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Sgtlp is a well-conserved protein proposed to be involved in a number of cellular processes. Genetic studies
of budding yeast suggest a role for SGT1 in signal transduction, cell cycle advance, and chromosome segre-
gation. Recent evidence has linked Sgtlp to HSP90 chaperones, although the precise relationship between
these proteins is unclear. To further explore the role of Sgtlp in these processes, we have characterized the
interactions among Sgtlp, the inner kinetochore complex CBF3, and HSP90 chaperones. We show that the
amino terminus of Sgtlp interacts with CBF3 subunits Skplp and Ctf13p. HSP90 interacts with Sgtlp and, in
combination with the carboxy terminus of Sgtlp, regulates the interaction between Sgtlp and Skplp in a
nucleotide-dependent manner. While the Sgt1p-Skplp interaction is required for CBF3 assembly, mutations
that stabilize this interaction prevent the turnover of protein complexes important for CBF3 assembly. We
propose that HSP90 and Sgtlp act together as a molecular switch, maintaining transient interactions required

to balance protein complex assembly with turnover.

Protein complexes consisting of multiple subunits must as-
semble and remain stable to carry out their cellular functions.
However, many biological processes, including but not limited
to signal transduction and cell cycle advance, require that pro-
tein complexes are maintained only transiently (20). Multiple
solutions for maintaining the proper balance of protein com-
plexes have been described, including linking protein phos-
phorylation to protein turnover as in the case of cell cycle
advance. In other cases, such as nuclear hormone receptors,
the assembly of protein complexes appears to be directly linked
to their turnover (10, 11). This direct coupling may provide
quality control, ensuring that misfolded protein complexes do
not interfere with normal cellular functions. Alternatively, such
a direct coupling of protein assembly and turnover has been
proposed to contribute to the plasticity of signaling pathways,
allowing the levels of assembled complexes to be tightly cou-
pled to regulatory cues.

The HSPI0 class of chaperones has been implicated in both
the assembly of multiprotein complexes and their turnover (for
a review, see reference 16). While believed to aid in client
protein folding, HSP90 chaperone activity appears to be more
restricted than that of other classes of chaperones. A special
class of interacting proteins termed cochaperones regulates the
activity of HSP90 chaperones (4, 5, 12). Cochaperones can
regulate the ATP hydrolysis of chaperones, thereby influencing
their affinity for client proteins, or can target HSP90 chaper-
ones to their clients or to a particular subcellular compartment.
In some cases cochaperones appear to have a chaperone ac-
tivity independent of HSP90. Two classes of cochaperones
have been identified on the basis of their domain structure:
(i) those that include tetratricopeptide repeats (TPR) (e.g.,
HOPI) and (ii) those that contain a non-TPR fold, such as the
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HSP20/a-crystallin fold found in the p23 cochaperone (13, 26,
32). Interestingly, Sgtlp is a protein that has been proposed to
have both a TPR domain and homology to an HSP20/a-crys-
tallin fold (7, 21). The recent demonstration that Sgtlp can
interact with HSP90 further implicates Sgtlp in HSP90 func-
tion (17, 35). However, little is known concerning the biochem-
ical function of Sgtlp and the significance of its interaction
with HSP90 remains unclear.

Sgtlp is a highly conserved protein that functions in an array
of biological processes, apparently through direct interaction
with different multiprotein complexes. In yeast, phenotypic
analyses of mutations in SGT1 suggest that it is required for
the activity of the ubiquitin ligase SCF, for the assembly of the
inner kinetochore complex CBF3, and for the activity of ad-
enylyl cyclase (7, 21). Sgtlp is physically linked to SCF and
CBF3 through its interaction with Skplp, a subunit of both
complexes. This interaction appears conserved, as Sgtlp in
plants has also been reported to interact with SCF. In addition,
Sgtlp in plants has been proposed to associate with proteins in
other complexes, including proteins important for R gene-
mediated disease resistance (1, 2, 17, 36) and proteins associ-
ated with the COP9 signalosome, a complex that removes the
ubiquitin-like molecule Nedd8p (2, 6). Consistent with the
ability of Sgt1p to interact with multiple complexes, two-hybrid
analysis has identified a number of potential interactors, char-
acterized by the presence of a leucine-rich repeat domain (7).
Given the number of pathways proposed to require SGT1, it is
tempting to speculate that Sgtlp serves a general role in each
of these pathways perhaps by linking a specific protein complex
subunit to HSP90 function.

In the case of CBF3, Sgtlp is required for the function of the
core CBF3 subunit, Ctf13p. The finding that HSP82 (an HSP90
chaperone in yeast) is also important for Ctf13p function (34)
supports a possible link between Sgtlp and HSP90. However,
the target of HSP90 is not clear; HSP90 may act directly on
Ctf13p to facilitate its interaction with other CBF3 subunits or
may act indirectly to control the interaction between Sgtlp and
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TABLE 1. Strains used in this study

Strain Genotype Reference
YPHS00 mato ura3-52 lys2-801 ade2-101 trpl-Al his3-A200 leu2-A1 32a
YKK39 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 sgt1Al::HIS31 pRS316-SGT1 21
YKK45 mata ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al sgt1-5::LEU2 CFIII (CEN3.L.YPH983) TRP1 SUPI11 21
YKK54 mata ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al sgt1-3LEU2 CFIII (CEN3.L.YPH983) TRP1 SUP11 21
KSC451 mata ura3-52 lys2-801 ade2-101 trpl-Al his3-A200 leu2-A1 SGTI1-TAP::TRP This study
KSC669 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 sgt1 Al::HIS31 pRS315-SGTI This study
KSC670 mata ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al sgtl Al::HIS31 pRS315-SGTI(L31P) This study
KSC671 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 sgt1 Al::HIS31 pRS315-SGTI1(F99L) This study
KSC672 mata ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al sgt] Al::HIS31 pRS315-SGT1(N213I) This study
KSC673 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 sgt1 Al::HIS31 pRS315-SGTI1(D220V) This study
KSC674 mato ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-Al sgtl Al::HIS31 pRS315-SGTI1(E364K) This study
KSC967 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 GALI-3XHA-HIS3::CTF13 pRS315-SGT1 This study
KSC968 mato ura3-52 lys2-801 ade2-101 trpl1-A63 his3-A200 leu2-A1 GALI-3XHA-HIS3::CTF13 pRS315-sgtl-3 This study
KSC969 mato ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-A1 GALI-3XHA-HIS3::CTF13 pRS315-sgt1-5 This study
KSC1199 mato ura3-52 lys2-801 ade2-101 trp1-631 his3-A200 leu2-Al pRS315-GALI-SGTI This study
KSC1200 mato ura3-52 lys2-801 ade2-101 trp1-631 his3-A200 leu2-Al pRS315-GALI-SGTI (1-268) This study
KSC1202 mato ura3-52 lys2-801 ade2-101 trp1-631 his3-A200 leu2-Al pRS315 This study
KSC1631 mato ura3-52 lys2-801 ade2-101 trp1-631 his3-A200 leu2-Al pRS315-GALI-sgtl1-5 This study
KSC1632 mato ura3-52 lys2-801 ade2-101 trp1-631 his3-A200 leu2-Al pRS315-GALI-sgt1-5(L31P) This study
KSC1035 mata ura3-1 his3-1115 leu2-3,12 trpI-1 canl-100 adel-1 Al sc82::LEU2 Ahsp82::LEU pTGPD/P82 (HSPS2) This study

