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CBF2/NDC10/CTF14 encodes the 110-kDa subunit of CBF3, a key component of the yeast centromere/
kinetochore. Overexpression of yeast CDC34 specifically suppresses the temperature-sensitive growth pheno-
type of the ndc10-1 mutation. Mutations in CDC34, which specifies a ubiquitin-conjugating enzyme, arrest yeast
cells in the G, phase of the cell cycle, with no intact spindles formed (M. G. Goebl, J. Yochem, S. Jentsch, J.
P. McGrath, A. Varshavsky, and B. Byers, Science 241:1331-1335, 1988). The cdc34-2 mutation drastically
alters the pattern of Cbf2p modification. Results of experiments using antibodies against Cbf2p and ubiquitin
indicate that Cbf2p is ubiquitinated in vivo. Purified Cdc34p catalyzes the formation of Cbf2p-monoubiquitin
conjugate in vitro. These data suggest that Cbf2p is an endogenous substrate of the CDC34 ubiquitin-
conjugating enzyme and imply that ubiquitination of a kinetochore protein plays a regulatory role in kineto-

chore function.

The centromere, a constricted region on the eukaryotic
chromosome, contains a complex macromolecular structure
(the kinetochore) that interacts with the mitotic spindle, thus
bringing about proper chromosome segregation during mitosis
and meiosis (5). In the yeast Saccharomyces cerevisiae, the
minimal DNA sequence required in cis for full mitotic and
meiotic centromere function is contained within a 125-bp seg-
ment (CEN DNA) that is organized into three conserved DNA
elements, termed CDEI, CDEII, and CDEIII (9, 13). The
helix-loop-helix protein CBF1 (also known as CPF1 or CP1)
binds to the CDEI region of CEN DNA (4, 8, 32). Deletion of
CDEI or the single gene specifying CBF1 leads to only a partial
loss of centromere function (8). CDEIII, on the other hand, is
crucial for proper centromere function, since chromosomes
containing single base changes in the central CCG of the pal-
indromic CDEIII sequence are extremely unstable and segre-
gate virtually as acentric chromosomes during mitosis and mei-
osis (39, 44). Therefore, proteins that bind to this critical
CDEIII sequence may play a key role in centromere/kineto-
chore function. The multisubunit protein complex CBF3 binds
specifically to the essential CDEIII region (36). CEN DNA
affinity-purified CBF3 consists of three major subunits (110, 64,
and 58 kDa), while other proteins are usually present in sub-
stoichiometric amounts (36).

The genes that code for the three CBF3 core subunits have
been cloned and shown to be essential for the viability of yeast
cells. CBF2/NDCI10/CTFI14 encodes the 110-kDa subunit of the
CBF3 complex (16, 23, 30). The deduced amino acid sequence
of Cbf2p contains a motif typical of the consensus GTP-bind-
ing domain of various G proteins (30). It is likely that Cbf2p
functions on the centromere/kinetochore in vivo, since cells
bearing a conditional ndcl0 mutation show a pronounced
chromosome segregation defect at nonpermissive tempera-
tures (23). Furthermore, in vivo immunolocalization experi-
ments suggest that Cbf2p is associated with the mitotic spindle
and the spindle pole bodies (23, 29).
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The gene (CBF3) specifying the 64-kDa subunit of CBF3 has
been cloned recently (35). This subunit most likely is directly
involved in the CBF3-CEN DNA interaction, since anti-Cbf3p
antibodies prevent the formation of the CBF3-CEN DNA
complex when preincubated with CBF3, and in addition, Cbf3p
contains a type of zinc finger domain known to be responsible
for the DNA binding activities of various transcriptional acti-
vators (33, 35). Finally, the 58-kDa subunit of CBF3 is encoded
by another essential gene, CTFI13 (16). Temperature-sensitive
ctfl3 mutants missegregate chromosomes at permissive tem-
peratures and transiently arrest at nonpermissive temperatures
as large-budded cells with a G, DNA content and a short
spindle, implying that Ctf13p is involved in proper segregation
of yeast chromosomes (16). Ctf13p shows no significant amino
acid sequence homologies with known proteins.

A clue to the molecular function of CBF3 and associated
proteins may be afforded by the finding that affinity-purified
CBEF3 preparations contain a mechanochemical motor activity.
The CBF3 complex can mediate attachment of wild-type (but
not mutationally inactivated) CEN DNA-coated microbeads to
microtubules and, in the presence of ATP, can move the beads
at about 4 to 5 wm/min in a minus-end-oriented direction along
the microtubules (26). The motor protein has been identified
as Kar3p, a yeast kinesin known to be involved in karyogamy
and mitosis (40, 42). Both the core CBF3 complex and Kar3p
are required for this in vitro microtubule-dependent kineto-
chore motor activity (42). In addition, crude yeast extracts
contain another activity that, in the presence of functional
CBF3, mediates binding of CEN DNA-coated microbeads to
bovine microtubules (52).

