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Rad23 is required for efficient protein degradation and performs an important role in nucleotide excision
repair. Saccharomyces cerevisiae Rad23, and its human counterpart (hHR23), are present in a complex con-
taining the DNA repair factor Rad4 (termed XPC, for xeroderma pigmentosum group C, in humans). XPC/
hHR23 was also reported to bind centrin-2, a member of the superfamily of calcium-binding EF-hand proteins.
We report here that yeast centrin, which is encoded by CDC31, is similarly present in a complex with
Rad4/Rad23 (called NEF2). The interaction between Cdc31 and Rad23/Rad4 varied by growth phase and
reflected oscillations in Cdc31 levels. Strikingly, a cdc31 mutant that formed a weaker interaction with Rad4
showed sensitivity to UV light. Based on the dual function of Rad23, in both DNA repair and protein
degradation, we questioned if Cdc31 also participated in protein degradation. We report here that Cdc31 binds
the proteasome and multiubiquitinated proteins through its carboxy-terminal EF-hand motifs. Moreover,
cdc31 mutants were highly sensitive to drugs that cause protein damage, failed to efficiently degrade proteolytic
substrates, and formed altered interactions with the proteasome. These findings reveal for the first time a new
role for centrin/Cdc31 in protein degradation.

The microtubule organizing center regulates cytoskeletal in-
tegrity, and is termed the centrosome in higher eukaryotes, and
the spindle pole-body (SPB) in yeast. The duplication of the
SPB/centrosome is a key event that initiates entry into the cell
cycle. The SPB is a proteinaceous structure that is embedded
in the nuclear envelope, and its duplication marks exit from the
G1 phase and the onset of chromosome duplication. The com-
position of the SPB has been defined, and the steps that lead
to its duplication have been studied extensively using biochem-
ical, genetic, and microscopic methods (3, 5, 6, 18, 24, 28, 30,
43, 44). An important component of the SPB is Cdc31 (3, 13),
which in yeast is encoded by the essential CDC31 gene. CDC31
was isolated as a suppressor of kar1, a mutant that is unable to
duplicate the SPB at the nonpermissive temperature (6). As
with kar1, defects in CDC31 (cdc31) also cause G1 phase ar-
rest, due to a failure in SPB duplication (48). Intriguingly, the
kar1 defect was suppressed by Dsk2 (5), which has functional
and structural resemblance to Rad23 (15, 29, 34, 40).

The three centrin proteins that are expressed in human cells
(30, 31) display differential tissue-specific levels (27, 36, 49).
However, all three isoforms share the key structural features
that are present in EF-hand proteins (32). Human CEN3 is
closely related to Cdc31 and can interfere with SPB duplication
when overexpressed in yeast (30). An N-terminal regulatory
domain is proposed to regulate the activity of the C-terminal
domain, possibly through Ca2�-mediated signaling (42). The C
terminus binds various cellular proteins (1, 7, 11, 12, 16, 19–23,
28, 37, 46, 50), although the effect of these interactions in
regulating growth control is not well understood. We found
that the C-terminal domain of Cdc31 binds Rad4, and this

interaction does not require Rad23. However, our findings
indicate that Cdc31 forms regulated interactions with a preex-
isting complex comprising Rad23 and Rad4 that varies under
different growth conditions. A mutant form of Cdc31, which
formed a weak interaction with Rad4, showed reduced toler-
ance to UV-induced DNA damage.

We report for the first time that centrin/Cdc31 plays an
important role in protein degradation by the ubiquitin/protea-
some system. Specifically, we discovered that Cdc31 binds the
proteasome and can be purified with multiubiquitinated pro-
teins. Moreover, mutant Cdc31 proteins had altered interac-
tions with both proteasomes and ubiquitinated substrates and
conferred proteolytic defects. A role for Cdc31 in protein deg-
radation was implied by its interactions with Dsk2 (5), a pro-
tein that functions in the ubiquitin/proteasome pathway (15,
39, 40). We showed that a related protein, Rad23, is a shuttle
factor that can translocate ubiquitinated proteins to the pro-
teasome (8). The loss of both shuttle factors (rad23� dsk2�)
causes a temperature-sensitive growth defect resulting from a
failure to duplicate the SPB (5). Strikingly, high-copy-number
expression of Cdc31 could overcome the SPB duplication de-
fect of rad23� dsk2� (23) and predicted a role for protein
degradation in regulating entry into the cell cycle.

The presence of a single essential gene in Saccharomyces
cerevisiae that encodes a centrin protein provides a genetically
tractable system for characterizing the link between the cellu-
lar responses to stress and damage and the signaling pathways
that control growth progression. For instance, DNA damage-
induced growth arrest could be facilitated by blocking SPB
duplication (1) in a mechanism involving the protein degrada-
tion function of Cdc31.

MATERIALS AND METHODS

Plasmids and strains. Yeast genes were amplified using PCRs and cloned into
plasmid YEplac181 with an amino-terminal FLAG epitope. The PCR products
were cloned using 5� EcoRI and 3� KpnI DNA restriction sites and expressed
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from the copper-inducible PCUP1 promoter. Additionally, fragments containing
5� BamHI and 3� EcoRI DNA restriction sites were cloned into pGEX2TK
vector, and the expression of glutathione S-transferase (GST)-fusion proteins in
Escherichia coli was induced by the addition of 1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) to the growth medium. DNA oligonucleotide primers
were used to isolate full-length CDC31 as well as the mutant genes using chro-
mosomal DNA prepared from the relevant strains. Following cloning of the
wild-type gene, the amino- and carboxy-terminal fragments were also generated
by PCR. These constructs expressed the amino-terminal EF hands (amino acid
residues 1 to 99) or the carboxy-terminal EF hands (residues 85 to 161). All
PCR-amplified DNAs were examined by DNA sequencing, and the sequences of
mutant genes were confirmed. The cdc31-1 and cdc31-2 mutant strains as well as
a cdc31� strain were provided by B. Davis and M. Rose (Princeton University).
A plasmid for expressing Pre2-hemagglutinin (HA) from its endogenous chro-
mosomal locus was obtained from J. Dohmen (University of Cologne). DNA
plasmids encoding His-tagged derivatives of Rpt1 to Rpt6 were a generous gift
from D. Skowyra (St. Louis University).

Antibodies. Antibodies against ubiquitin (polyclonal) and FLAG (FLAG-M2-
agarose and monoclonal anti-FLAG-horseradish peroxidase) were purchased
from Sigma Chemical Co. (St. Louis, MO). Monoclonal antibodies against HA as
well as anti-HA affinity matrix were obtained from Roche. Antibodies against the
His tag were purchased from BD Biosciences (San Jose, CA). Polyclonal anti-
bodies against yeast Cdc31, Rpt1, and Rad23 were generated by Pocono Labo-
ratories, using recombinant Cdc31, GST-Rpt1, and GST-Rad23, respectively.
Polyclonal anti-Rpn12 was generously provided by D. Skowyra (St. Louis Uni-
versity). Monoclonal antibodies against �-galactosidase were purchased from
Promega (Madison, WI).