GALI-3XHA-HIS3::CTFI13
KSC1037 mata ura3-1 his3-11,15 leu2-3,12 trpl-1 canl-100 adel-1 Ahsc82::LEU2 Ahsp82::LEU pTGPD/T1011 (hsp82-T1011) This study
GALI-3XHA-HIS3::CTFI13

KSC1039 mata ura3-1 his3-11,15 leu2-3,12 trpl-1 canl-100 adel-1 Ahsc82::LEU2 Ahsp82::LEU pTGPD/G170D (hsp82-G170D) This study

GALI-3XHA-HIS3::CTF13

Skplp, an interaction that is essential for Ctf13p function and
CBF3 assembly. Interestingly, the ability of Sgt1p and Skplp to
dissociate may be equally important, as mutations that stabilize
their interaction prevent turnover of CBF3 (29). Previous work
has argued that controlling the levels of CBF3 is important to
maintain the selectivity of kinetochore formation on centro-
meric DNA (18). Together, these results suggest that Sgtlp
and Skp1p interactions must be carefully regulated to maintain
selective assembly of kinetochores and contribute to the or-
derly segregation of chromosomes.

To explore how Sgtlp, Skplp, and HSP90 contribute to
CBF3 assembly, we have characterized the interactions be-
tween Sgtlp and other subunits of the CBF3 complex. Our
data show that Skplp and Ctf13p interact with domains in the
amino terminus of Sgtlp. These interactions are inhibited by a
negative regulatory domain in the carboxy terminus of Sgtlp.
Mutations that stabilize the interaction between Sgtlp and
Skplp compromise CBF3 assembly and generally interfere
with normal cell growth. We show that HSP90 interacts with
Sgtlp and that the nucleotide-bound state of HSP90 deter-
mines the affinity of Sgtlp for Skplp. Together these results
argue that CBF3 homeostasis requires HSP90 to maintain the
transient interaction between Sgt1p and Skplp. We speculate
that Sgtlp generally functions in the assembly of multiprotein
complexes by transiently linking HSP90 chaperones to client
proteins and uses HSP90 to recycle from these complexes.

MATERIALS AND METHODS

Plasmids, yeast strain construction, and antibodies. All of the yeast strains
used in this study were constructed in the S288C background (Table 1). SGT1
mutations were introduced by PCR-mediated site-directed mutagenesis (se-
quences of mutagenic oligonucleotides are available on request), and the integ-
rity of the coding region was verified by DNA sequencing. Plasmids were intro-
duced into yeast strains by the TRAFO transformation technique (14), and a
plasmid shuffle strategy was used to introduce novel SGT1 alleles over a chro-

mosomal deletion (3). Sgtlp variants containing the indicated carboxy-terminal
fusions were created by homologous recombination with the chromosomal copy
of SGTI by standard PCR-based targeting techniques (23) and confirmed by
PCR analyses of genomic DNA. Antisera against Skplp and Sgt1p were made as
previously described (18, 30). The monoclonal antibody (12CAS5) to the hemag-
glutinin (HA) tag was purchased from Boehringer Mannheim. HSP90 antibody
(which recognizes both HSP90 gene products) was a generous gift from Y.
Kimura (Tokyo Metropolitan Institute of Medical Science). The immunoblots
shown do not resolve the two closely migrating HSP90 chaperones.

Yeast growth and extract preparation. Yeast strains were grown in standard
YEP medium supplemented with the indicated carbon source at 2% (15). Tem-
perature-sensitive strains were grown to mid-log phase at 25°C and then shifted
to 37°C for 3 h, unless otherwise indicated. To generate extracts, cells were
prepared as previously described and broken in extract buffer (50 mM bis-Tris-
propane [pH 7.2], 200 mM KCI, 5 mM EGTA, 5 mM EDTA, 100 mM B-glyc-
erophosphate, 10% glycerol, 14 mM 2-mercaptoethanol, 10 mM phenylmethyl-
sulfonyl fluoride [PMSF], 1 mM tosylsulfonyl phenylalanyl chloromethyl ketone
[TPCK], 10 wg each of leupeptin, pepstatin, and chymostatin per ml) (19).

In vitro binding assay. Sgtlp was translated at 30°C in rabbit reticulocyte
lysates in the presence of [**S]methionine (Amersham Biosciences) with the
TNT Quick Coupled Transcription/Translation System as recommended by the
manufacturer (Promega). Templates for transcription were generated by PCR
with 5" oligonucleotides containing the T7 promoter and 3’ oligonucleotides that
insert a stop codon at the indicated position.

Glutathione S-transferase (GST)-Ctf13p and GST-Skplp were expressed in
High Five insect cells (Invitrogen Corp.) by infecting cells with baculoviruses and
harvesting as previously described (18, 30). Recombinant GST-Ctf13p and GST-
Skplp were purified by incubating cell extracts with glutathione Sepharose (Am-
ersham Biosciences) under the manufacturer’s recommended conditions. Mal-
tose binding protein (MBP)-Hsp82p was produced in Escherichia coli with the
pPMAL-C2X plasmid and purified with amylose resin as recommended by the
manufacturer (New England Biolabs). Binding reaction mixtures were prepared
with 15 pl of beads containing equal molar amounts of GST fusion (2.5 pg),
GST, MBP-Hsp82p, or MBP alone in 500 pl of binding buffer (50 mM HEPES
[pH 7.4], 150 mM NaCl, 50 mM NaF, 50 mM B-glycerophosphate, 0.2 mM
EDTA, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM PMSF, 1 mM
TPCK, 10 pg each of leupeptin, pepstatin, and chymostatin per ml) and incu-
bated at 30°C for 1 h and then at 4°C for 3 h with end-over-end tube rotation.
Beads were recovered by centrifugation and washed three times with binding
buffer. Bead-associated proteins were resolved by sodium dodecyl sulfate-10%
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polyacrylamide gel electrophoresis (SDS-PAGE), and levels of translated pro-
tein were quantified with a Storm imaging system (Molecular Dynamics).

Trypsin analysis of Sgtlp. Recombinant GST-Sgtlp was produced in E. coli
with the pGEX-6p2 plasmid, purified with glutathione Sepharose, and eluted
with PreScission protease in accordance with the manufacturer’s (Amersham
Biosciences) instructions. Purified Sgtlp was treated with 2.5 pg of trypsin
(Boehringer Mannheim) per ml in 50 mM HEPES (pH 8.0)-300 mM KCI-1 mM
EDTA-30 mM NaF-30 mM B-glycerophosphate-1% Triton X-100 at room
temperature. Aliquots were removed at different time points, and proteolysis was
stopped by boiling the sample in Laemmli buffer. Accumulation of distinct
proteolytic fragments was visualized following SDS-PAGE by Coomassie stain-
ing. Microsequencing of proteolytic fragments was performed at the Molecular
Structure Laboratory at the University of California Davis after transfer of
fragments to PVDF membranes.