To identify other structural and regulatory components of
the yeast kinetochore, we have looked for genes that in high
dosage can suppress the growth defect in the mutant cbf2/
ndcl0 gene. One of these dosage suppressors was identified as
the yeast gene MCK1, which encodes a phosphotyrosyl protein
with protein kinase activity (14, 31). MCKI has also been
identified as a dosage suppressor of partially inactivating point
mutations in CDEIII and also of the meiotic block resulting
from RMEI expression (43, 48). Purified MCKI protein kinase
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype Source
HY342 MATa his3 ura3 cdc34-2::CDC34-URA3 This work
HY13 MATa ade? leu2-3,112 his3 lys2 trpl ura3-52 ndcl0-1 Segregant from JK421 X SEY6210
JK421 MATa adel ade?2 leu2-3,112 his lys2 trpl-1 gall ndcl0-1 J. Kilmartin
MGG15 MATa his3 ura3 cdc34-2 M. Goebl
E3-16 MATa adel ade2 ural his7 tyrl gall cdc34-1 L. Hartwell
SEY6210 MATo leu2-3,112 his3-A200 lys2-801 suc2-A9 trp1-A901 ura3-52 S. D. Emr
SEY6210.5 MATa/MATo ADE2/ade2-101 leu2-3,112/leu2-3,112 his3-A200/his3-A200 LYS2/lys2-801 S. D. Emr

SUC2/suc2-A9 trp1-A901/trp1-A901 ura3-52/ura3-52

MW169 MATo leu2-3,112 lys trpl-Al ura3-52 ndcl10-169 A. Siewert and M. Winey
MW209 MATa leu2-3,112 his3-A206 ura3-52 ndc10-209 E. A. Siewert and M. Winey

phosphorylates Cbf2p on both serine and threonine residues in
vitro (31).

We report here on another cbf2/ndc10 dosage suppressor,
CDC34, which specifies a ubiquitin-conjugating enzyme (UBC3)
in yeast cells (22). The ubiquitin pathway in eukaryotes is
generally involved in selective degradation of damaged or
short-lived proteins; a multiubiquitin chain formed on a target
protein serves as a degradation signal for the ubiquitin-depen-
dent proteolytic pathway (for reviews, see references 12, 25,
and 54). However, a monoubiquitin conjugate formed on a
protein is, in many cases, not involved in targeting the substrate
for degradation (12). In S. cerevisiae, protein ubiquitination is
catalyzed by at least 10 different ubiquitin-conjugating en-
zymes, or E2s. The phenotypes of yeast ubc mutants suggest
that ubiquitin conjugation of target proteins is required for a
variety of cellular functions, including cell cycle progression
(reviewed in reference 18). Yeast CDC34 is essential for cell
division; at nonpermissive temperatures, conditional mutants
arrest at the G,/S boundary (7, 22). Here we present evidence
indicating that Cbf2p is ubiquitinated in vivo and serves as an
in vitro substrate of the CDC34 ubiquitin-conjugating enzyme.
These observations point for the first time to molecular events
linking control of kinetochore function and the cell cycle.

MATERIALS AND METHODS

Yeast strains and cell culture. The S. cerevisiae strains used in this study are
listed in Table 1. Strain MGG15 (ura3 cdc34-2) was used to construct the
isogenic CDC34 wild-type strain HY342. Briefly, the 2.6-kb Bg/II DNA fragment
containing the wild-type CDC34 sequence was subcloned into the BarmHI site of
pRS306 (50). The resulting plasmid was linearized at the unique BamHI site
present in the middle of the CDC34 open reading frame to direct plasmid
integration to the chromosomal region homologous to the cut sequence. The
mutant cdc34-2 cells were transformed with these linear DNA molecules and
incubated at the nonpermissive temperature, 37°C, on plates lacking uracil. The
Ts* Ura™ transformants were then checked under the microscope to confirm the
wild-type phenotype. S. cerevisiae cultures were grown in YEPD, or to maintain
selection for plasmids, cells were grown in synthetic minimal medium supple-
mented with the appropriate amino acids and/or bases. All yeast media used are
described in reference 47. Yeast transformations were performed by the lithium
acetate method (27), modified as described by Elble (17).

Plasmids. The CDC34-containing plasmid was isolated as a dosage suppressor
of ndc10-1 by transforming strain JK421 (ura3-52 ndc10-1) with a yeast genomic
library constructed in YEp24 (10), selecting for growth at the nonpermissive
temperature (35°C). To construct either high-copy-number or low-copy-number
plasmids containing CDC34, a 2.6-kb Bgl/II DNA fragment isolated from the
original suppressor plasmid was ligated into the BamHI site of YEp24 or
pRS316. YEp24 is a 2um-based vector, and pRS316 is a centromere-based vector
(3, 50). Plasmids pWJ13-110B (YEp13 derivative) and pWJ316-110B (pRS316
derivative), described previously (30), were used as high-copy-number and low-
copy-number CBF2 expression plasmids, respectively.