Preparation of protein extracts and immunological methods. Yeast strains
expressing plasmids were grown in synthetic medium and pelleted in late-loga-
rithmic phase (A600 of �4). Yeast cell pellets were suspended in 500 �l of lysis
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA, and 1% Triton
X-100) containing a protease inhibitor cocktail (Roche). In studies where we
characterized the ubiquitination of Cdc31, we added 40 mM N-ethylmaleimide to
the lysis buffer. The suspension was combined with 3 g of 0.45 mM glass beads
and lysed by agitation in a Fast Prep PF120 disruptor. The supernatant was
collected following 2 min of centrifugation at 12,000 � g at 4°C. Protein con-
centration was determined using the Bradford assay (Bio-Rad). Equal amounts
of protein extract were applied to anti-FLAG-M2 agarose to immunoprecipitate
FLAG-tagged proteins or applied to anti-HA affinity matrix to immunoprecipi-
tate proteasome subunit Pre2-HA. Similarly, equal amounts of protein extract
were combined with glutathione-Sepharose (GE Healthcare) to purify GST-
tagged proteins from E. coli BL21 cells. His-tagged Rpt1 to Rpt6 proteins were
also expressed in strain BL21 in the presence of 1 mM IPTG, and cells were lysed
by sonication. Equal amounts of total protein extract were combined with re-
combinant GST-Cdc31 for 2 h to examine interaction. The beads were washed
three times with 1 ml of lysis buffer containing an additional 1% Triton X-100,
and the immobilized proteins were released by boiling in sodium dodecyl sulfate
(SDS)-containing electrophoresis sample buffer. The proteins were resolved in
12% SDS-tricine polyacrylamide gels, transferred to nitrocellulose, and charac-
terized by immunoblotting.

Protein stability and drug sensitivity measurements. We measured protein
stability by using [35S]methionine pulse-chase methods, as described previously
(35). To determine sensitivity of cdc31 mutants to protein synthesis and trans-
lation inhibitors, yeast cells were grown to logarithmic phase, serial 10-fold
dilutions were prepared in sterile water, and 3-�l aliquots were spotted on agar
medium containing 0.5 �g/ml cycloheximide or 0.2 mM hygromycin B. The plates
were incubated at 30°C for 3 to 5 days.

Two-dimensional (2D) electrophoresis. FLAG-Cdc31 was immunoprecipi-
tated (from 500 �g of total yeast protein) using anti-FLAG-agarose beads and
washed three times with lysis buffer and two times with 20 mM Tris, pH 7.0.
Similarly, GST-UBA1 and GST-UBA2 were purified from yeast extracts on
glutathione-Sepharose beads. FLAG-agarose and glutathione-Sepharose beads
were solubilized for 9 h in 200 �l of rehydration buffer [8 M urea, 0.5% CHAPS
(3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate), 0. 2% dithio-
threitol (DTT)], 0.002% bromophenol blue) containing 2% immobilized poly-
acrylamide gel buffer (ampholine; pH 3 to 10; GE Healthcare, NJ). The beads
were removed following brief centrifugation, and the supernatants were trans-
ferred to a DryStrip Re-swelling Tray (GE Healthcare) containing an 11-cm
Immobiline DryStrip gel (pH 3 to 10, linear; GE Healthcare). The protein
solutions were allowed to soak into the DryStrip for 16 h, and the gels were
resolved in the first dimension for 5 h using Multiphor II (at 15 kV/h).

Proteins were resolved by isoelectric focusing, and the gel strips were rinsed in
50 ml of equilibration buffer 1 (2% SDS, 50 mM Tris, pH 8.8, 6 M urea, 30%

glycerol, 0.002% bromophenol blue, 1% DTT) for 15 min, followed by a second
wash in 50 ml of equilibration buffer 2 (equilibration buffer 1 lacking DTT and
containing 4% iodoacetamide) for an additional 15 min. The gels were then
layered onto an SDS-polyacrylamide gel and separated in the second dimension.
The resolved proteins were transferred to nitrocellulose and examined by
immunoblotting using antibodies against Cdc31 and ubiquitin.

RESULTS

Cdc31 binds Rad4. FLAG-Cdc31 was expressed from a plas-
mid and immunoprecipitated from yeast extracts. The interac-
tion with Rad4 was determined by measuring the copurifica-
tion of an epitope-tagged derivative (Rad4-HA) that was
expressed at physiological levels from the chromosome (35).
The expression of FLAG-Cdc31 was similar in total extracts
prepared from wild type (Fig. 1A, lane 6), rad23� (lane 7), and
rad4� (lane 8). We also examined a control yeast strain that
did not express FLAG-Cdc31 (lane 5). Protein extracts were
incubated with FLAG-agarose, and the immunoprecipitated
proteins were characterized by immunoblotting (Fig. 1A, lanes
1 to 4). We found that FLAG-Cdc31 could copurify Rad4-HA
in a wild-type strain (lane 2), consistent with the reported
interaction between purified human xeroderma pigmentosum
group C (XPC) and centrin-2 (1). The immunoblot was sub-
sequently incubated with antibodies against Rad23, and this
nucleotide excision repair (NER) factor was also coprecipi-
tated (lane 2), confirming the formation of a trimeric complex
containing Rad23/Rad4 (NEF2) and Cdc31. To determine if
Cdc31/NEF2 interaction required Rad23, we measured FLAG-
Cdc31 interactions with Rad4-HA and Rad23 in rad23� and
rad4� strains, respectively. Following immunoprecipitation of
FLAG-Cdc31, we detected low levels of Rad4-HA in rad23�
cells, demonstrating that Cdc31 can bind Rad4 directly (lane 3).
The significantly lower abundance of Rad4-HA in rad23� is due
to its rapid degradation by the ubiquitin/proteasome system (35).
In contrast, immunoprecipitation of FLAG-Cdc31 from rad4�
did not copurify Rad23, demonstrating that the trimeric complex
involves a specific interaction between Cdc31 and Rad4 and a
separate interaction between Rad4 and Rad23. Rad23 expression
was unaffected in rad4� (Fig. 1A, lane 8). (A weak reaction seen
in lanes 4 and 7 of Fig. 1A is a nonspecific interaction with
anti-Rad23 antibodies against an unrelated protein.)

cdc31-1 mutant is sensitive to UV light. The role of Rad23/
Rad4 in DNA repair is well characterized (33). Based on the
formation of a Rad23/Rad4/Cdc31 complex, we investigated if
cdc31 mutants were sensitive to UV-induced DNA damage.
Because CDC31 is essential for viability, we characterized the
UV sensitivity of a temperature-sensitive mutant (cdc31-1, a
gift from M. Rose, Princeton University) (48). Yeast cultures
were grown at the permissive temperature (23°C) for 15 h and
then transferred to fresh medium that was preequilibrated to
37°C. After a 1-h incubation the cells were pelleted, suspended
in phosphate-buffered saline, plated, and exposed to 254-nm
UV light. The plates were stored in the dark at 23°C for 4 days.
We found that the cdc31-1 strain displayed a dose-dependent
loss of viability following DNA damage (Fig. 1B, left graph). A
potential role in DNA repair is consistent with a previous
report, which showed that centrin-2 could stimulate the DNA
incision activity of XPC (33). Expression of wild-type Cdc31
(FLAG-Cdc31) in cdc31-1 fully restored UV resistance to nor-
mal levels (Fig. 1B, right graph). Although the cdc31-1 strain is
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not as sensitive to UV-induced DNA damage as most NER
mutants (38), we note that the brief incubation at the nonper-
missive temperature can only provide an approximation, since
the cells resume repair of DNA lesions following their return
to the permissive temperature. The characterization of cdc31-2
(48) was inconclusive due to the poor growth of this temper-
ature-sensitive mutant.