Sgtlp IP and purification from yeast extracts. To isolate Sgtlp complexes,
yeast extracts (2 mg of total protein) were diluted into immunoprecipitation (IP)
buffer (50 mM Tris [pH 8.0], 50 mM KClI, 0.2% Triton X-100, 14 mM 2-mer-
captoethanol, 1 mM PMSF, 1 mM TPCK, 10 pg each of leupeptin, pepstatin, and
chymostatin per ml) and incubated with 2 pl of antibody for 1 h at 4°C and then
with 20 ul of protein A-Sepharose (Amersham Biosciences) for 30 min at 4°C.
Beads were washed three times in IP buffer, and bound proteins were eluted and
analyzed by immunoblotting as previously reported (30). Chemiluminescence
signals were detected with film or captured by a charge-coupled device camera
with FluorChem 8900 software (Alpha Innotech). Band intensities were quanti-
fied with ImageQuant 5.0 software, and scanned images of film were derived
from multiple exposures or multiple captured images to ensure linearity. The
Sgtlp-TAP fusion protein was purified from 5 mg of yeast extract with immu-
noglobulin G (IgG) Sepharose (Amersham Biosciences) as previously described
(27, 28), eluted in Laemmli buffer, and analyzed by immunoblotting as described
above.

CBF3 band shift assays. CBF3 band shift assays were performed by incubating
40 to 120 pg of protein from the indicated yeast extracts with an 88-bp radiola-
beled CEN DNA as previously described (8, 18, 19, 30). Active coexpressed
Ctf13p and Skplp (Ctf13p/Skplp) and coexpressed Cep3p and Ndc10p (Cep3p/
Ndc10p) were produced in insect cells following coinfection with the indicated
recombinant baculoviruses as previously described (18).

Nucleotide dependence of Sgtlp-Skplp interactions. An MBP fusion to the
amino terminus of Sgt1p was expressed in E. coli with the pMAL-C2X vector and
purified on amylose resin in accordance with the manufacturer’s (New England
Biolabs) recommendations. Equal molar amounts of MBP-Sgtlp (1.0 pg) or
MBP alone immobilized on 15 pl of resin were suspended in binding buffer (50
mM HEPES [pH 8.0], 150 mM NacCl, 50 mM NaF, 50 mM B-glycerophosphate,
0.2 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM
PMSF, 1 mM TPCK, 10 p.g each of leupeptin, pepstatin, and chymostatin per ml)
supplemented with 1.0 mg of the indicated yeast extract and nucleotide (5 mM)
and then incubated for 10 to 60 min at 30°C. Beads were washed three times in
binding buffer and incubated in elution buffer (20 mM Tris [pH 8.0], 200 mM
KCl, 1 mM EDTA, 10 mM maltose) for 20 min at 4°C and then analyzed by
immunoblotting.

RESULTS

The amino terminus of Sgtlp interacts with Skplp and
Ctf13p. The reported association between Sgtlp and a number
of proteins implicated in CBF3 function led us to characterize
the domains of Sgtlp that mediate these interactions (21). To
this end, we established an in vitro binding assay with Sgtlp
translated in rabbit reticulocyte lysates supplemented with
[*>S]methionine. The ability of translated Sgtlp to bind to
GST-Skplp, GST-Ctf13p, and GST alone was evaluated fol-
lowing an in vitro binding assay (see Materials and Methods).
Previous results have suggested that Sgt1p binds to Skplp and
to Ctft13p, although biochemical studies suggest that the
Sgt1p-Skplp complex includes only a minor proportion of the
total Skplp in the cell (21, 29). Interestingly, translated Sgtlp
also showed a weak affinity for GST-Skplp and GST-Ctf13p
(Fig. 1A, ~5 to 7% of translated Sgtlp bound). This interac-
tion was specific, as Sgt1p did not significantly bind to GST or
to GST-Skp1-4p, a mutation previously shown to block Skplp-
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Sgtlp interaction (Fig. 1A and data not shown). The integrity
of both the GST fusion proteins was confirmed on the basis of
the ability of GST-Skplp to interact with reticulocyte lysate-
translated Ctfl13p and that of GST-Ctfl13p to interact with
translated Skplp (>25% of load bound; data not shown).
Thus, we conclude that Sgt1p has relatively low affinity for both
Skplp and Ctf13p, consistent with observations of endogenous
protein complexes in yeast (21).

We used this assay to map the regions in Sgt1p important for
binding Skplp and Ctf13p. Deletion of the first 188 amino
acids of Sgtlp (Sgt1p188-395) eliminates the putative TPR
domain (proposed to include three TPR motifs [21]) and fails
to bind to either Skplp or Ctf13p (Fig. 1B and Fig. S1A in the
supplemental material), arguing that the amino terminus and
potentially the TPR domain of Sgtlp is important for these
interactions. Truncations of carboxy-terminal sequences sug-
gest that Skplp and Ctf13p interact with the first 225 amino
acids of Sgtlp, a region notably larger than that proposed to
include the three TPR motifs. A carboxy-terminal deletion
(amino acids 1 to 138) that only includes the three putative
TPR motifs bound to Ctf13p but failed to bind to Skp1p. These
results suggest that the TPR domain is required but not suffi-
cient for Skplp binding and further suggest that Skplp and
Ctf13p interact with distinct regions of Sgtlp. Because dele-
tions can cause unpredictable changes in the folding of protein
domains, we analyzed how the point mutations found in the
temperature-sensitive allele sgt7-3 affect binding. The sgt7-3
allele consists of three amino acid changes (L31P, F99L, and
N213I), fails to bind Skplp, and causes cells to arrest in G,/M
at 37°C (21). SGT1I alleles containing each single mutation
were created and placed over a deletion of SGTI to assess
temperature-sensitive growth. Only the L31P substitution con-
ferred temperature-sensitive growth on yeast (Fig. 1C). Simi-
larly, only L31P inhibited Sgtlp binding to Skplp, suggesting
that amino acids in this region are important for interaction
with Skplp (Fig. 1D and Fig. S1B in the supplemental mate-
rial). Significantly, the interaction with Ctf13p was not affected
by L31P, further arguing that Skplp and Ctf13p bind to sepa-
rate domains in Sgtlp. It may be that these distinct binding
regions represent separately folded domains or multiple bind-
ing sites in the same folded domain. In summary, we conclude
that both Sgtlp binding partners, Skplp and Ctf13p, interact
with regions in the amino terminus of Sgtlp that include but
are not limited to the putative TPR domain.