Yeast crude nuclear extracts and immunoprecipitation. Crude nuclear ex-
tracts were prepared from various S. cerevisiae strains as described by Lechner
and Carbon (36). Anti-Cbf2p and antiubiquitin immunoprecipitates were pre-
pared as follows. Ten microliters of affinity-purified anti-Cbf2p antibody (0.5 pg)
and 10 ul of protein A-Sepharose (100 mg/ml; Sigma) suspension were incubated
for 1 h at 4°C in the presence of 500 wl of buffer A (50 mM Tris [pH 7.5], 150

mM NaCl, 0.5% Tween 20, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
[Sigma], 2.5 pg of leupeptin [Sigma] per ml, 2.5 pg of pepstatin [Sigma] per ml).
The protein A-beads were then collected by centrifugation (1 min at 8,000 rpm)
and resuspended with 500 pl of crude nuclear extract (200 pg of protein)
prepared from 30 ml of yeast culture grown to an As¢s of 1 to 2. After 1 h at 4°C,
the pellets containing immune complexes were recovered by centrifugation (1
min at 8,000 rpm) and washed three times in buffer A, twice in buffer B (500 mM
LiCl, 100 mM Tris [pH 7.5], 1 mM phenylmethylsulfonyl fluoride, 2.5 pg of
leupeptin per ml, 2.5 pg of pepstatin per ml), and finally once in buffer A.
Antiubiquitin immunoprecipitates were prepared in the same way except that 20
wl of antiubiquitin antibody (about 40 ng) was used. The antiubiquitin antibody
was purchased from Sigma (U-5379) and reconstituted according to the manu-
facturer’s instructions. Characterization of affinity-purified anti-Cbf2p antibody
has been reported previously (30).

Western blot (immunoblot) analysis. Proteins (crude nuclear extracts, im-
mune complexes, or CEN DNA affinity-purified CBF3 preparations) were frac-
tionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and transferred onto nitrocellulose membranes. After 1 h of preincu-
bation in buffer C (10 mM Tris [pH 7.4], 50 mM NaCl, 0.1% Tween 20) plus 10%
nonfat dry milk, the blots were further incubated with an affinity-purified anti-
Cbf2p (final dilution, 1:1,000) or antiubiquitin (final dilution, 1:500) antibody
prepared in buffer C plus 5% nonfat dry milk, washed several times with buffer
C plus 0.5% Triton X-100, and visualized by enhanced chemiluminescence as
instructed by the manufacturer (Amersham).

Ubiquitin in vitro conjugation assay. The assay for Cbf2p-ubiquitin conjuga-
tion was carried out in 30 pl of assay buffer which contained 50 mM Tris (pH
7.5), 2 mM ATP, 10 mM MgCl,, 1.2 mM dithiothreitol, 10 mM creatine phos-
phate, and 14 pg of creatine phosphokinase per ml in the presence of 50 pmol
of '*I-labeled ubiquitin (10° cpm), 0.1 pg of Cbf2p, 4 pmol of the purified calf
thymus ubiquitin-activating enzyme (E1), and 4 pmol of the yeast Cdc34 enzyme.
All reagents except Cbf2p were kindly provided by A. Barnerjee and V. Chau
(Wayne State University). Cbf2p used in the assay was obtained by immunopre-
cipitating the protein from Cbf2p-overproducing yeast nuclear extracts as de-
scribed above. The reaction mixture was incubated at 30°C for 30 min and spun
briefly to separate the supernatant from the pellet containing Cbf2p immune
complexes. The supernatant was saved for SDS-PAGE, while the pellet was
washed three times in buffer A, once in buffer B, and once again in buffer A
before analysis by SDS-PAGE. The supernatant and the pellet were then boiled
for 5 min in an SDS sample buffer, resolved by SDS-PAGE (7.5% polyacrylamide
gel), and subjected to autoradiography.

RESULTS

CDC34 is a dosage suppressor of the ndc10-1 mutation. It is
highly likely that yeast kinetochore function depends on struc-
tural and regulatory components in addition to CBF1 and the
core CBF3 complex. To identify gene products interacting
directly or indirectly with the 110-kDa subunit of CBF3, we
have looked for yeast genes that when overexpressed can res-
cue the conditional ndcl0-1 mutation at the nonpermissive
temperature. The ndcl0-1 strain was transformed with a yeast
genomic library constructed in the 2pm-based high-copy-num-
ber plasmid YEp24 (10). The transformants were incubated at
25°C for 2 days and then at 35°C for 5 days on plates lacking
uracil. Of 4,000 transformants screened, 5 were capable of
growing at 35°C. Demonstration of loss of the rescue pheno-
type with plasmid segregation and reproducible suppression by
isolated plasmids were the criteria used for selecting putative
suppressor clones. Only two of the five candidate clones met
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FIG. 1. Restriction map of the CDC34 region and localization of CDC34.
The top line represents the primary isolate from the YEp24 genomic DNA
library. The arrow indicates the CDC34 open reading frame. Other line segments
indicate DNA fragments derived from the CDC34 locus. The suppression ability
of the DNA fragments was tested at 35°C. Restriction endonuclease sites: A,
Apal; B, BamHI; Bg, Bglll; R, EcoRI; RV, EcoRV; S, Sall; Sm, Smal. Sall and
Smal sites originated from the YEp24 vector.

these criteria. One of these suppressors was identified as the
yeast MCKI gene in work reported elsewhere (31).