Growth-specific interactions between Cdc31 and NEF2. Be-
cause of the important role of Cdc31 in regulating entry into
the cell cycle, we examined its expression during cell cycle
progression and its interaction with the NEF2 DNA repair
complex. In preliminary studies, we treated yeast cells with
alpha-factor mating pheromone, hydroxyurea, or nocodozole
to arrest growth at different cell cycle stages. We examined the
interaction between FLAG-Cdc31 and Rad23/Rad4 at differ-
ent cell cycle stages and found that Cdc31 levels and the in-
teraction of Cdc31 with Rad23/Rad4 were constant during the
cell cycle (data not shown). However, these exploratory studies
revealed significant changes in the abundance of soluble
FLAG-Cdc31 in different growth phases. To further explore
this finding, we diluted early-stationary-phase cells (A600 of
�4) into fresh medium and periodically withdrew aliquots
from the culture. Protein extracts were prepared and examined
by immunoblotting. We initially measured the level of the
NEF2 complex that was purified with FLAG-Cdc31 (Fig. 2A).
We examined the copurification of Rad23 with FLAG-Cdc31
since all cellular Rad4 is bound to Rad23 (1, 17). Rad23 levels
were similar in exponential and stationary phases of growth
(Fig. 2A, Extract), while FLAG-Cdc31 levels decreased mark-
edly in actively growing cells (Fig. 2A, Extract). Consequently,
the level of Rad23 that was purified with FLAG-Cdc31 was

noticeably reduced in actively growing cells (Fig. 2A, FLAG-
IP). FLAG-Cdc31 levels increased in stationary phase (Fig.
2A, at 8 and 21 h of growth), and correspondingly higher
amounts of Rad23 were copurified.

To examine Cdc31 interaction with Rad4-HA, we gener-
ated an independent set of strains that expressed Rad4-HA
from the chromosome (35). Yeast cells were grown to sta-
tionary phase and then diluted into fresh medium. In agree-
ment with earlier results (Fig. 2A), we found that FLAG-
Cdc31 levels decreased in exponential-phase cells (Fig. 2B,
Extract, lanes 3 and 4) but recovered in stationary phase.
Consequently, immunoprecipitation of FLAG-Cdc31 yielded
dramatically reduced amounts of both NEF2 components (Fig.
2B, FLAG-IP, Rad23 and Rad4-HA) during active growth
(lanes 3 and 4). However, immunoprecipitation with anti-HA
antibodies revealed constant amounts of Rad23 and Rad4-HA
complex formation (Fig. 2B, HA-IP), suggesting that Cdc31
has regulated interactions with a preexisting complex of
Rad23/Rad4.

Cdc31 can bind the 26S proteasome and multiubiquitinated
proteins. Rad23 and Dsk2 are substrate shuttle factors that
perform significant roles in protein degradation (8, 9, 26, 39,
40). Because Cdc31 can genetically and biochemically interact
with both shuttle factors, we investigated if Cdc31 might sim-
ilarly contribute to proteolysis. We examined the immunoblots
shown in Fig. 1A and found that the proteasome subunit Rpt1
was copurified with FLAG-Cdc31 (Fig. 3A, lane 2). Extracts
prepared from a wild-type strain lacking FLAG-Cdc31 were
also applied to FLAG-agarose, and Rpt1 was not detected
(lane 1). Purification of FLAG-Cdc31 from rad23� (lane 3)
and rad4� (lane 4) yielded similar amounts of Rpt1 compared

FIG. 1. Cdc31 interacts with the NEF2 (Rad4/Rad23) DNA repair complex. (A) FLAG-Cdc31 was expressed in wild-type, rad23� (r23�), and
rad4� (r4�) strains. A strain lacking a FLAG-tagged protein was also examined (lanes 1 and 5). Total protein extracts were examined (lanes 5 to
8). Equal amounts of protein extract were incubated with FLAG-agarose, and the bound proteins were examined by immunoblotting. The
expression of FLAG-Cdc31 was similar in all the strains. Similarly, the abundance of Rad23 was unaffected by the loss of Rad4. However, Rad4-HA
levels were decreased in the rad23� strain, as noted previously. Following immunoprecipitation of FLAG-Cdc31, both Rad23 and Rad4-HA were
copurified from a wild-type strain (lane 2). Low levels of Rad4-HA were also detected in rad23� (lane 3), although a significantly lower amount
of Rad4 accumulated in this mutant (compare lanes 6 and 7). None of the proteins was nonspecifically bound to the beads (lane 1). (B) The UV
survival of centrin mutant cdc31-1 was compared to the wild-type strain. Yeast cells were grown to exponential phase and then transferred to 37°C
for 1 h. The cells were pelleted and plated on synthetic complete agar medium and irradiated at 1.5 J/m2 for 0 to 90 s. Cell survival was determined
in two independent experiments, and the mean values are shown. cdc31-1 consistently showed moderate UV sensitivity at higher UV doses.
However, this sensitivity was completely overcome when cdc31-1 was transformed with a plasmid expressing wild-type Cdc31 (right panel). WT,
wild type; IP, immunoprecipitation; Ctrl, control.
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to wild-type extracts (lane 2), demonstrating that Cdc31 inter-
action with the proteasome does not require Rad23. The same
immunoblots were subsequently incubated with antibodies
against ubiquitin. Despite the similar overall levels of high-
molecular-weight multiubiquitinated proteins in wild-type and
rad23� strains (Fig. 3B, lanes 6 and 7), noticeably higher

amounts were purified with FLAG-Cdc31 from rad23� (com-
pare lanes 2 and 3).

To verify the proteasome and ubiquitin binding properties of
Cdc31 we conducted a reciprocal immunoprecipitation using
an integrated derivative of the proteasome subunit Pre2-HA (a
gift from J. Dohmen, University of Cologne). We also con-
trolled the expression of FLAG-Cdc31 by using the copper-
inducible PCUP1 promoter. Yeast cultures were grown in the
presence or absence of copper sulfate, and protein extracts
were incubated with FLAG- or HA-agarose to purify FLAG-
Cdc31 and Pre2-HA, respectively. The expression of FLAG-
Cdc31 was strongly increased by the addition of 100 �M
CuSO4 to the growth medium (Fig. 3C, lane 3). The expression
of proteasome subunits Rpt1 (in the 19S regulatory particle)
and Pre2-HA (in the 20S regulatory particle) were unaffected
by high-level expression of FLAG-Cdc31 (Fig. 3C, Extract).
Low levels of Rpt1 and Pre2-HA were coimmunoprecipitated
with FLAG-Cdc31 from uninduced cells (Fig. 3C, lane 5).
Significantly higher levels of these proteasome subunits were
purified when the expression of FLAG-Cdc31 levels was in-
creased (lane 6). In the reciprocal study, Pre2-HA was ex-
pressed at physiological levels and precipitated, and the copu-
rification of FLAG-Cdc31 was confirmed in extracts containing
FLAG-Cdc31 (Fig. 3C, lane 9).

The dose-dependent interaction between FLAG-Cdc31 and
multiubiquitinated proteins was also tested by immunoblot-
ting. In the absence of copper sulfate, only low levels of mul-
tiubiquitinated proteins were copurified with FLAG-Cdc31
(Fig. 3D, lane 5). In contrast, significantly higher levels were
copurified when FLAG-Cdc31 levels were induced in the pres-
ence of copper sulfate (lane 6). Overall levels of multiubiquiti-
nated proteins were not affected by high expression of Cdc31
(Fig. 3D, Extract). These findings do not establish whether
Cdc31 binds multiubiquitinated proteins directly or whether
the multiubiquitinated proteins are associated with protea-
somes that are efficiently bound by Cdc31.