The carboxy terminus of Sgtlp regulates Skplp and Ctf13p
association. Although the carboxy-terminal fragment of Sgtlp
(Sgt1p268-395) has no measurable affinity for either Skplp or
Ctf13p, we noticed that deleting this region had a dramatic
effect on Skplp and Ctf13p binding (Fig. 2A and Fig. S1A in
the supplemental material). Quantification shows that elimi-
nating the carboxy terminus of Sgtlp results in a five- to eight-
fold increase in binding to GST-Skplp and GST-Ctf13p com-
pared to that of the wild type (Fig. 2A, Sgt1p1-268, and data
not shown). This observation confirms that Skplp and Ctf13p
binding domains lie in the amino terminus of Sgtlp and sug-
gests that the carboxy terminus of Sgtlp acts to inhibit binding
of Skplp and Ctf13p. If the carboxy terminus of Sgtlp is
directly responsible for inhibiting protein binding to amino-
terminal domains, we reasoned that more subtle mutations in
the carboxy terminus might also affect Skplp binding. The
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FIG. 1. Domain mapping of Sgt1p sequences required for Skplp and Ctf13p interaction. (A) In vitro-translated *>S-Sgt1p was incubated with
either GST-Skplp, GST-Ctf13p, or GST immobilized on glutathione Sepharose beads. Bound **S-Sgtlp was quantified after SDS-PAGE by
Phosphorimager analysis. (B) A schematic showing the relative positions of the putative TPR motifs, the HSP20/a-crystallin fold, and the unique,
well-conserved region of SGT1 (SGS) is shown. Fragments of Sgtlp were translated in reticulocyte lysates and tested for the ability to bind
GST-Skplp, GST-Ctf13p, or GST as in panel A. The levels of Sgtlp specifically bound to the GST fusion proteins are expressed as a percentage
of the input and coded as follows: +++, >25% bound; ++, 11 to 25% bound; +, 5 to 10% bound; —, <5% bound. (C) Temperature-sensitive
growth of SGTI alleles was assessed following 3 days of growth at the indicated temperatures. (D) SGT1 alleles encoding the indicated point

mutations were translated and analyzed as in panel A.

sgt1-5 allele contains two amino acid substitutions (D220V and
E364K) and is temperature sensitive for growth, causing cells
to arrest in G, at 37°C (21). While the E364K mutation was
sufficient to confer temperature-sensitive growth, both muta-
tions were necessary to alter the affinity of Sgtlp for Skplp
(Fig. 2A). Remarkably, the double mutation allowed Sgtlp to
bind to Skplp with the same affinity as the Sgt1p1-268 trunca-
tion, suggesting that mutations in the HSP20/a-crystallin do-
main and in conserved carboxy-terminal amino acids cooperate
to perturb the inhibitory activity of the carboxy terminus (Fig.
2A, Sgt1-5p). One possibility is that the carboxy terminus phys-
ically occludes the binding domains in the amino terminus of
Sgtlp. To test this idea, we used limited proteolysis to probe
the accessibility of trypsin sites located in Sgtlp and analyzed
fragments by protein sequencing. When the full-length Sgtlp
protein was exposed to trypsin (Fig. 2C; arrow 1), it was rapidly
cleaved in the region of amino acid 270, eliminating the car-
boxy terminus and producing an amino-terminal Sgtlp frag-

ment (40.2 kDa; Fig. 2C, arrow 2). Kinetic analysis revealed
that only after release of the carboxy terminus did amino-
terminal trypsin cleavage sites become accessible (Fig. 2C,
arrow 3, and D). While this result could indicate that the amino
terminus of Sgtlp is highly structured and therefore more
resistant to proteolysis, taken together with the mapping data,
we propose that the carboxy terminus of Sgt1p occludes amino-
terminal Skplp and Ctf13p binding sites (see model in Fig. 6).
A more complete understanding of how the carboxy terminus
of Sgtlp inhibits Skplp binding requires detailed structural
analyses of the Sgt1p-Skplp complex.

To address whether the carboxy terminus of Sgtlp modu-
lates Skplp binding in cell extracts, we immunoprecipitated
Sgtlp from extracts derived from wild-type or sgtl-5 yeast
grown at 37°C. When equal amounts of Sgtlp and Sgtl-5p
were isolated, we observed a dramatic enrichment (10-fold) in
the levels of Skplp that were copurified with Sgt1-5p compared
to Sgtlp (Fig. 2E and F). To address whether the increase in
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Sgt1p-Skplp affinity was a consequence of the G, cell cycle
arrest caused by sgtl-5, we examined the association between
Sgtlp and Skplp during different stages of the cell cycle. Sgtlp
was isolated from extracts of wild-type yeast grown to log-
phase, arrested in G, with «a factor, or arrested in G,/M with
the microtubule poison nocodazole. Similar levels of Skplp
were copurified from each of these extracts, suggesting that the
level of Sgtlp in complex with Skplp does not vary during the
cell cycle (Fig. 2G).

The increase in affinity between Sgt1-5p and Skplp is con-
sistent with an inhibitory role for the carboxy terminus of Sgtlp
and raises the possibility that maintaining low levels of Sgtlp-
Skplp complexes in cells is important. Consistent with this
possibility, growth of wild-type cells was inhibited by the
GALI-induced overexpression of sgtl-5 or sgtl(1-268) but not
wild-type SGT1 (Fig. 2H). If inhibition of cell growth results
from the high-affinity interaction between Sgt1-5p and Skplp,
we predicted that preventing Skp1p binding would alleviate the
growth defect caused by overexpression of Sgt1-5p. To test this
prediction, we introduced the L31P mutation into sgtl-5 to
eliminate Skplp binding (Fig. S1B in the supplemental mate-
rial). Overexpression of sgt/-5, L3IP did not inhibit cell
growth, arguing that the high-affinity Sgt1p-Skplp interaction
is detrimental to cell growth (Fig. 2H; sgt-5, L31P).

The stabilized interaction between Sgt1-5p and Skplp de-
creases CBF3 levels. Previous work has demonstrated that
CBF3 is maintained at remarkably constant levels by maintain-
ing a balance of Ctf13p activation and ubiquitin-mediated deg-
radation (18, 29, 30). Our recent observation that CBF3 is
continually assembled during the cell cycle argues that it may
be important to recycle complexes involved in Ctf13p activa-
tion (29). In this light, we reasoned that increasing the affinity
between Sgtlp and Skplp may cause them to become limiting
for Ctf13p activation. To test this possibility, we carefully com-
pared the levels of CBF3 complexes in extracts from wild-type
and sgt/-5 cells grown at permissive and nonpermissive tem-
peratures. To ensure that we could accurately measure changes
in the steady-state levels of CBF3 complexes, we confirmed
that the CBF3 band shift assay could detect a linear relation-
ship between the amount of extract added and the level of the
CBF3-CEN DNA complex measured (Fig. 3A). With this
range of extract concentrations, we measured the relative lev-
els of CBF3 in extracts derived from SGT! and sgt/-5 mutant
strains (Fig. 3B). Immunoblot analyses of Skplp and tubulin
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were used to ensure that equal amounts of cell extract were
analyzed under each condition (data not shown). Quantifica-
tion showed that sgt/-5 extracts had 25 and 50% decreases in
the levels of CBF3 at permissive and nonpermissive tempera-
tures, respectively (Fig. 3B and C). To identify the limiting
CBF3 subunit in sgr/-5 extracts, we performed biochemical
complementation in extracts with recombinant CBF3 subunits
produced in insect cells; specifically, we used insect cell ex-
tracts that contain Ctf13p/Skplp or Cep3p/Ndcl0Op as previ-
ously described (29). Mixing of recombinant Ctf13/Skp1p with
Cep3p/Ndc10p reconstituted CBF3 complexes in the absence
of yeast extract, confirming that these subunits are active and
sufficient to form CBF3 complexes, as previously reported
(data not shown and reference 18). Addition of recombinant
Ctf13p/Skplp restored CBF3 to wild-type levels in sgtl-5 ex-
tracts, indicating that the levels of active Ctf13p are decreased
in sgt1-5 cells (Fig. 3D and E). In contrast, addition of recom-
binant Cep3p/Ndc10p had no effect on the total levels of CBF3
in sgt1-5 extracts. It is interesting that the level of extended
CBF3 complexes that include an additional dimer of Ndc10p,
was increased when sgf/-5 is grown at a nonpermissive tem-
perature (Fig. 3D, arrow). Formation of the extended CBF3
complex is favored specifically under conditions under which
Ctf13p is limiting, thus offering additional evidence that Ctf13p
activity is compromised in sgtl-5 cells (8). Although the de-
crease in CBF3 levels observed in sgtl-5 is not sufficient to
compromise chromosome segregation (21), the observation
that sgt7-5 fails to complement the sgt/-3 defect in a heteroal-
lelic diploid strain argues that sgt/-5 also has a G,/M role and
raises the intriguing possibility that subtle changes in CBF3
levels compromise other mitotic processes (21; see Discussion).