The restriction map of the DNA insert in the plasmid iso-
lated from the other suppressed ndc10-1 strain is shown in Fig.
1. Deletion analysis showed that a plasmid containing the
2.6-kb Bg/II fragment suppressed the growth defect of the
ndcl0-1 mutant strain at 35°C. The nucleotide sequences de-
termined from both sides of the Bg/II and BamHI sites were
then used to search the GenBank and EMBL databases for
homology, using the FASTA program of the University of
Wisconsin Genetics Computer Group, Madison, Wis. One
complete open reading frame specifying CDC34 and the N-
terminal portion of DBF4 could be localized within the 2.6-kb
BglIl fragment. Neither the 2.3-kb Smal-BamHI DNA frag-
ment nor the 2.2-kb BamHI-Sall DNA fragment was able to
complement the ndcl0-1 mutation, confirming that CDC34
was the suppressor (Fig. 1). The 2.3-kb Smal-BamHI fragment
contains the N-terminal half of CDC34, and the 2.2-kb BamHI-
Sall fragment carries the C-terminal half of CDC34. Subse-
quent subcloning of a 2.0-kb Apal-BglIl fragment verified
CDC34 as the functional suppressor (Fig. 1).

The suppression was seen only in ndcl0-1 cells bearing a
high-copy-number CDC34 plasmid; the same DNA fragment
in a low-copy-number CEN plasmid (pRS316) did not suppress
the growth defect of ndc10-1 at 35°C (Fig. 2). High dosage of
CDC34 showed no obvious phenotype in NDCI10 wild-type
cells (data not shown). Overexpression of CBF2 failed to sup-
press the cdc34-2 mutation at the nonpermissive temperature,
37°C (data not shown). We tested two other ndcl0 alleles
(ndc10-169 and ndc10-209) to see if the suppression was allele
specific. While ndc10-1 and ndc10-169 cells contain intact spin-
dles after being shifted to the nonpermissive temperature,
ndc10-209 cells show no intact spindles when the mutant cells
were incubated for more than 6 h at the nonpermissive tem-
perature (49). As shown in Fig. 3, a high-copy-number plasmid
containing CDC34 suppressed the growth defect of ndcl0-1
cells, but not ndc10-169 and ndc10-209 cells, at 35°C (compare
sector 2 with sectors 5 and 8). We failed to detect any temper-
ature at which suppression occurred for ndc10-169 and ndcl0-
209 cells. Furthermore, high dosage of CDC34 was unable to
restore the viability of ndcl0-1 cells at temperatures higher
than 35°C, whereas a plasmid harboring CBF2 complemented
the mutant phenotype under the same conditions (data not
shown). The lethality of a cbf2 null mutation was not sup-
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FIG. 2. Dosage suppression of the ndc10-1 mutation by CDC34. Four inde-
pendent transformants of the ndcl0-1 mutant strain (HY13; JK421 derivative)
were streaked on two plates lacking uracil at the same time and incubated for 2
days at 25 or 35°C. The transformants carried the CBF2 gene on a low-copy-
number plasmid (pWJ316-110B), vector alone (pRS316), or the CDC34 gene on
a low-copy-number plasmid (pRS316 derivative) or on a high-copy-number plas-
mid (YEp24 derivative).

pressed by overexpression of CDC34. Apparently, overexpres-
sion of CDC34 cannot suppress loss of all of the functions
supplied by Cbf2p.

The cdc34-2 mutation affects posttranslational modification
of Cbf2p. In immunoblot analyses of yeast crude nuclear ex-
tracts, we observed reproducibly that an affinity-purified anti-
Cbf2p antibody recognizes higher-molecular-weight protein
species in addition to the predicted band at the 110-kDa po-
sition (see the protein bands indicated by the dots in Fig. 4).
The Cbf2p band appears as a close doublet at about the 110-
kDa position, and two other strongly cross-reacting bands with
reduced mobilities are apparent (Fig. 4). We believe that these
bands represent multiple modified forms of Cbf2p recognized
specifically by the anti-Cbf2p antibody, since all of the bands
were shifted upward (approximately 4 kDa) on immunoblots of
extracts containing a Gal4p activation domain-Cbf2p fusion
protein (data not shown). Furthermore, the anti-Cbf2p anti-
body used in this study was affinity purified over a recombinant
Cbf2p-agarose column (30).