Significant proteolytic defects in cdc31 mutant strains. To
examine the proteolytic defects of cdc31 mutants, we measured
the sensitivity of the cdc31-1 and cdc31-2 strains to drugs that
increase the levels of misfolded and truncated proteins. We
determined that the cdc31-1 mutant is unable to grow in me-
dium containing cycloheximide (Fig. 4A). In contrast, cdc31-2
displayed strong resistance that is caused by a secondary mu-
tation in the CYH2 gene (B. Davis and M. Rose, personal
communication), which confers resistance to cycloheximide.
To verify the sensitivity of cdc31 mutants to translation inhib-
itors, we tested growth in medium containing hygromycin B.
Both mutant strains showed strong sensitivity to this drug (Fig.
4A). Transformation of a plasmid expressing Cdc31 restored
resistance to hygromycin B in both cdc31-1 and cdc31-2, dem-
onstrating that the sensitivity to translation inhibitors is related
to cdc31 (data not shown). Because mutations in the ubiquitin/
proteasome pathway can cause sensitivity to drugs that gener-
ate damaged protein (10, 41), these findings support the hy-
pothesis that Cdc31 functions in protein degradation.

To further test this model, we measured the in vivo stability
of a test protein of the ubiquitin/proteasome system. CDC31,
cdc31-1, and cdc31-2 strains were transformed with a plasmid
that expressed ubiquitin–Pro–�-galactosidase (ubiquitin–Pro–
�-Gal), a well-studied reporter substrate (2). Protein stability

FIG. 2. Growth phase oscillations in Cdc31 levels. (A) A wild-type
yeast strain expressing FLAG-Cdc31 was grown to late logarithmic
phase and then diluted 10-fold into fresh medium. Aliquots were
withdrawn at the times indicated. Total protein extract was prepared
and examined by immunoblotting. The abundance of Rad23 (that was
expressed at physiological levels) was unaffected in different growth
stages in total extract (upper panel). In contrast, a noticeable decrease
in FLAG-Cdc31 levels is evident by 3 h following transfer to fresh
medium. An equal amount of extract was also precipitated on FLAG-
agarose, and the copurification of Rad23 was tested. Because Cdc31
binds Rad4 (which is in a complex with Rad23), this assay measured
the association of Cdc31 with both proteins. Decreased levels of
FLAG-Cdc31 in actively growing cells are reflected by a proportionate
reduction in the amount of Rad23 that was copurified (lower panel).
(B) To directly test the interaction with Rad4-HA that was expressed
at physiological levels, we transformed FLAG-Cdc31 into a wild-type
strain containing integrated RAD4-HA. As described in panel A,
Cdc31 was purified on FLAG-agarose, and the copurification of both
Rad4-HA and Rad23 was determined (FLAG-IP). Lower expression
of FLAG-Cdc31 (Extract) significantly reduced the amounts of
Rad4-HA and Rad23 that were copurified (FLAG-IP, lanes 3 and 4).
The same extracts were also incubated with HA-agarose to measure
the interaction between Rad23 and Rad4. We found that the forma-
tion of the NEF2 complex was unaffected by growth phase (middle
panel), suggesting that Cdc31 interacts with a preassembled Rad4/
Rad23 complex. IP, immunoprecipitation; OD, optical density.
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was measured by 35S pulse-chase methods (8). Ubiquitin–Pro–
�-Gal was rapidly degraded in CDC31, with a calculated half-
life of �3 min during the initial 10 min of the chase (Fig. 4B).
In contrast, ubiquitin–Pro–�-Gal was strongly stabilized in the
cdc31-1 mutant, and the accumulation of multiubiquitinated
intermediates was noticeable in the 10- and 30-min chase time-
points. Ubiquitin–Pro–�-Gal was stabilized to a lesser degree
in cdc31-2, although higher levels were detected in the first two
time points in (0 and 10 min of chase). The degradation of
ubiquitin–Pro–�-Gal in cdc31 mutants was restored following
reexpression of Cdc31 from a plasmid (Fig. 4B, lower panel),
confirming its requirement for efficient protein degradation.
Surprisingly, overexpression of Cdc31 in CDC31 caused mod-
est stabilization of ubiquitin–Pro–�-Gal, suggesting that both
depletion and overexpression of Cdc31 can affect protein deg-
radation. There is precedence for this observation. For in-
stance, both depletion and overexpression of Ndc1 and Dsk2
proteins can disrupt SPB duplication (5). Additionally, both
high and low levels of Kar1 interfere with Cdc31 localization to
the SPB (6).

In an effort to understand the proteolytic defects of the
cdc31 mutants, we examined the in vivo stabilities of FLAG-
cdc31-1 and FLAG-cdc31-2 proteins. We found that wild-
type Cdc31 was stable, in agreement with a previous report

(5). In contrast, both mutant proteins were more unstable than
the wild-type protein (Fig. 4C), suggesting that the depletion of
cdc31 mutant proteins could cause the defects in the mutant
strains. Centrin has been reported to oligomerize, although it
is not known if the cdc31-1 and cdc31-2 mutant proteins are
more prone to this effect and whether this could alter their
stabilities. Because we conducted our studies in a wild-type
background (to avoid the growth defects of cdc31-1 and cdc31-
2), it is conceivable that an association with native Cdc31 could
affect the stability of mutant Cdc31 proteins.

Domain-structure analysis of Cdc31 and the defect of mu-
tants. Allele-specific functional differences in cdc31 mutants
may be due to the location of mutations in distinct regions of
this multidomain protein. Numerous studies have shown that
the carboxy terminus of centrin plays a key role in binding
cellular partners, while the N terminus performs a regulatory
role. The unique defects of cdc31 alleles are evidenced by the
ability of Pkc1 to suppress only cdc31-2 but not cdc31-1 or
cdc31-5 (23). We confirmed that the amino acid change in
cdc31-1 is located between EF-1 and EF-2 in the amino-ter-
minal regulatory domain (A483T48), and the mutation in
cdc31-2 is present between EF-3 and EF-4 in the carboxy-
terminal Ca2�-binding fold (E1333K133) (48) (Fig. 5A).

The functionally distinct pairs of EF hands in centrin/Cdc31

FIG. 3. Cdc31 binds the proteasome and multiubiquitinated proteins. (A) FLAG-Cdc31 was immunoprecipitated, and an immunoblot was
incubated with antibodies against proteasome subunit Rpt1. FLAG-Cdc31 coprecipitated the proteasome in all strains examined (lanes 2 to 4). The
expression of Rpt1 was similar in all the strains, and nonspecific interaction with the matrix was not observed (lane 1). (B) The same filters were
subsequently incubated with antibodies against ubiquitin, and high-molecular-weight ubiquitinated species were detected in total extracts (lanes
5 to 8). However, higher levels were recovered with FLAG-Cdc31 from rad23� cells (r23�; lane 3). (C) To confirm that Cdc31 could bind the intact
proteasome, we also examine the levels of a subunit in the 20S proteasome catalytic particle. The expression of FLAG-Cdc31 was strongly induced
by the addition of 100 �M CuSO4 (�) to the medium (Extract, lane 3). Immunoprecipitation of FLAG-Cdc31 yielded low levels of Rpt1 and
Pre2-HA in uninduced cells (lane 5) and significantly higher levels following copper induction (lane 6). In a reciprocal assay, we immunoprecipi-
tated the proteasome using antibodies against Pre2-HA and detected FLAG-Cdc31 (lane 9). Purification of Pre2-HA yielded the 19S proteasome
subunit Rpt1 under all conditions examined (lanes 7 to 9). (D) The concentration-dependent interaction between Cdc31 and multiubiquitinated
proteins was confirmed following copper induction of FLAG-Cdc31. The level of total multiubiquitinated proteins was similar in a strain lacking
FLAG-Cdc31 and when FLAG-Cdc31 was expressed at different levels. However, following incubation with FLAG-agarose, significantly higher
amounts of ubiquitinated species were isolated with FLAG-Cdc31. WT, wild type; IP, immunoprecipitation; Ctrl, control; Ub, ubiquitin; Ub(n),
multiubiquitin; r4�, rad4�.
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proteins are separated by a flexible linker (4, 16, 32, 42). Pre-
vious studies showed that the carboxy-terminal domain of cen-
trin proteins (containing EF-3 and EF-4) is required for Ca2�

binding and interaction with XPC (37). We generated a set of
Cdc31 derivatives that expressed full-length Cdc31 and the
amino (cdc31-N) and carboxy (cdc31-C) domains. We also
expressed the cdc31-1 and cdc31-2 mutant proteins (Fig. 5A).
These proteins contained the FLAG epitope and were ex-
pressed in wild-type yeast. The expression of cdc31-C was �10-
to 20-fold lower than the wild-type protein (Fig. 5B, bottom
panel, lane 3). An equal amount of protein extract was incu-
bated with FLAG-agarose, and the bound proteins were ex-
amined by immunoblotting. The filter was reacted sequentially
with antibodies against proteasome subunits Rpt1 and Rpn12.
We found that the expression of proteasome subunits was not
affected by the Cdc31 derivatives (Fig. 5B, upper panels). How-
ever, the Cdc31 derivatives formed markedly different interac-
tions with the proteasome. Although cdc31-C was expressed at

much lower levels than full-length Cdc31 (Fig. 5B, FLAG IP;
compare lanes 2 and 3), it formed a very efficient interaction
with the proteasome. In contrast, the amino terminal domain
(cdc31-N) failed to bind the proteasome (Fig. 5B, FLAG-IP,
lane 4), despite high levels of expression. We purified mutant
cdc31 proteins and found that FLAG-cdc31-1 (bearing a mu-
tation in the amino terminus) formed a stronger interaction
with the proteasome (lane 5) than wild-type Cdc31, while
FLAG-cdc31-2 (that contains a mutation in the carboxy termi-
nus) had reduced binding (lane 6).

With the availability of the above-described Cdc31 deriva-
tives, we examined interaction with DNA repair factor NEF2
(Rad23 and Rad4). The FLAG-Cdc31 proteins were purified
from a yeast strain that expressed physiological levels of both
native Rad23 and Rad4-HA from the chromosome. Protein
extracts were incubated with FLAG-agarose, and the interac-
tion between the Cdc31 derivatives and NEF2 subunits was
determined by immunoblotting. Consistent with the results

FIG. 4. A protein degradation defect in Cdc31 mutants. (A) The sensitivity of Cdc31 mutants to translation inhibitors is shown. Tenfold
dilutions were spotted (in duplicate sets) on medium containing either 0.5 �g/ml cycloheximide (CHX) or 0.2 mM hygromycin B (Hy-B). (B) A
plasmid encoding the proteasome substrate ubiquitin (Ub)–Pro–�-Gal was transformed into CDC31, cdc31-1, and cdc31-2 strains. Cultures were
grown in 2% galactose and labeled with [35S]methionine-cysteine for 5 min. Aliquots were withdrawn at the times indicated during the chase. Equal
amounts of radiolabeled protein were immunoprecipitated by anti-�-galactosidase antibody, resolved by SDS-PAGE, and examined by autora-
diography. An asterisk signifies a stable degradation product. The upper panel shows stabilization of ubiquitin–Pro–�-Gal in cdc31 mutants. The
lower panel shows that degradation of this substrate is restored after the wild-type Cdc31 was expressed in the three strains. (C) Pulse-chase
measurements were conducted to determine the stability of wild-type and mutant cdc31 proteins. These proteins were expressed from a plasmid
in a wild-type strain to avoid the growth defects of cdc31-1 and cdc31-2.
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shown in Fig. 5B, we determined that cdc31-C mediated the
interaction with Rad4-HA (Fig. 5C). However, in contrast to
their interaction with the proteasome (Fig. 5A), both cdc31-1
and cdc31-2 had reduced interactions with Rad23 and Rad4
(Fig. 5C, lanes 5 and 6) compared to the full-length protein
(lane 2).

The same immunoblot was stripped and incubated with anti-
ubiquitin antibodies to test for interaction with multiubiquiti-
nated proteins. Although the overall levels of multiubiquiti-
nated proteins were unchanged (Fig. 5D, Extract), observable
differences in binding efficiency were evident. Both wild-type
Cdc31 and cdc31-C interacted with multiubiquitinated pro-
teins (Fig. 5D, FLAG-IP, lanes 2 and 3). In contrast, cdc31-N
did not bind multiubiquitinated proteins (lane 4) or the pro-
teasome. The cdc31-1 mutant interacted strongly with multi-
ubiquitinated proteins, while cdc31-2 demonstrated a very

weak interaction, despite a high level of expression (Fig. 5B).
Because the mutation in cdc31-2 is located between EF-3 and
EF-4, these results are consistent with the model that the
carboxy terminus of centrin mediates interactions with cellular
partners. Collectively, these results suggest that Cdc31 inter-
action with the proteasome may be linked to its binding to
multiubiquitinated proteins. Because the carboxy terminus me-
diated all the interactions that we identified, we investigated if
it was sufficient for restoring viability in a cdc31 null mutant.
We expressed the truncated derivatives of Cdc31 in the cdc31�
strain that was supported by CDC31 expressed from a URA3-
based plasmid. The ability of these mutant proteins to replace
the wild-type protein was tested by plating the cultures on
medium containing 5-fluoroorotic acid to identify yeast that
could tolerate the loss of the plasmid-encoded CDC31 gene.
Expression of the amino or carboxy terminus of Cdc31 failed to

FIG. 5. Domain-structure analysis reveals strong interaction between the carboxy terminus of Cdc31 and the ubiquitin/proteasome system.
(A) The amino acid sequence of the Cdc31 protein is shown. The conserved EF hands are aligned on the right in bold. The residues that are
mutated in cdc31-1 and cdc31-2 are also indicated. The arrows indicate the regions that were cloned to generate the amino- and carboxy-terminal
fragments. EF-1 and EF-2 hands are present in the amino-terminal domain (cdc31-N), while EF-3 and EF-4 domains are present in the
carboxy-terminal domain (cdc31-C). (B) The expression of proteasome subunits (Rpt1 and Rpn12) was unaffected by expression of the Cdc31
proteins and truncated polypeptides (upper panel). However, expression of cdc31-C was reduced 10- to 20-fold compared to the full-length
proteins or cdc31-N (see lower panel for expression levels of FLAG-Cdc31 proteins). Following immunoprecipitation, cdc31-C showed similar
binding to the proteasome (FLAG-IP, lane 3) compared to the wild-type protein (lane 2). Interestingly, the cdc31-1 mutant protein interacted more
strongly than the wild-type protein with the proteasome (lane 5), while cdc31-2 had a much weaker interaction (lane 6) than the wild-type protein.
Lane 1 shows the absence of a nonspecific interaction with the matrix in a strain lacking a FLAG-tagged protein. (C) The same Cdc31 constructs
were expressed in yeast containing Rad4-HA. The expression of Rad4-HA and Rad23 was similar in a wild-type strain that expressed the various
Cdc31 derivatives (upper panel). Following immunoprecipitation on FLAG-agarose, we detected a strong interaction with cdc31-C (FLAG-IP, lane
3) and no interaction with the amino terminus (cdc31-N, lane 4). In contrast to proteasome binding, FLAG-cdc31-1 and FLAG-cdc31-2 showed
weaker interactions with both Rad4 and Rad23 (lower panel). (D) An immunoblot containing total protein was incubated with antibodies against
ubiquitin. The abundance of high-molecular-weight ubiquitinated proteins was similar in all strains (left panel). However, following immunopre-
cipitation, FLAG-cdc31-1 showed a significant increase in ubiquitinated proteins. Similarly, cdc31-C, but not cdc31-N, copurification of purified
multiubiquitinated proteins (right panel). IP, immunoprecipitation.
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complement the cdc31� mutant (data not shown). These find-
ings demonstrate the essential requirement of both domains,
and their failure to complement is consistent with the view that
the N terminus contains regulatory sequences that can influ-
ence the activities of the carboxy-terminal EF hands.