We speculate that the decrease in CBF3 levels observed in
sgtl-5 is caused by the increased affinity between Sgt1-5p and
Skplp, effectively trapping complexes critical for Ctf13p acti-
vation. To test this possibility, we took advantage of a strain in
which the assembly and turnover of CBF3 complexes can be
easily monitored. As previously demonstrated, fusing a GAL!
promoter upstream of 3XHA-CTFI3 allows depletion of
3XHA-Ctf13p when cells are grown in medium containing
dextrose and its rapid induction when cells are grown in me-
dium containing galactose (29). The very short half-life of
3XHA-Ctf13p and the contemporaneous decrease in CBF3
levels imply that as 3XHA-Ctf13p is degraded, CBF3 com-
plexes turn over. For example, when cells are grown in the

FIG. 2. The carboxy terminus of Sgtlp occludes amino-terminal binding domains. (A) The indicated SGT1 alleles were translated, and their
affinity for GST-Skplp was determined after SDS-PAGE by Phosphorimager analysis. (B) Temperature-sensitive growth of SGT1 alleles was
assessed following 3 days of growth on YPD plates at the indicated temperatures. (C) Sgtlp proteolytic fragments were visualized by SDS-PAGE
and Coomassie staining following treatment with trypsin for the indicated times (seconds). (D) The levels of full-length Sgtlp (arrow 1 in panel
C; #), a fragment representing amino acids 1 to 270 (arrow 2 in panel C; [J), and small amino-terminal fragments (arrow 3 in panel C; A) were
quantified with ImageQuant 5.0 and plotted as a function of time. Protein levels are expressed as a fraction of the input (zero time point).
(E) Extracts from SGT1, sgt1-3, and sgt/-5 mutant yeast strains grown at 37°C for 3 h were equalized for Sgtlp and immunoprecipitated with
antibodies against Sgtlp. Immune complexes were eluted and analyzed by immunoblotting with Skplp polyclonal antibodies. The specificity of
immunoprecipitates was confirmed with rabbit anti-mouse antibodies (RaM) in place of the Sgtlp antibody. Load represents 2% of the protein
used for each IP. (F) Levels of Skplp that were copurified in panel E were quantified with ImageQuant 5.0, and the data were normalized to the
level of Sgtlp immunoprecipitated. (G) Sgtlp was immunoprecipitated from extracts of cells grown to log phase or grown in the presence of o
factor (5 pg/ml) or nocodazole (15 wg/ml) for 2 h. Immune complexes were eluted and analyzed by immunoblotting with Skplp polyclonal
antibodies. The specificity of immunoprecipitates was confirmed with preimmune antibodies instead of Sgt1p antibody. Load represents 2% of the
protein used for each IP. (H) Yeast cells transformed with a plasmid containing a GALI promoter and SGT1 (X), SGTI(1-268) (O), sgt1-5 (A),
sgt1-5, L31P (O), or the vector alone (+) were grown at 30°C in the presence of galactose. Cell growth was monitored for 9 h, and the number
of cells per milliliter was plotted. The lines graphed for the vector alone, SGT1, and sgt-5, L31P overlap.
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FIG. 3. CBF3 levels are decreased in sgt/-5 mutant cells. (A) The linear range of the CBF3 band shift assay was confirmed by calculating the
relative levels of CBF3-CEN DNA complexes detected with different amounts of extracts added to the reaction mixture from wild-type () and
sgt1-5 mutant (m) cells grown at room temperature (closed symbol) or 37°C (open symbol) for 3 h. (B) CBF3 levels were measured in the indicated
amounts of extracts from wild-type or sgt/-5 mutant cells grown at room temperature or 37°C for 3 h by band shift assay. (C) The average amounts
of CBF3-CEN DNA complexes were calculated per microgram of extracts made from SGT7 and sgti-5 cells grown at 25°C (&) or 37°C ().
Average values were statistically significantly different (paired Student ¢ test, P < 0.005) between SGT1 and sgtI-5 at both temperatures. (D) Equal
amounts of yeast extracts from the indicated strains were supplemented with recombinant Cep3p/Ndcl0p or recombinant Ctfl13p/Skplp and
analyzed for the CBF3 complex by band shift assay. (E) Relative levels of CBF3 measured when extracts were supplemented with buffer alone ([J),
recombinant Cep3p/Ndc10 (m), or recombinant Ctf13p/Skplp (&) were quantified as for panel C.

presence of galactose, significant levels of Sgtlp-Skplp com-
plexes can be detected; however, growing cells in dextrose
inhibits de novo CBF3 assembly and rapidly depletes Sgtlp-
Skplp complexes (29). Therefore, with this system it is possible
to monitor the half-life of complexes in the absence of de novo
CBF3 assembly. To monitor the stability of Sgt1p and Sgt1-5p
complexes, extracts from SGT1 and sgtl-5 cells were harvested
at different time points following the transfer of cells to me-
dium containing dextrose. As expected, 3XHA-Ctf13p levels
rapidly decreased in SGT1 cells, exhibiting a half-life of 12 min
(Fig. 4A, bottom). Interestingly, 3XHA-Ctf13p showed a sim-
ilar half-life in sgt-5 cells, even though this mutation has been
reported to compromise the SCF-ubiquitin ligase complex re-
quired for Ctf13p degradation (18, 21). The levels of all other
CBEF3 subunits were unaltered by the growth of cells in dex-
trose (Fig. 4A, top, and data not shown). To monitor the levels
of Sgt1p complexes in the absence of de novo CBF3 assembly,
Sgtlp was purified from extracts with a polyclonal antibody and
the purified proteins were immunoblotted to detect CBF3 sub-
units. At each time point, fewer Sgtlp-Skplp than Sgtl-5-
Skplp complexes were observed (Fig. 4A, top, and B). While
the levels of Sgt1p-Skplp quickly decrease in the absence of
CBF3 assembly, Sgt1-5p—Skplp complexes persist throughout

the time course. This stabilization appears to be independent
of Ctf13p, as the rate of Ctf13p dissociation from Sgt1p mirrors
its degradation in both wild-type and sgt/-5 mutant cells (Fig.
4B). Together, these data are consistent with the possibility
that Sgt1-5p traps complexes involved in the assembly of CBF3.