Some of the Cbf2p-derived proteins with apparent molecu-
lar masses greater than 110 kDa could be phosphorylated
forms of the protein. However, it is unlikely that phosphory-

A. 25°C B. 35°C
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FIG. 3. The CDC34 suppression is specific to the ndc10-1 allele. To test the
allele specificity of CDC34 suppression, three different ndc10 alleles (ndcl10-1,
sectors 1 to 3; ndcl0-169, sectors 4 to 6; and ndc10-209, sectors 7 to 9) were
transformed with either vector alone (pRS316; sectors 1, 4, and 7), a plasmid
containing CDC34 (YEp24 derivative; sectors 2, 5, and 8), or plasmid pWJ316-
110B (sectors 3, 6, and 9). Single colonies were picked from each transformation
and checked for complementation of the temperature-sensitive growth pheno-
type of the mutant alleles as described in the legend to Fig. 2.
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FIG. 4. The cdc34-2 mutation alters the pattern of Cbf2p modification. Wild-
type (strain HY342), cdc34-2 (strain MGG15), and cdc34-1 (strain E3-16) cells
were grown at 25°C in 100 ml of YEPD medium to an Asys of 0.5. The cultures
of each strain were divided into two equal aliquots and further incubated at 25
or 37°C for 5 h. Both cdc34-2 and cdc34-1 cells showed the typical terminal
phenotype when shifted to the nonpermissive temperature. Crude nuclear ex-
tracts (40 pg of protein per lane) prepared from these cultures were analyzed by
SDS-PAGE (7.5% polyacrylamide gel and subjected to immunoblot analysis.
The blot was stained with an affinity-purified anti-Cbf2p antibody (dilution of
1:1,000) and visualized by chemiluminescence as described in Materials and
Methods. Dots indicate high-molecular-weight Cbf2p-derived forms. The
bracket indicates a close doublet of Cbf2p occurring at about the 110-kDa
position. Positions of molecular weight standards (SDS-7B; Sigma) are shown on
the right in kilodaltons. The electrophoresis was continued until the 46-kDa
colored marker (rainbow marker; Amersham) reached the bottom of the gel.

lation alone could account for the presence of all of the anti-
Cbf2p cross-reacting bands with retarded electrophoretic mo-
bilities. Since CDC34 encodes a ubiquitin-conjugating enzyme,
we hypothesized that some or all of the high-molecular-weight
species could be ubiquitinated or polyubiquitinated forms of
Cbf2p and that Cdc34p, either alone or in conjunction with
other ubiquitin-conjugating enzymes, catalyzes the ubiquitina-
tion of Cbf2p.

Immunoblot analyses of crude nuclear extracts were first
performed to see if overexpression of CDC34 in the ndcl0-1
strain caused any significant change in levels of the various
Cbf2p species, including the more slowly migrating forms. No
detectable alteration in levels of the Cbf2p species was ob-
served when the dosage of CDC34 was increased in either
NDCI0 wild-type or ndcl0-1 mutant cells, at both permissive
and nonpermissive temperatures (data not shown). Thus, the
dosage suppression of the ndcl0-1 mutation by CDC34 appar-
ently is not reflected in changes in steady-state levels of the
Cbf2p species. The effect of inactivating Cdc34p on appear-
ance of the more slowly migrating forms of Cbf2p was then
determined by immunoblot analysis of crude nuclear extracts
prepared from wild-type, cdc34-2, and cdc34-1 strains. Cells
bearing the cdc34-2 temperature-sensitive mutation are defec-
tive in CDC34-dependent ubiquitin-conjugating activity at the
nonpermissive temperature, 37°C (53). As shown in Fig. 4, the
presence of the cdc34-2 mutation in CBF2 wild-type cells dra-
matically altered the pattern of Cbf2p modification when cells
grown at the permissive temperature were incubated at 37°C
for 5 h. Incubation of cdc34-2 cells at the nonpermissive tem-
perature drastically reduced the amount of the more slowly
migrating Cbf2p-specific bands (Fig. 4, lane 2) in comparison
with extracts prepared from the same strain incubated at 25°C
(Fig. 4, lane 1). When extracts were prepared from wild-type
CDC34 cells (the wild-type and cdc34-2 strains were isogenic;
see Materials and Methods), no differences in the pattern of
Cbf2p-specific bands were induced by incubation of the cells at
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37°C (Fig. 4, lanes 3 and 4). Extracts prepared from another
mutant allele (cdc34-1) showed only partial loss of the more
slowly migrating Cbf2p bands at 37°C (Fig. 4, lanes 5 and 6).
The cdc34-1 and cdc34-2 mutants show the same terminal
phenotype under restrictive conditions; both develop multiple
elongated buds, and the spindle pole body duplicates but fails
to undergo the separation required for spindle formation (7,
22). Thus, the effects on Cbf2p modification seen in the
cdc34-2 strain at 37°C do not arise simply from arrest of cells
at G,/S but are more specific to the cdc34-2 mutation. Inacti-
vation of CDC4, which also results in G,/S arrest, or a gene
encoding another ubiquitin-conjugating enzyme, UBC2/RAD6
(28), had no effect on the apparent ubiquitination of Cbf2p
(data not shown).