Copurification of Cdc31 with ubiquitin-associated domains.
The interaction between Cdc31 and the proteasome could be
caused by its ligation to a multiubiquitin chain. Although we
considered this unlikely since FLAG-Cdc31 is a stable protein
(Fig. 4C), it was conceivable that a multiubiquitin chain could
promote interaction with the proteasome without affecting
Cdc31 stability. To address this question, we determined if
FLAG-Cdc31 could be copurified with ubiquitin-associated
domains, which bind multiubiquitin chains. Specifically, if un-
modified Cdc31 were purified with a ubiquitin-associated do-
main protein, it would support our hypothesis that Cdc31 can

interact with multiubiquitin chains. In contrast, we would not
expect unmodified Cdc31 to be purified with a ubiquitin-asso-
ciated domain protein if the ubiquitin cross-reacting bands that
were purified with FLAG-Cdc31 represented conjugates exclu-
sively on Cdc31 (Fig. 3D). We purified FLAG-Cdc31 and
FLAG-cdc31-1 from a wild-type strain that also expressed
GST-UBA1 or GST-UBA2 (that were derived from yeast
Rad23). Protein extracts were incubated with glutathione-
Sepharose, and the bound proteins were examined by immu-
noblotting (Fig. 6A). Incubation with Cdc31 antibodies showed
that predominantly unmodified FLAG-Cdc31 and FLAG-
cdc31-1 were purified with both UBA1 and UBA2. We note
that although the Cdc31 antibodies formed a strong interaction
with unconjugated FLAG-Cdc31/cdc31-1, a low level of higher-
molecular-weight bands was also detected (Fig. 6A, lanes 1
and 2). Remarkably, FLAG-Cdc31/cdc31-1 interactions with

FIG. 6. Cdc31 can be purified with UBA domains. (A) GST-UBA1 and GST-UBA2 domains from yeast Rad23 protein can bind multiubiquitin
chains. Both fusion proteins were expressed in wild-type yeast that contained either FLAG-Cdc31 or FLAG-cdc31-1. Equal amounts of protein
extract were incubated with glutathione-Sepharose, and the bound proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and
incubated with anti-Cdc31 antibodies. A predominant interaction against unmodified Cdc31/cdc31-1 was detected. (Excess N-ethylmaleimide was
present in the lysis buffer to prevent deubiquitination). The higher-molecular-weight species seen in the immunoblot (lanes 1 and 2) may be caused
by either oligomerization of Cdc31, which is a property of centrin proteins, or by its ligation to ubiquitin. GST-UBA2 also formed a strong
interaction with unmodified Cdc31/cdc31-1 (lanes 5 and 6). Lanes 3 and 7 contain GST-UBA1 and GST-UBA2, respectively, but the added extracts
did not contain FLAG-Cdc31. In lane 4 an extract containing FLAG-Cdc31 was added to glutathione-Sepharose that did not contain an
immobilized GST-UBA domain. These controls show that the interactions observed are specific. (B) FLAG-Cdc31 was immunoprecipitated,
resolved in 2D gels, and examined by immunoblotting. The major fraction of FLAG-Cdc31 was distributed across a pH range of �3, suggesting
extensive modification. FLAG-Cdc31 was also present in an intense vertical smear, which could be caused by oligomerization. The pI of the entire
smear was identical to that of monomeric Cdc31 (pH 4.3). We also detected three spots that extended diagonally from the monomeric species
(indicated by a line). The filter was stripped and incubated with anti-ubiquitin antibodies (right panel), and the three spots (as well as a number
of other spots, indicated by arrowheads) were detected. These findings demonstrate that a small fraction of FLAG-Cdc31 can be ligated to a few
ubiquitins. Because a number of additional ubiquitin-cross-reacting species did not react to the anti-Cdc31 antibody, we propose that FLAG-Cdc31
can also bind other ubiquitinated proteins. (C) Because FLAG-Cdc31 was copurified with UBA domains, as described in panel A, we separated
proteins bound to GST-UBA in 2D gels. Monomeric FLAG-Cdc31 was efficiently purified with both GST-UBA1 and GST-UBA2. Because UBA
domains bind multiubiquitin chains, the copurification of unmodified FLAG-Cdc31 suggests that it can also be purified with multiubiquitinated
proteins. (D) We incubated the same filters with anti-ubiquitin antibodies and confirmed that high-molecular-weight ubiquitinated proteins were
isolated with UBA1. In agreement with our earlier findings, UBA2 formed a weaker interaction with ubiquitin. Ub, ubiquitin; 	, anti.
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UBA2 showed no evidence for higher-molecular-weight forms
of either FLAG-Cdc31 or cdc31-1. A minor high-molecular-
weight band that was detected with GST-UBA2 (Fig. 6A, as-
terisk) was also present in the control lane (lane 7) that lacked
FLAG-Cdc31. In Fig. 6A, lane 3 contains FLAG-Cdc31 but
lacks GST-UBA1, and lane 4 contains GST-UBA1 but lacks
FLAG-Cdc31.

The pattern of some of the bands seen in lanes 1 and 2 of
Fig. 6A (indicated by small squares) suggested the conjugation
of one, two, and three ubiquitins to Cdc31. We characterized
this further by 2D gel electrophoresis. FLAG-Cdc31 was im-
munoprecipitated, and following 2D analysis, an immunoblot
was incubated with antibodies against Cdc31 (Fig. 6B, left
panel). We found that a major fraction of FLAG-Cdc31 was
apparently modified, as suggested by its distribution over a
broad pH range. We also observed an intense vertical streak of
anti-Cdc31-cross-reacting material extending from �20 kDa to
�110 kDa. Because human centrin can self-assemble, this
streak might represent the oligomerization of FLAG-Cdc31.
This idea is further supported by the observation that the pI
values of all these higher-molecular-weight species were iden-
tical to Cdc31. Intriguingly, we also detected three minor spots
(corresponding in size to the bands identified in Fig. 6A, lanes
1 and 2) that migrated along a diagonal (Fig. 6B, left panel).
This array is consistent with the conjugation of ubiquitins to
Cdc31, since the distinct pI of ubiquitin will progressively shift
the position of each conjugate on Cdc31 during isoelectric
focusing (pI of Cdc31p is 4.3; pI of ubiquitin is 7.9). To verify
this possibility, the filter was stripped and reprobed with anti-
bodies against ubiquitin (Fig. 6B, right panel). The three spots
described above (and corresponding to the squares in Fig. 6A)
reacted with the anti-ubiquitin antibody, demonstrating that
Cdc31 is conjugated to a few ubiquitins. It might be significant
that oligomeric forms of ubiquitinated Cdc31 (Fig. 6B) were
not detected, as this would be revealed by a vertical smear
extending above each ubiquitin-Cdc31 spot. The white lines
are aligned to intersect at the position of FLAG-Cdc31, while
a solid diagonal line tracks the positions of three ubiquitin
conjugates on FLAG-Cdc31 (Fig. 6B). In addition to these
three spots, a number of additional ubiquitin cross-reacting
spots were detected (Fig. 6B, arrowheads). However, these
species represent other ubiquitinated cellular proteins since
their positions deviated from the diagonal line, and they
were not detected with anti-Cdc31 antibodies. Collectively,
these findings show that Cdc31 can bind other multiubiquiti-
nated proteins although a small fraction is also conjugated to
ubiquitin.