We propose that the decreased levels of CBF3 observed in
sgt1-5 extracts result from compromised Ctf13p activation, due
to trapped Sgt1-5p—Skplp complexes. Alternatively, it is pos-
sible that CBF3 complexes are less stable in sgtZ-5 cells, con-
tributing to the decrease in steady-state levels. To distinguish
between these possibilities, we examined the turnover of CBF3
complexes following the inhibition of de novo CBF3 assembly.
Following the switch of cells to medium containing dextrose,
CBEF3 levels were observed to decrease with similar kinetics in
both SGTI and sgt1-5 cells (Fig. 4D and E). We conclude that
the disassociation of Sgtlp-Skplp complexes is required to
continually activate Ctf13p and assemble CBF3. Inhibition of
assembly while maintaining a constant rate of CBF3 turnover
therefore results in the lower steady-state levels of CBF3 ob-
served in sgtl-5.

HSP90 activity regulates the interaction between Sgtlp and
Skplp. The carboxy terminus of Sgtlp inhibits its interaction
with Skplp and thus may serve as a switch to maintain the
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FIG. 4. Sgtl-5p increases the stability of an Sgt1p-Skplp-Ctf13p complex. (A) SGT1 and sgt/-5 mutant cells containing the GALI promoter
upstream of 3XHA-CTF13 were cultured at 37°C in medium containing galactose for 1.5 h, transferred to medium containing dextrose, and
maintained at 37°C for 0, 10, 20, 40, 60, 90, 120, and 180 min. Extracts were immunoprecipitated with Sgt1p antibody, and immune complexes were
eluted and immunoblotted with antibodies against Skplp, Sgtlp, and HA to detect 3XHA-Ctf13p. The specificity of immunoprecipitates was
confirmed with rabbit preimmune sera in place of the Sgtlp antibody. Load represents 2% of the protein used for each IP. (B) Levels of Skplp
immunoprecipitated with Sgt1p (OJ) or Sgt1-5p (m) were quantified as described in the legend to Fig. 2F. To ensure accuracy, IPs were repeated
in duplicate. Data presented are the mean and standard deviation calculated from duplicate experiments. Levels of 3XHA-Ctf13p in extract from
SGTI (solid line) or sgt-5 (dashed line) mutant cells were quantified and normalized to the level in SGT1 mutant cell extract harvested at 0 min.
(C) Levels of 3XHA-Ctf13p immunoprecipitated with Sgtlp (CJ) or Sgt1-5p (m) depicted in panel A were quantified as described above. Lines
represent relative levels of 3XHA-Ctf13p, as described for panel B. (D) CBF3 levels were measured in extracts from SG77 and sgt/-5 mutant cells
by band shift assay and quantified (E) relative to the amount of 3XHA-Ctf13p in SGT1 (OJ) or sgtI-5 (m) mutant cell extracts.

proper balance of these complexes. The recent finding that
Sgtlp interacts with HSP90 chaperones raises the intriguing
possibility that chaperones might regulate the interaction be-
tween Sgtlp and Skplp (17, 22, 35). To address this possibility,
we examined the relationship between Sgtlp and the HSP90
chaperones in yeast, encoded by HSPS2 and HSCS2. Following
IP of equal amounts of Sgtlp from SGTI, sgtlI-3, and sgt1-5
cells grown at permissive or nonpermissive temperatures, im-
munoblot analysis revealed that a small but significant percent-
age of HSP90 chaperones specifically were copurified with
Sgtlp (Fig. 5A). This interaction is independent of Skplp, as
similar levels of HSP90 were copurified with Sgt1-3p, a mutant
protein that fails to bind Skplp (Fig. 5A). Similarly, the
Sgt1-5p mutation does not affect its ability to interact with

HSP90, arguing that the carboxy terminus of Sgtlp does not
regulate HSP90 interaction as it does for Skplp and Ctf13p.
These findings were confirmed with an in vitro Hsp82p binding
assay (Fig. S2 in the supplemental material) and are consistent
with the recent demonstration that HSP90 interacts with the
HSP20/a-crystallin fold (22). We conclude from these experi-
ments that the interaction between Sgtlp and HSP90 chaper-
ones is distinct from its interaction with either Skplp or Ctf13p.

It is possible that Sgtlp is an HSP90 client, requiring the
activity of the chaperone to properly fold and interact with
Skplp. To address this possibility, we examined the effect
HSPS2 mutants have on the ability of Sgtlp to associate with
Skplp. Strains carrying deletions of HSCS82 and HSPS2 were
kept alive by plasmids containing wild-type HSPS2 or one of
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two previously characterized mutant alleles, hsp82-T1011 or
hsp82-G170D (24, 25). When grown at nonpermissive temper-
atures, Sgt1p immunoprecipitates from ssp82-T1011 contained
little Skplp compared to the wild type (Fig. 5B). In contrast,
Sgt1p immunoprecipitates from asp82-G170D contained levels
of Skplp comparable to those of the wild type. The differential
effect of the HSPS2 mutations on the Sgt1p-Skplp interaction
led us to consider how these HSP82 mutations affect the ac-
tivity of the chaperone. The T101I change lies in the catalytic
core of Hsp82p and has been previously shown to slow the rate
of ATP hydrolysis (37). In contrast, the G170D change lies in
the ATP binding domain and inhibits the ability of ATP to bind
to Hsp82p (G. Hutchins and B. Errede, personal communica-
tion). Thus, it is possible that the interaction between Sgtlp
and Skplp is sensitive to the nucleotide-bound state of
Hsp82p. To test this possibility, we isolated affinity-tagged
Sgtlp (Sgtlp-TAP) in the absence or the presence of increas-
ing concentrations of the drug geldanamycin. Geldanamycin
competes with ATP for binding, resulting in HSP90 chaper-
ones with no nucleotide bound (33), a state that we presume to
be analogous to that of the Asp82-G170D allele. In the absence
of geldanamycin, low levels of Skplp were copurified with
Sgt1p-TAP, consistent with the relatively weak interaction be-
tween these two proteins (Fig. 5C; compare to Fig. 1). With
increasing concentrations of geldanamycin, we observed a
nearly fourfold increase in the levels of Skplp that were co-
purified with Sgtlp-TAP (Fig. 5C and D). Similar levels of
Sgtlp and associated HSP90 chaperones were purified under
all of the conditions tested, suggesting that only the association
of Sgt1p and Skplp is affected by the nucleotide-bound state of
HSP90.

To further examine the relationship between nucleotide hy-
drolysis and the Sgt1p-Skplp interaction, we established an in
vitro binding assay with recombinant Sgtlp fused to MBP
(MBP-Sgtlp) and yeast cell extracts. Equal amounts of recom-
binant MBP-Sgtlp immobilized on amylose resin were incu-
bated with extracts alone or in the presence of nucleotide
analogues and then subject to immunoblot analysis. With no
treatment, low but significant levels of Skplp associated with
MBP-Sgt1p in extracts (Fig. SE). Importantly, HSP90 was also
observed to associate with recombinant MBP-Sgt1p, implying
that the in vitro binding assay reassembles a complex contain-
ing at least Sgt1p, Skplp, and HSP90. Control incubations with
recombinant MBP demonstrated the specificity of the binding
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assay (Fig. 5E; bottom). To test the sensitivity of these inter-
actions to the nucleotide-bound state of HSP90 chaperones,
various nucleotide analogues were added to the purifications.
Treating extracts with 20 mM molybdate, which inhibits ATP
hydrolysis by HSP90, completely inhibited the copurification of
Skplp with MBP-Sgtlp, suggesting that the ATP-bound form
of HSP90s inhibits Sgt1p-Skplp interactions. Consistent with
this possibility, the addition of ATP or nonhydrolyzable ana-
logues of ATP (AMP-PNP and ATP-v-S) eliminated or re-
duced the interaction between MBP-Sgt1p and Skplp. In con-
trast, addition of AMP or ADP enhanced the interaction
between MBP-Sgtlp and Skplp, arguing that hydrolysis of
ATP by HSP90 is required for the stabilization of Sgtlp and
Skplp complexes. Consistent with our observations with
HSPS82 mutants, the nucleotide-bound state of HSP90 did not
affect its affinity for MBP-Sgtlp, suggesting a non-client-like
interaction between Sgtlp and HSP90 chaperones. Together,
these data support a role for HSP90 in regulating the interac-
tion between Sgtlp and Skplp, a role that we suggest is critical
for maintaining the proper balance of assembled Sgt1p-Skplp
complexes.