Cbf2p is ubiquitinated in vivo. To determine if the Cbf2p-
specific proteins with molecular masses greater than 110 kDa
are modified by ubiquitination, we immunoprecipitated crude
nuclear extracts prepared from wild-type yeast cells with either
an antiubiquitin or anti-Cbf2p antibody and subjected the
immunoprecipitates to Western blot analysis (Fig. 5A). By
probing the blots of antiubiquitin and anti-Cbf2p immunopre-
cipitates with both antibodies, we determined that the antiu-
biquitin antibody recognizes some of the higher-molecular-
weight modified forms of Cbf2p and also the band migrating
near the predicted molecular weight of 110 kDa (Fig. 5A, lanes
2 and 4). Immunoprecipitations were performed in the pres-
ence of N-ethylmaleimide (NEM), since it has been reported
that Cdc34p-ubiquitin conjugates are detectable only if yeast
extracts were immunoprecipitated in the presence of NEM
(21), which inactivates many ubiquitin-dependent proteases
and ubiquitin hydrolases (reviewed in reference 19). We do not
believe that the antiubiquitin antibody is cross-reacting non-
specifically with the Cbf2p-derived proteins. The addition of
NEM during the course of immunoprecipitation significantly
changes the apparent pattern of Cbf2p ubiquitination, and the
results are essentially the same when the initial immunopre-
cipitation is carried out with either antibody preparation (Fig.
5A). Also, the antiubiquitin antibody apparently does not
cross-react with unmodified Cbf2p, since no signal is seen on a
Western blot of Cbf2p isolated from CEN DNA affinity-puri-
fied CBF3, while the same antiubiquitin antibody cross-reacts
with many proteins present in the flowthrough fraction from
the CEN DNA-affinity column (Fig. 5C). We assume therefore
that Cbf2p is not ubiquitinated in the CEN DNA-CBF3 com-
plex and that antiubiquitin antibodies specifically interact with
ubiquitinated forms of Cbf2p. Since CBF3 must be phosphor-
ylated for CEN DNA binding to occur and Cbf2p is modified
by phosphorylation (31, 36), phosphorylation could be involved
in posttranslational modification of Cbf2p function on the kin-
etochore.

The intensity of the ubiquitinated Cbf2p bands is much less
in the immunoprecipitates than in direct Western blots of
crude nuclear extracts (compare bands marked with dots in
Fig. 5B with those in Fig. 4, for example). Apparently, the
multiubiquitinated forms are unstable and are degraded in
immunoprecipitates, even in the presence of NEM (note the
predominant degradation product marked Cbf2-D in Fig. 5B).
As mentioned above, the antiubiquitin antibody recognizes a
Cbf2p band occurring at about the 110-kDa position (Fig. 5A,
arrow). When anti-Cbf2p immunoprecipitates were prepared
in the absence of NEM, this band was also visible but in a
smeared form (Fig. 5A, lane 3), suggesting that degradation
intermediates of multiubiquitinated Cbf2p forms could be mi-
grating at this position.

The Cdc34 ubiquitin-conjugating enzyme ubiquitinates
Cbf2p in vitro. The experiments described above indicated that
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FIG. 5. An antiubiquitin antibody recognizes multiple forms of Cbf2p. (A and B) Antiubiquitin (Anti-Ubq) and anti-Cbf2p immunoprecipitates (IP) were prepared
from wild-type yeast cells (strain SEY6210.5) and analyzed by immunoblotting as detailed in Materials and Methods. Before initiation of immunoprecipitation, NEM
(10 mM, final concentration) was added to crude nuclear extracts as indicated. Dots, putative ubiquitinated forms of Cbf2p; Cbf2-D, major degradation product of
Cbf2p. (C) The CBF3 protein complexes were purified by CEN DNA affinity chromatography as described previously (36) and subjected to immunoblot analysis by
probing with antiubiquitin (lanes 1 and 2) and anti-Cbf2p (lanes 3 and 4) antibodies. Lanes 1 and 3, 5 pg of affinity column flowthrough fractions; lanes 2 and 4, 0.5
g of CEN3 DNA affinity-purified proteins eluted by a standard 500 mM KClI step gradient. The gels were run until the 46-kDa colored marker ran off the bottom.

The Cbf2p band is indicated by an arrow; sizes are indicated in kilodaltons.