To extend these findings we purified GST-UBA1 and GST-
UBA2 from a wild-type strain that expressed FLAG-Cdc31.
The purified GST-UBA proteins were resolved by 2D electro-
phoresis, and the filter was incubated with anti-Cdc31 antibod-
ies (Fig. 6C). High levels of unmodified FLAG-Cdc31 (pI,
�4.3) were copurified with both ubiquitin-associated domains.
In contrast, very low levels of the ubiquitinated forms of
FLAG-Cdc31 were detected with UBA1 (left panel), and the
overwhelming fraction was unconjugated. Moreover, none of
ubiquitinated forms of FLAG-Cdc31 were purified with UBA2
(right panel). The highly abundant oligomeric forms of FLAG-
Cdc31 (Fig. 6B) were not isolated with either UBA domain.
The filters used for the experiment shown in Fig. 6C were

incubated with antibodies against ubiquitin, and, as expected, a
significant amount of ubiquitinated proteins was purified with
GST-UBA1 (Fig. 6D, left panel), while a smaller amount was
isolated with GST-UBA2 (right panel). Note the intense anti-
body reaction at the interface of the stacking and resolving gels
in the second dimension ranging from pH 4 to 10 (Fig. 6D, left
panel). Similarly, purified FLAG-Cdc31 also showed a faint
signal at the top of the gel (Fig. 6B, right panel, indicated by
three arrowheads), suggesting that a fraction of higher-molec-
ular-weight ubiquitinated proteins does not enter the SDS-
polyacrylamide gel.

Cdc31 forms a direct interaction with AAA class ATPases in
the proteasome. In an effort to independently establish that
Cdc31 can bind multiubiquitin chains and the proteasome, we
characterized the binding using recombinant GST-Cdc31 and
HA-Cdc31. Increasing amounts of total yeast protein extract
were incubated with a fixed amount of GST-Cdc31, and the
level of bound multiubiquitinated proteins was determined by
immunoblotting (Fig. 7A). Not unexpectedly, higher levels of
ubiquitin-cross-reacting material were purified with GST-
Cdc31 when increasing amounts of extract were added (Fig.
7A, lanes 3 to 5). The presence of ubiquitinated species smaller
than GST-Cdc31 (�50 kDa) is consistent with an interaction
between Cdc31 and other ubiquitinated cellular proteins (in-
cluding some that are smaller than GST-Cdc31). However,
compared to the level of total ubiquitinated proteins in cell
extract (lane 1), it is evident that their interaction with Cdc31
is weak. One interpretation of this result is that the copurifi-
cation of multiubiquitinated proteins with Cdc31 is not direct
but reflects its interaction with the proteasome, which is bound
to ubiquitinated proteins. This idea is supported by our results
that cdc31-1 interacted strongly with both multiubiquitinated
proteins and the proteasome, while cdc31-2 had significantly
weaker interactions with both multiubiquitinated proteins and
the proteasome (Fig. 5).

We also examined the Cdc31 interaction with proteasome
subunits in vitro. We initially surveyed a number of protea-
some subunits for their ability to bind GST-Cdc31 (data not
shown). Based on these preliminary studies, we focused our
attention on the ATPase subunits. Plasmids that expressed a
collection of His epitope-tagged ATPase subunits (Rpt1 to
Rpt6) in E. coli were generously provided by D. Skowyra (St.
Louis University). GST-Cdc31 was purified from E. coli and
immobilized on glutathione-Sepharose. E. coli lysates, contain-
ing nearly equivalent amounts of each Rpt protein (Fig. 7B),
were incubated with GST-Cdc31 bound to glutathione-Sepha-
rose. The purified proteins were separated by SDS-polyacryl-
amide gel electrophoresis (PAGE), and an immunoblot was
incubated with antibodies against the His epitope. We found
that Cdc31 formed a significant interaction with Rpt1, Rpt4,
and Rpt6, which reside in the 19S regulatory particle (Fig. 7B,
upper panel). In an alternate method we combined E. coli
protein extracts containing each of the six Rpt proteins with a
similar E. coli extract containing HA-tagged Cdc31. Consistent
with the earlier results (Fig. 7B), Rpt1, Rpt4, and Rpt6 were
coimmunoprecipitated with HA-Cdc31 (Fig. 7C). The direct
interaction with several AAA class subunits, using two differ-
ent epitopes, provides compelling evidence that Cdc31 can
bind the proteasome without prior conjugation to ubiquitin.
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DISCUSSION

Cdc31 and Dsk2 were isolated as suppressors of a kar1
mutant, which is defective in SPB duplication. Dsk2 resembles
Rad23, since both proteins contain proteasome-binding (UBL)
and ubiquitin-binding (UBA) domains. Rad23 functions as a
shuttle factor that can deliver multiubiquitinated substrates to
the proteasome, and a similar function is predicted for Dsk2,
which can also bind multiubiquitinated proteins and the pro-
teasome. Furthermore, Dsk2 has partially overlapping roles
with Rad23 (39, 40), and both proteins have biochemical and
genetic interactions with Cdc31. The association of Cdc31 with
two related proteolytic factors anticipated a role for protein
degradation in SPB duplication and cell cycle control. It is
significant in this regard that loss of both Dsk2 and Rad23
(dsk2� rad23�) causes a failure in SPB duplication that could
be suppressed by Cdc31. A role for Rad23 in cell cycle control
was suggested by the defective SPB duplication in a rad23�
dsk2� mutant (5) and by a transient G2 phase growth delay in
a rad23� rpn10� mutant (26). Taken together, these diverse
genetic and biochemical findings suggest that Cdc31, Rad23,
and Dsk2 function in a common pathway that regulates cell
cycle progression.

The regulation of Cdc31 function is unclear although in
metazoans Ca2� is likely to be a critical signaling mediator.
Because yeast Cdc31 interacts very weakly with Ca2� (37), it is
uncertain if its interactions with multiubiquitinated proteins
and proteasomes are regulated by this or by other divalent
metals. In addition to Ca2�-binding, a poorly described cova-

lent modification of human centrin has been described (36).
Our characterization of FLAG-Cdc31 by 2D gel electrophore-
sis also provides evidence for extensive modification. However,
further study will be required to determine if the posttransla-
tional modification of Cdc31 affects its interaction with cellular
proteins. For instance, it would be interesting to determine if
Cdc31 forms exclusive interactions with Rad4 and the protea-
some and if these interactions are regulated following DNA
damage.