Through its association with HSP90, Sgtlp has been pro-
posed to function as a cochaperone that facilitates the forma-
tion of a Ctf13p-Skplp heterodimeric complex required for
Ctf13p activation (34). This hypothesis predicts that mutations
that disrupt the interaction between Sgtlp and Skplp will fail
to form the Ctf13p-Skplp heterodimer. To test this possibility,
we examined the formation of Ctf13p-Skplp heterodimers in
sgt1-3; as shown above, Sgt1-3p interacts with HSP90 but not
with Skplp and prevents Ctf13p activation (21). SGT1, sgtI-3,
and sgt-5 mutant strains expressing 3XHA-Ctf13p were grown
at a permissive or nonpermissive temperature. The interaction
between 3XHA-Ctf13p and Skp1lp was monitored by immuno-
blotting following the isolation of Skplp or 3XHA-Ctf13p
complexes. In all backgrounds, we observed a decrease in the
levels of 3XHA-Ctf13p-Skp1p complexes at 37°C, with slightly
fewer complexes observed in the SGTI mutants. However,
there were no significant differences in the levels of 3XHA-
Ctf13p-Skplp complexes isolated from sgt/-3 and sgt/-5 mu-
tant strains, arguing that changes in the affinity between Sgtlp
and Skplp do not alter the ability of Ctf13p and Skplp to
interact (Fig. 5F and G). These results are consistent with
previous observations that Ctfl3p interacts normally with
Skpl-4p, an allele that fails to bind Sgtlp (18, 29). Together

FIG. 5. HSPY0 regulates the interaction between Skplp and Sgtlp. (A) Extracts from SGT1, sgt-3, and sgt/-5 mutant yeast strains grown at
37°C for 3 h were equalized for Sgtlp and immunoprecipitated with antibodies against Sgt1p. Immune complexes were eluted and analyzed by
immunoblotting with antibodies against Skplp or HSP90. The specificity of immunoprecipitates was confirmed with rabbit anti-mouse antibodies
(RaM) in place of the Sgtlp antibody. Load represents 2% of the protein used for each IP. (B) Extracts from HSPS2, hsp82-T1011, and
hsp82-G170D mutant yeast strains grown at 37°C for 3 h were equalized for Sgtlp and analyzed as for panel A. (C) Sgt1-TAP was purified from
extracts with IgG Sepharose in the presence of increasing amounts of geldanamycin (GA) and analyzed by immunoblotting with antibodies against
Skplp, Sgtlp, or HSP90. As a control, extract containing untagged Sgt1p was incubated with IgG Sepharose in the presence of dimethyl sulfoxide.
(D) Levels of Skplp and Sgtlp immunoprecipitated in panel C were quantified as described in the legend to Fig. 2F. (E) Purified recombinant
MBP-Sgt1p or MBP was prebound to amylose resin and added to extracts from wild-type yeast cells supplemented with the indicated ATP analogue
at 5 mM. Following the elution of MBP-Sgtlp, the levels of Skplp, HSP90, and Sgtlp were determined by immunoblotting with the appropriate
antibody. (F) Extracts from SGT1, sgt1-3, and sgt/-5 mutant yeast cells containing the GALI promoter upstream of 3XHA-CTF13 and grown at
25 or 37°C in galactose medium for 3 h were immunoprecipitated with antibodies against HA, and immune complexes were eluted and
immunoblotted with antibodies against Skplp and HA to detect 3XHA-Ctf13p. The specificity of immunoprecipitates was confirmed with rabbit
anti-mouse antibodies (labeled RaM) in place of the HA antibody. Load represents 2% of the protein used for each IP. (G) Yeast extracts
described in panel F were immunoprecipitated with Skplp antibody, and immune complexes were eluted and immunoblotted against Skplp and
HA to detect 3XHA-Ctf13p.
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these results argue that interaction between Sgtlp and Skplp is
not required to form Ctf13p-Skplp heterodimers.

DISCUSSION

The need to maintain transient interactions between pro-
teins has been associated with systems that require plasticity,
either to ensure that activated signaling complexes do not
persist or to reassemble protein complexes to carry out cyclical
tasks. Here we show that the HSP90 class of chaperones is
intimately linked to the formation of a transient Sgt1p-Skplp
complex. Our data suggest that the transient nature of this
interaction is maintained through the carboxy terminus of
Sgtlp. Compromising this regulatory region traps assembled
Sgtlp complexes and impairs the ability of cells to maintain
normal levels of CBF3. We speculate that Sgt1p acts to tran-
siently link HSP90 chaperones to protein complexes, ensuring
that the assembly of complexes is coupled to their turnover.

Although mutations that trap Sgtlp complexes (i.e., sgt-5)
do not compromise chromosome segregation, our observations
suggest that even minor changes in the levels of CBF3 impair
cytokinesis and cell wall integrity (A. Gillis, S. Thomas, and K.
Kaplan, unpublished observations). These observations are
consistent with the finding that in Schizosaccharomyces pombe,
mutations in the SGT1 homologue git7 produce defects in cell
wall integrity and cytokinesis (31). It is tempting to speculate
that changes in the levels of CBF3 or other kinetochore com-
plexes may have important regulatory consequences, possibly
affecting cell cycle advance and the completion of mitosis. In
this light, it will be interesting to compare SGT1 alleles with
other mutants that affect CBF3 assembly to determine if CBF3
is directly linked to the regulation of other mitotic events.

While we have focused on the role of Sgtlp in CBF3 assem-
bly, genetic studies suggest that SGT7 is involved in regulating
the activity of protein kinase A and the SCF ubiquitin ligase.
Although it remains possible that the Sgt1p-Skplp interaction
is important for these other pathways, mutations that disrupt
the Sgt1p-Skplp interaction appear to specifically affect CBF3
and not SCF or protein kinase A (7, 21, 29). Nonetheless, it
remains possible that other pathways require proper regulation
of the Sgt1p-Skplp interaction. In this light, it will be interest-
ing to determine whether HSP90 regulates the association of
other Sgtlp-interacting proteins important for the function of
protein kinase A or SCF.