Cbf2p is ubiquitinated in vivo, and ubiquitin-Cbf2p levels were
altered by inactivation of Cdc34p. These data suggest that
Cbf2p could be a direct substrate of the CDC34-specified ubiq-
uitin-conjugating enzyme. This possibility was examined by
examining whether purified Cdc34p in the presence of the
appropriate cofactors could catalyze the ubiquitination of
Cbf2p in vitro. Covalent attachment of ubiquitins to acceptor
proteins, catalyzed by the ubiquitin-conjugating enzymes, re-
quires initial activation of ubiquitin by a ubiquitin-activating
enzyme (E1 [38]). Anti-Cbf2p immunoprecipitates prepared
from Cbf2p-overproducing yeast cells were used as a source of
substrate Cbf2p. Intracellular levels of Cbf2p can be elevated
approximately 20-fold, without obvious effects on cell growth,
by overexpression from a 2pm-based high-copy-number plas-
mid containing a 6.5-kb DNA insert bearing the intact CBF2
gene (plasmid pWJ13-110B) (29). Immunoprecipitated Cbf2p
was incubated in the presence of calf thymus E1, purified yeast
Cdc34p, ATP, and '*I-labeled ubiquitin. The E1 enzyme has
almost the same molecular mass as Cbf2p (~110 kDa) and
exhibits a weak autoubiquitination activity (38); therefore, the
reaction mixtures were spun briefly after incubation to sepa-
rate the anti-Cbf2p immunoprecipitates from the soluble El1,
Cdc34p, and free **I-ubiquitin. Before analysis by SDS-PAGE
and autoradiography, the pellets were washed under stringent
conditions to remove label bound nonspecifically to the im-
mune complex.

Covalent conjugation of '*’I-ubiquitin to Cbf2p was ob-
served in the pellet fractions, and only when the reaction mix-
tures contained both E1 and Cdc34p (Fig. 6B, lane 6). Coom-
assie blue staining of the same gel revealed Cbf2p in the pellet
fractions migrating to a position about 9 kDa below that of the
radiolabeled ubiquitin-Cbf2p (Fig. 6A). We interpret this ex-
periment to indicate that Cbf2p is monoubiquitinated in vitro
by Cdc34p in a reaction that is dependent on the presence of
E1. A minor labeled band in the supernatant fractions, appear-
ing at about the same position as the ubiquitinated Cbf2p, most
probably is autoubiquitinated E1, since it appears only in re-
actions containing E1, in the presence or absence of Cdc34p
(Fig. 6B, lanes 2 and 3, arrowhead). Two other smaller labeled

proteins are formed in the reactions containing both E1 and
Cdc34p (Fig. 6B, lane 3). The identities of these products are
unknown, although it is possible that they represent autoubiq-
uitinated forms of Cdc34p (2) or degradation products of
Cbf2p-ubiquitin conjugates.

DISCUSSION

In a search for genetic interactions involving yeast kineto-
chore protein Cbf2p, we isolated CDC34 as a dosage suppres-
sor of the ndcl0-1 allele. Subsequent biochemical character-
ization indicated that Cbf2p is modified by ubiquitination in
vivo. The CDC34 ubiquitin-conjugating enzyme apparently is
involved directly or indirectly in the formation of Cbf2p-ubiq-
uitin conjugates, since the cdc34-2 mutation affects the pattern
of ubiquitinated Cbf2p forms, and purified Cdc34p in the pres-
ence of the appropriate cofactors catalyzes the monoubiquiti-
nation of Cbf2p in vitro (Fig. 4 and 6). These data indicate that
ubiquitination may play a role in regulation of kinetochore
function during the yeast cell cycle.

Among the several ubiquitin-conjugating enzymes of S. cer-
evisiae, Cdc34p is somewhat unique; the protein is essential for
the G;-to-S phase transition and has an unusually long C-
terminal tail which includes a 74-residue cell cycle determinant
(22, 34, 51). Bacterially expressed yeast Cdc34p is capable of
both intermolecular and intramolecular ubiquitin conjuga-
tions; the enzyme monoubiquitinates bovine histones H2A and
H2B and catalyzes its own ubiquitination in vitro (2, 22). In
addition, Cdc34p is a bifunctional enzyme competent in both
E3-dependent and -independent conjugation reactions (24). In
most cases, monoubiquitin conjugates are formed in an E3-
independent way and are not targeted for degradation (12).

To define the role of Cdc34p in the yeast cell cycle, it is
crucial to identify physiological substrates of this enzyme.
Other studies have shown that cdc34 mutants are defective in
the degradation of the G, cyclin Cln2p and the inhibitor of
B-type cyclins p4057? (15, 45). However, the essential role of
Cdc34p may not be confined to the destruction of Cln2p, be-
cause cdc34 mutants fail to enter S phase, whereas hyperacti-
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FIG. 6. The CDC34 ubiquitin-conjugating enzyme (UBC3) ubiquitinates Cbf2p in vitro. Crude nuclear extracts (200 pg) prepared from Cbf2p-overproducing yeast
cells (strain SEY6210.5 harboring plasmid pWJ13-110B) were subjected to immunoprecipitation with an anti-Cbf2p antibody. After several washes with buffer A and
buffer B, protein A-Sepharose beads containing Cbf2p immune complexes were rinsed with 50 mM Tris (pH 7.5) and resuspended in 30 wl of ubiquitin conjugation
assay buffer (see Materials and Methods). While both E1 and Cdc34 enzymes were added to the assay buffer in lanes 3 and 6, E1 and Cdc34p were left out in lanes
1 and 4 and lanes 2 and 5, respectively, as indicated. After 30 min of incubation at 30°C, the pellets (Cbf2p immune complexes) were separated from the supernatants,
which contained most of the assay components except Cbf2p. The pellets were washed and analyzed by SDS-PAGE (7.5% polyacrylamide gel) along with the
supernatants. The gel was run until the 46-kDa colored marker ran off the bottom, stained with Coomassie blue for 20 min (A), and subjected to autoradiography (B).
The X-ray film was exposed for a week at —80°C. Cbf2p-U, Cbf2p-monoubiquitin conjugate. Sizes are indicated in kilodaltons.