Centrins are conserved EF-hand proteins bearing strong
structural similarity to the calmodulin family of regulatory pro-
teins (4, 16). The yeast Cdc31 protein contains two pairs of EF
hands that are separated by a linker sequence (Fig. 5A). Each
pair operates as a functional unit, although only the carboxyl
pair of EF hands in yeast Cdc31 has been reported to bind
calcium (37). Most, if not all, Cdc31/centrin interactions are
mediated by the carboxy-terminal domain. However, the EF
hands in the amino-terminal domain may influence the func-
tion of the C terminus. Cdc31 has been reported to bind SPB
components (5, 21, 24, 44), regulators of mRNA export (14,
25), DNA repair factors (1), and signal transduction proteins
(23, 45). The Kar1 and Dsk2 proteins play an important role in
targeting Cdc31 to the SPB. Cdc31 binds Sfi1, a central com-
ponent in the SPB (28). An intriguing question is how the
centrin proteins bind such a diverse collection of proteins
through a single domain. An important clue to the nature of
this interaction is offered by the characterization of calmodu-
lin, which binds an amphiphilic 	-helix in its target proteins.

FIG. 7. Cdc31 can bind specific AAA class ATPases in the proteasome. We further tested the Cdc31 interaction with multiubiquitinated
proteins and the proteasome by examining interactions in vitro. (A) Total protein extract was prepared from a wild-type strain, and various
amounts were applied to immobilized GST-Cdc31. Following a 2-h incubation, the beads were washed, and the level of bound multiubiquitin-
cross-reacting material was measured by immunoblotting. Increasing amounts of extract resulted in progressively higher amounts of multiubiq-
uitinated proteins in association with GST-Cdc31. Multiubiquitinated proteins were not recovered when the extract was combined with glutathi-
one-Sepharose that was bound to only GST (lane 6). (B) Recombinant His-tagged Rpt1 to Rpt6 proteins were expressed in E. coli BL21 cells. The
E. coli protein lysates were incubated with purified GST-Cdc31 that was bound to glutathione-Sepharose beads. Following a 2-h incubation, the
amount of Rpt proteins that was bound to GST-Cdc31 was determined. Immunoblots were probed with anti-His antibodies, and strong signals were
detected against Rpt1, Rpt4, and Rpt6. (C) HA-Cdc31 was purified from E. coli BL21 and combined with the Rpt-containing bacterial extracts,
and the interaction was examined by immunoblotting using anti-HA antibodies. Taken together, these two studies strongly support our view that
HA-Cdc31 interacts with the proteasome directly, without a need for prior conjugation to a multiubiquitin chain.
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Similar structures have been identified in Kar1 and XPC/Rad4
(7, 22, 37, 46, 50). The interactions between Cdc31 and diverse
cellular proteins were revealed in genetic studies (23) and are
consistent with multiple roles. Moreover, a significant fraction
of Cdc31 is not present in the SPB (36). In addition to SPB
duplication defects, cdc31 mutants have also shown cell mor-
phology and integrity defects (45).

Human CEN2 was discovered in a complex with the DNA
repair factors XPC and hHR23 (1) and was reported to stim-
ulate XPC-mediated DNA incision (33). The related DNA
repair proteins in yeast are encoded by the RAD4 and RAD23
genes, and both proteins are present in the NEF2 repair com-
plex (17). The interaction between Cdc31 and NEF2 could
provide a way to convey the cellular response to DNA damage
to the pathways that arrest cell cycle progression. To explore
these ideas we characterized the single centrin-encoding gene
in yeast (CDC31). We show here that yeast NEF2 contains
Cdc31. Although this interaction is mediated by Rad4 and does
not require Rad23, we note that Cdc31 forms regulated inter-
actions with a preassembled Rad23/Rad4 complex. Signifi-
cantly, a cdc31 mutant that formed reduced binding to Rad4
showed sensitivity to UV-induced DNA damage, suggesting
that Cdc31 might promote the cellular response to DNA dam-
age by regulating cell cycle progression.

We describe significant new interactions that define a novel
role for centrin/Cdc31 in the ubiquitin/proteasome system.
Cdc31 can bind the 26S proteasome. Cdc31 can also be copu-
rified with multiubiquitinated proteins, which could reflect its
interaction with the proteasome. Additionally, Cdc31 is conju-
gated to one to three ubiquitins, although it is a stable protein.
Since the presence of one to three ubiquitins does not promote
a stable interaction with the proteasome, we speculate that this
modification might affect Cdc31 function. We note, for in-
stance, that oligomeric forms of ubiquitinated Cdc31 were not
detected (Fig. 6C), suggesting that ubiquitination might pre-
vent self-assembly and aggregation.

We found that Cdc31 could bind several AAA class ATPases
that are present in the 19S regulatory particle. Although the
effect of this interaction is currently not known, we stress that
this binding with purified proteins strongly validates our hy-
pothesis that Cdc31 can interact with the proteasome. Further-
more, these in vitro results demonstrate that the Cdc31-pro-
teasome interaction does not require prior attachment to a
multiubiquitin chain.

We propose that Cdc31 interactions with the ubiquitin/pro-
teasome system are biologically significant because cdc31 mu-
tants are highly sensitive to drugs that generate protein dam-
age and are unable to degrade proteolytic substrates efficiently.
Moreover, the cdc31-2 protein interacted at dramatically re-
duced levels with both proteasomes and multiubiquitinated
proteins.

The binding of Cdc31 to its various cellular partners (includ-
ing XPC/Rad4, Kar1, Sfi1, proteasome, and multiubiquitinated
substrates) is mediated by its carboxy-terminal domain. Re-
moval of the amino terminus resulted in �20-fold decreased
abundance of the carboxy-terminal domain (cdc31-C), al-
though a strong interaction with its cellular partners was re-
tained. In contrast, the amino-terminal domain (cdc31-N) was
stable but did not bind any of the aforementioned proteins.
These results are consistent with the view that the amino-

terminal EF hand exerts a regulatory effect. Moreover, both
domains are essential for function since neither cdc31-N nor
cdc31-C could suppress the inviability of cdc31�.

The regulation of Cdc31 activities is not well understood.
Although Cdc31 belongs to a family of conserved Ca2�-bind-
ing proteins, it does not bind Ca2� with high affinity. Cdc31
interactions with Kic1 and Kar1 (6, 45), as well as its binding to
proteasomes and multiubiquitinated proteins, are apparently
Ca2� independent. Cdc31 interactions with the proteasome
and multiubiquitinated proteins were similarly unaffected by
EGTA or excess Ca2� (data not shown). In contrast, studies
using purified human CEN2 and the carboxy-terminal EF-
hand domain showed Ca2�-dependent interaction with a pep-
tide derived from XPC (37). Subtle changes in calcium levels
may affect Cdc31 structure and influence its interaction with
the proteasome and multiubiquitinated proteins.

CDC31 encodes the essential Cdc31 protein in S. cerevisiae.
The availability of genetic mutants permitted our preliminary
characterization of Cdc31 and our discovery that it plays an
important role in protein degradation. Cdc31 mutants harbor-
ing defects in various cellular functions have been identified
and characterized. Because of Cdc31’s critical role in control-
ling SPB duplication, Cdc31 might be ideally positioned to
regulate cell cycle arrest in response to environmental stresses.
Therefore, we speculate that an important role for Cdc31
might involve integrating a DNA damage signal to execute
checkpoint growth arrest. Delaying SPB duplication is ex-
pected to facilitate efficient NER. This model is consistent with
the UV sensitivity of the cdc31-1 mutant, the previously de-
scribed interaction between centrin and XPC, and our finding
that Cdc31 binds NEF2. However, it remains to be determined
if the proteolytic functions of Cdc31 are required for a putative
checkpoint function. We note that a number of genetic and
biochemical interactions with components of the ubiquitin/
proteasome system (including Dsk2 and Rad23) have been
described, and it is significant that double mutants involving
Rad23 (rad23� rpn10� or rad23� dsk2�) cause defects in cell
cycle control.
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