Sgtlp is a multidomain, HSP90-associated protein. Sgt1p is
a highly conserved protein that contains several recognizable
protein motifs. The amino terminus of Sgt1p has homologies to
a TPR domain and an HSP20/a-crystallin fold, domains that
are known to mediate protein-protein interactions and are
found in a class of HSP90-interacting proteins called cochap-
erones. Our data obtained with Sgtlp deletions and point mu-
tations suggest that the putative TPR domain in Sgtlp is in-
volved in both Skplp and Ctf13p binding. The binding of
HSP90 to Sgtlp is independent of Skplp binding, as the sgt/-3
mutation eliminates Skplp but not HSP90 interactions. These
data are consistent with the recent report that human Sgtlp
interacts with HSP90 via the middle region containing the
HSP20/a-crystallin fold (22). Identifying the precise protein
fold required for binding Skplp and Ctf13p requires further
mutational and structural characterizations. In total, our data
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strongly argue that Sgtlp interacts with target proteins (e.g.,
Skplp and Ctf13p) via its amino-terminal TPR domain.

Our data implicate the carboxy terminus of Sgtlp in ensur-
ing its transient and low-affinity interaction with Skplp. We
propose that the carboxy terminus inhibits protein interactions
by occluding amino-terminal binding domains (Fig. 6). A num-
ber of possible models can explain the inhibitory function of
the carboxy terminus of Sgtlp. The presence of an exposed
loop in the middle of Sgt1p argues that the carboxy terminus is
flexible and thus may fold to mask amino-terminal binding
sites through intramolecular interactions. The flexibility of
Sgt1p domains has also recently been suggested on the basis of
nuclear magnetic resonance spectroscopy (22). Alternatively, it
is possible that Sgt1p forms oligomers and thus occludes ami-
no-terminal binding sites through an intermolecular interac-
tion. Finally, it is possible that the carboxy terminus specifically
associates with another cellular protein(s) that inhibits binding
of Skplp and Ctfl13p. However, purified recombinant Sgtlp
produced in bacteria also has a low affinity for Skplp, arguing
that any associated regulator is not specific to eukaryotes and
would have to act at submolar ratios.

One intriguing implication of our work is that the confor-
mation of Sgtlp is regulated by HSP90 chaperones. In the
model outlined in Fig. 6, we propose that HSP90 binds to the
HSP20/a-crystallin domain of Sgtlp; ATP hydrolysis stabilizes
an intermediate folding state that allows the association of
Skplp. Following ATP exchange, the carboxy terminus of
Sgtlp refolds to occlude Skpl binding sites, thus ensuring the
transient nature of this interaction. Mutations in Sgtlp that
perturb the conformation of the carboxy terminus may bypass
the requirement for HSP90-assisted folding to bind Skplp. In
this light, it will be interesting to test if HSP82 mutants still
inhibit CBF3 in the sgt7-5 background.

While this model suggests that Sgtlp is a client of HSP90,
the presence of the conserved HSP20/a-crystallin domain
raises the possibility that Sgtlp functions as a cochaperone.
Consistent with this possibility, recent studies have suggested
that HSP90 interacts with Sgtlp through its p23-like HSP20/
a-crystallin domain (22). However, unlike the p23 cochaper-
one, which preferentially interacts with the ATP-bound form
of HSP90 (9), Sgt1p-HSPY0 interaction is nucleotide indepen-
dent. For similar reasons, the nucleotide-independent associ-
ation between Sgtlp and HSP90 suggests that Sgtlp is not a
typical chaperone client. Rather, our data are most consistent
with Sgtlp belonging to a novel class of HSP90-interacting
proteins. On the basis of our observations, we propose that
Sgtlp acts as a scaffold that may link together a number of
proteins critical for CBF3 assembly. In this model, we propose
that the role of HSP90 is to maintain the transient interaction
of these proteins, ensuring that a constant pool of these pro-
teins is available for continual protein complex assembly.

A role for Sgtlp in maintaining the balance of protein com-
plex assembly and turnover. Once recruited to a complex by
Sgtlp, HSP90 may act to ensure that Sgtlp is only transiently
associated. Alternatively, together Sgtlp and HSP90 may sta-
bilize folding intermediates critical in the stepwise assembly of
protein complexes. Recent work suggests that HSP90 stabilizes
the Ctf13p-Skplp interaction and speculates that Sgtlp may
link HSP90 to Ctf13p (34). However, our data suggest that
Sgt1p binding to Skplp is not required to stabilize the Ctf13p-
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FIG. 6. HSPY0 activity mediates the transient assembly of intermediate CBF3 complexes. HSP90 bound to ATP interacts with Sgtlp and keeps
it in a closed conformation, unable to bind to Skplp and Ctf13p via its amino terminus. Following ATP hydrolysis, HSP90 contributes to the open
conformation of Sgtlp, allowing Skplp and Ctf13p to interact. The nucleotide exchange returns HSP90 to its ATP-bound state and Sgtlp to its
closed conformation. The release of Sgt1p-HSP90 allows the final step in CBF3 assembly to occur. The Sgt1-5p mutant is unable to achieve the
closed conformation and therefore cannot release Sgt1p-HSP90 from the Ctf13p complex.

Skplp interaction. It is possible that Sgtlp recruits HSP90 to
the preformed Ctf13p-Skplp heterodimer or perhaps recruits
other cellular proteins to this complex. One possibility is that
HSP90 activity is important to transport partially assembled
Ctf13p complexes into the nucleus for final assembly and bind-
ing to CEN DNA. Such a role would be analogous to the role
of HSP90 in nuclear hormone receptor regulation. In this
model, HSP90 promotes the release of Sgtlp from the complex
(step 2 in Fig. 6) and a transition in Ctf13p conformation that
supports nuclear import and the binding to the Ndc10p subunit
(step 3 in Fig. 6). This model is consistent with the recently
characterized steps involved in CBF3 assembly; Ctf13p initially
binds Cep3p, Skplp, and Sgtlp, which recruits HSP90; release
of Sgtlp and therefore HSP90 allows Ctf13p to assume a new
conformation that promotes Ndc10p binding, the final step in
CBF3 assembly (29).

Previous data clearly demonstrate the importance of the
Sgt1p-Skplp interaction for Ctf13p function and CBF3 assem-
bly (18, 21). However, our data suggest that the dissociation of
Sgtlp and Skpl is also important; stabilization of the Sgtlp-
Skplp interaction traps complexes that we propose are then
unavailable for de novo assembly of CBF3 complexes (Fig. 4).
Although the initial analysis of sgt/-5 did not remark on the
decrease in CBF3 levels, we note that there is a clear decrease
in the CBF3 level in sgt/-5 cells grown at 37°C compared to
25°C (21). In addition, our previous observation that Skp1-3p
also forms a stable complex with Sgtlp and stabilizes CBF3
suggests that the process of Sgt1p-Skplp release is coupled to
the turnover of CBF3 complexes by mechanisms that are not
completely understood (29). Perhaps the turnover of CBF3
complexes is analogous to the previously observed turnover of
F box subunits in the ubiquitin ligase complex SCF (38). In this

complex, the turnover of F box subunits is critical for forming
de novo SCF complexes required to target different substrates
throughout the cell cycle. The association of Sgtlp with SCF
raises the possibility that Sgt1p may function generally in link-
ing complex assembly with turnover. Further characterization
of protein complex turnover is required to fully appreciate the
role of Sgtlp in maintaining the proper balance of protein com-
plexes involved in cell signaling and chromosome segregation.
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