mutant protein
bound to Skpl in the two-hybrid system. A minus sign indicates that
the mutant protein did not do so. ND, not done.

Sensitivity of SCF mutants to geldanamycin. We found that
the N-terminal domain of Sgtl is required for its interaction
with Hsp90 and that the mutations of the sgt/ G, alleles are
located in the region that encodes this domain. These findings
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imply that only the G,/kineothcore function (but not the G,
function) of Sgtl is involved in the activity of Hsp90. However,
all of the sgtl G, alleles are also sensitive to geldanamycin.
Because mutations in these strains occurred in the SGS do-
main, which is located at the C-terminal end, the function of
the SGS domain may be related to the function of Hsp90 by an
unknown mechanism. Because the sgf/-5 mutant, one of the
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FIG. 5. Sgtl, together with Hsp90, stimulates Skp1-Ctf13 binding.
(A) Hsp90 requires the N-terminal region of Sgtl to promote its in-
teraction with Skpl. Approximately 200 ng of each indicated protein
was used for immunoprecipitation (IP). After the samples were incu-
bated at 30°C for 1 h, Hiss-tagged Sgtl or Hisg-tagged Sgt1(59-395) was
immunoprecipitated with anti-His antibody conjugated to Sepharose.
GST-Skpl and GST proteins were detected by immunoblotting. The
bands in the top two panels are GST protein only, and the bands in the
bottom three panels are the GST-Skp1 fusion protein. The names of
proteins in parentheses indicate that these proteins were present in the
reaction mixture but are not shown. BSA, bovine serum albumin. (B)
Experiment similar to that described for panel A but with preincuba-
tion of two of the three indicated proteins at 30°C for 1 h and addition
of the other later (immediately before immunoprecipitation). (C) Sgt1
and Hsp90 stimulate the binding of Ctf13 to Skp1. This experiment was
conducted as described for panel A, except that HA-tagged Ctf13 was
precipitated with anti-HA antibody conjugated to Sepharose. The bands
in the top panel are GST protein only, and the bands in the bottom five
panels are the GST-Skpl protein. (D, top) sgt1-3 protein (sgtl-3p) does
not bind to Hsc82 in vitro. Wild-type (WT) Sgt1 protein and sgt1-3 mutant
protein were expressed and labeled with [**S]methionine in the in vitro
translation system, and the radiolabeled proteins were mixed and incu-
bated for 1 h at 30°C with an extract containing HA-tagged Hsc82 (HA-
Hsc82) that was not radiolabeled. HA-Hsc82 was immunoprecipitated by
using anti-HA-Sepharose, the immunoprecipitates were eluted and sub-
jected to SDS-PAGE, and the radioactive bands were identified by auto-
radiography. HA-Hsc82 was detected by immunoblotting with anti-HA
antibody. T, total lysates (6% of the starting material); P, immunoprecipi-
tate. (D, bottom) The Skp1-Ctf13 association was reduced in sgt-3 cells.
HA-tagged Ctf13 expression was induced by addition of galactose; 1 h
later, the temperature was shifted to 37°C and the cells were incubated for
90 min. HA-tagged Ctf13 was immunoprecipitated by using anti-HA an-
tibody conjugated to Sepharose. Skp1 was detected by Western blot anal-
ysis with anti-Skp1 antibody. (E) The Skp1-Ctf13 association was reduced
in hsp82T1011 cells. HA-tagged Ctf13 expression was induced by addition
of galactose; 1 h later, the temperature was shifted to 37°C and the cells
were incubated for 90 min. HA-tagged Ctf13 was immunoprecipitated by
using anti-HA antibody conjugated to Sepharose. Skpl was detected by
Western blot analysis with anti-Skp1 antibody. (F) Model of CBF3 as-
sembly. Once Sgt1 forms a complex containing Hsp90, Sgt1 is activated to
bind to Skp1. By binding to Sgt1, Skp1 is activated to bind to Ctf13 (34).



8078 BANSAL ET AL.

sgtl G, alleles, is deficient in SCF activity (22), we examined
whether the SCF mutants are sensitive to geldanamycin. All of
the SCF mutants that we tested (skpl-3, cdc53-1, cdc34-2,
cdc4-1, cdc4-12, met30-6, and grrl A) were sensitive to geldana-
mycin, and the F-box protein mutants (cdc4-1, cdc4-12,
met30-6, and grrlA) were especially sensitive to geldanamycin.
Skpl binds to F-box proteins via the F-box motif (7, 35). Be-
cause Sgt1 is required for activation of Ctf13, an F-box protein,
Sgtl may also be required for activation or stabilization of
other F-box proteins. Recently, Melville et al. reported that
Hsp70 and TriC/CCT chaperones are required for assembly of
the von Hippel-Lindau tumor suppressor complex, which is
structurally analogous to the SCF complex (28). Further inves-
tigation is required to address whether the chaperone activity
of Hsp90 or another, related, protein is required for the func-
tion of the SCF complex.

Role of human SGT1 in kinetochore function. Human SGT1
(SUGT1) can rescue the sgt/-null mutant (22), a result that
suggests that the function of Sgt1 is conserved between humans
and yeast. SGT1 associates with Hsp90 in human cells (S. Ohta
and K. Kitagawa, unpublished data). Very recently, Lee et al.
reported that the CS domain, but not the TPR domain, of
human SGT1 binds to Hsp90; this result is not consistent with
our observation about yeast Sgtl (25). We do not know
whether this discrepancy reflects differences between the two
organisms. Further analysis is required to clarify the discrep-
ancy.

Interestingly, Steensgaard et al. found that CENP-I, CENP-
F, and Hecl, but not CENP-C, are absent from kinetochores in
human Sgtl-depleted cells. This absence suggests that human
Sgtl is a critical factor for assembly of mammalian kineto-
chores (36a). These data strongly suggest that Sgt1 is function-
ally conserved between humans and yeast. Additional analysis
is needed to investigate the molecular mechanism.

Other functions of the Sgtl-chaperone complex. In addition
to its role in the function of the kinetochore and of the SCF
complex, Sgtl is involved in activation of adenylyl cyclase in
budding and fission yeasts and in R gene-triggered resistance in
plants (1, 2, 6, 22). Recently, three research groups indepen-
dently found that Hsp90 is required for R gene-triggered re-
sistance in plants (14, 27, 40). Notably, Sgt1 coimmunoprecipi-
tates with Hsp90 proteins in Arabidopsis and barley (40). Sgtl
is highly conserved in eukaryotes, and the Sgtl-chaperone in-
teraction appears to be conserved in yeast, plants, and humans.
In this paper, we provide evidence that suggests an initial
activation step in the assembly of the CBF3 complex-Sgt1- and
Hsp90-mediated activation of the Skp1-Ctf13 association. Sim-
ilar molecular mechanisms may be involved in the formation of
other complexes in which Sgtl participates. Moreover, these
mechanisms may be conserved in other organisms.
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