vation of G; cyclins advances S phase. SICI encodes a potent
inhibitor of Clb but not Cln forms of the Cdc28 kinase (41).
The p40%7“! protein accumulates as cells exit from mitosis and
disappears shortly before S phase by a process that depends on
Cdc34p (45). Therefore, destruction of p40 is needed for Clb-
Cdc28 kinase activation and entry into S phase. The degrada-
tion of p40 also depends on Cdc4p and Cdc53p, two other
proteins required in addition to Cdc34p for the G,-to-S phase
transition (45).

It now appears that Cbf2p could be another physiological
substrate of the Cdc34 enzyme. Cbf2p has been shown to be a
key component of the yeast kinetochore both in vivo and in
vitro (23, 30, 36). Our present data suggest that ubiquitin
molecules may control Cbf2p function in a cell cycle-depen-
dent way. Interestingly, Cbf2p is associated with the mitotic
spindle and the spindle pole bodies in vivo, and some ndcl0
temperature-sensitive alleles (for instance, ndcl0-209) contain
no intact spindles at the nonpermissive temperature, implying
that Cbf2p is somehow involved in spindle formation (23, 29,
49). This phenotype is somewhat similar to that of cdc34 mu-
tant alleles; cells carrying the cdc34 mutation have defects in
the separation of spindle pole bodies and fail to form the
mitotic spindle (7, 22). While inactivation of Cdc34p dramat-
ically alters the pattern of ubiquitinated Cbf2p forms, overex-
pression of CDC34 causes no significant change in the Cbf2p
forms. The CDC34 ubiquitin-conjugating enzyme may require
a specific E3 ubiquitin-protein ligase to carry out the formation
of Cbf2p-ubiquitin conjugates in vivo. Further characterization
is necessary to determine if Cdc34p directly conjugates ubig-
uitin molecules to Cbf2p in vivo and how ubiquitination might
regulate Cbf2p function.

One of our working models is that ubiquitination may be
involved in cell cycle-regulated degradation of Cbf2p in a man-
ner similar to the ubiquitin-mediated proteolysis of Xenopus
mitotic cyclins (20). Recently, both S- and M-phase B-type
cyclins have been shown to be destroyed by the UBC9-depen-
dent proteolytic pathway (46). Proteins conjugated with mul-

tiubiquitin chains are targeted for degradation, and Cbf2p
seems to be modified by multiubiquitination in vivo; an antiu-
biquitin antibody recognizes high-molecular-weight forms of
Cbf2p (Fig. 5). As shown in the case of the yeast MATa2
repressor, pathways involving multiubiquitination and subse-
quent degradation can be quite complicated; at least four dif-
ferent ubiquitin-conjugating enzymes target the naturally
short-lived o2 protein for degradation by two distinct ubiquiti-
nation pathways (11). Thus, if Cbf2p is degraded by the ubiqg-
uitin pathway, it is likely that other ubiquitin-conjugating en-
zymes can participate in marking Cbf2p for proteolysis.
Alternatively, the reversible joining of ubiquitin to Cbf2p
could modulate functions without metabolically destabilizing
the protein. Ubiquitin forms relatively stable conjugates with
histones and actin. A myofibrillar protein termed arthrin is a
stable actin-monoubiquitin conjugate present in flight muscles
of some insects (1). Moreover, the stable conjugates between
H2A (and H2B) and ubiquitin are found preferentially in nu-
cleosomes of transcriptionally active chromatin (6, 37). It has
also been reported that all ubiquitinated histones are absent
from isolated metaphase chromosomes (55). In our experi-
ments, the Cbf2p-monoubiquitin conjugate formed in vitro was
relatively stable, considering that the reaction products con-
taining Cbf2p immune complexes were washed several times
before analysis by SDS-PAGE (Fig. 6). On the contrary, the
apparent multiubiquitinated forms of Cbf2p were extremely
unstable, as evidenced by their rapid disappearance during the
course of immunoprecipitation (Fig. 5B). Our data indicate
that Cbf2p present in the CBF3 complex purified by CEN
DNA affinity chromatography is not modified by ubiquitina-
tion; the antiubiquitin antibody was unable to supershift the
CBF3-CEN DNA complex and failed to recognize the 110-kDa
subunit of purified CBF3 (Fig. 5C and data not shown). Since
Cbf2p is also modified by phosphorylation (31), phosphoryla-
tion or dephosphorylation may trigger ubiquitination of Cbf2p.
Also, Cbf2p apparently functions both on the kinetochore and
in formation of the mitotic spindle; thus, it is likely that ubiq-
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uitination is involved in specifying this functional differentia-
tion.
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