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Rad23 contains a ubiquitin-like domain (UbLR23) that interacts with catalytically active proteasomes and
two ubiquitin (Ub)-associated (UBA) sequences that bind Ub. The UBA domains can bind Ub in vitro, although
the significance of this interaction in vivo is poorly understood. Rad23 can interfere with the assembly of
multi-Ub chains in vitro, and high-level expression caused stabilization of proteolytic substrates in vivo. We
report here that Rad23 interacts with ubiquitinated cellular proteins through the synergistic action of its UBA
domains. Rad23 plays an overlapping role with Rpn10, a proteasome-associated multi-Ub chain binding
protein. Mutations in the UBA domains prevent efficient interaction with ubiquitinated proteins and result in
poor suppression of the growth and proteolytic defects of a rad23� rpn10� mutant. High-level expression of
Rad23 revealed, for the first time, an interaction between ubiquitinated proteins and the proteasome. This
increase was not observed in rpn10� mutants, suggesting that Rpn10 participates in the recognition of
proteolytic substrates that are delivered by Rad23. Overexpression of UbLR23 caused stabilization of a model
substrate, indicating that an unregulated UbLR23-proteasome interaction can interfere with the efficient
delivery of proteolytic substrates by Rad23. Because the suppression of a rad23� rpn10� mutant phenotype
required both UbLR23 and UBA domains, our findings support the hypothesis that Rad23 encodes a novel
regulatory factor that translocates ubiquitinated substrates to the proteasome.

A family of proteins that contain amino-terminal ubiquitin
(Ub)-like (UbL) domains has been shown to play a role in
proteolysis (12, 13, 20, 24, 33, 35). Rad23 is the best-charac-
terized protein in this class, and Rad23 proteins of Saccharo-
myces cerevisiae and humans are biochemically similar (17, 18,
30, 35, 37). Rad23 binds DNA repair factors that play essential
roles in nucleotide excision repair (NER) (29, 32, 37) and
specifically interacts with Rad4 to facilitate the assembly of a
DNA repair complex on UV-damaged DNA (19, 22). Exten-
sive characterization of Rad23 proteins from yeast and humans
showed that they promoted the assembly of DNA repair com-
plexes (19, 22) and stimulated the activity of Rad4/XPC (36).
We reported previously that the UbL domains in both yeast
and human Rad23 could interact with catalytically active pro-
teasomes (35). This interaction is important for DNA repair
because removal of UbLR23 caused sensitivity to UV light (47),
although this mutant retained the ability to bind Rad4 (P.
Tongaonkar and K. Madura, unpublished results). However, a
well-defined biochemical function for Rad23 was unavailable.

The addition of purified Rad23 protein to a reconstituted
ubiquitination reaction mixture effectively blocked the forma-
tion of multi-Ub chains on a test substrate histone, H2B (30,
41). In agreement with this result, we found that the overex-
pression of Rad23 inhibited the degradation of test substrates
in vivo (30). Additionally, it has been shown that overexpres-
sion of Rad23 causes stabilization of Pds1 (8). The discovery
that Rad23 can bind Ub (5, 7), multi-Ub chains (33, 48), and

ubiquitinated proteins (30) provides a mechanistic basis for
these findings.

Rad23 contains two Ub-associated (UBA) domains (21, 43)
that play an important role in regulating the abundance of the
cell cycle regulator Pds1 (5, 8). Recent studies showed that the
UBA domains in Rad23, as well as Ddi1 and Dsk2, could
interact with Ub and multi-Ub chains (5, 7, 13, 33, 48). Inter-
estingly, Dsk2 and Ddi1 also contain UbL domains, and double
mutants (rad23� dsk2� and rad23� ddi1�) display growth de-
fects that are not apparent in the single-mutant strains (6, 8).
Similar to results from our studies with Rad23 (30, 35), the
Dsk2 protein was recently reported to bind ubiquitinated pro-
teins and the proteasome in yeast cells (13, 33). Collectively,
these findings suggest that proteins that contain both UbL and
UBA domains represent a novel class of proteolytic regulators
that have similar and partially redundant functions.

Rad23 has a role that overlaps with that of Rpn10 (26), a
subunit in the proteasome that binds multi-Ub chains (44).
Loss of both proteins (rad23� rpn10�) resulted in pleiotropic
growth and proteolytic defects that included extreme sensitiv-
ity to cold temperatures and inability to grow in the presence
of amino acid analog canavanine (26). In addition, ubiquiti-
nated proteins accumulated in the double mutant, suggesting a
failure in their delivery to the proteasome. In agreement with
this conjecture, we found that �UbLrad23 (a mutant lacking the
UbL domain) could bind ubiquitinated proteins but was un-
able to alleviate any of the defects of a rad23� rpn10� mutant,
underscoring the importance of the Rad23-proteasome inter-
action.

We report here that Rad23 can bind ubiquitinated cellular
proteins. Significantly, this interaction required the UBA do-
mains, since specific mutants were deficient in binding ubiqui-
tinated cellular proteins. Because Rad23 mutants that lacked
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either UbLR23 or functional UBA domains failed to suppress
the defects of rad23� rpn10� mutants, we conclude that the
interactions with both ubiquitinated proteins and the protea-
some are required for Rad23 function. High-level expression
of Rad23 resulted in a dramatic increase in the levels of ubi-
quitinated proteins in the proteasome. Furthermore, the in-
creased association between ubiquitinated proteins and the
proteasome required Rpn10. These intriguing results are to
our knowledge the first evidence that reveals the interaction
between ubiquitinated proteins and the proteasome. Collec-
tively, our results provide compelling support for a “shuttle
factor hypothesis,” wherein Rad23 and other proteins that
contain UbL and UBA domains, such as Dsk2 (6) and Ddi1
(8), regulate the translocation of proteolytic substrates to the
proteasome. As a further test of this idea, we found that over-
expression of GST-UbLR23 resulted in significant stabilization
of a test substrate, suggesting that unregulated interaction be-
tween UbLR23 and the proteasome can interfere with the ef-
ficient delivery of proteolytic substrates by Rad23.

MATERIALS AND METHODS

Yeast strains and plasmids. A bar1� mutant was constructed with plasmid
pJGSST1 in haploid yeast strain JD47-13C (MATa his3-�200 trp1-�63 lys2-801
ura3-52 leu2-112), which was kindly provided by J. Dohmen. The yeast RAD23
gene was deleted in JD47-13C by using plasmid pDG28, which was provided by
R. D. Gietz. KMY1188 is an 5-fluoroorotic acid-resistant derivative of this
rad23� strain. Plasmids expressing Flag-Rad23 and the set of glutathione S-
transferase (GST)-Rad23 fusion proteins were described previously (35).

Protein and immunological methods. Pulse-chase and immunoblotting exper-
iments were performed essentially as described previously (2, 30). Briefly, expo-
nential-stage yeast cells (�30 ml; A600 � 1) were washed and suspended in
labeling buffer containing 250 �Ci of a [35S]Met-[35S]Cys (NEN/Dupont) com-
bination and incubated for 5 min at 30°C. The incorporation of radioisotope was
terminated by suspending the cells in medium containing 0.5 mg of cyclohexi-
mide/ml and excess unlabeled methionine and cysteine. Aliquots were withdrawn
at intervals and frozen in liquid nitrogen. After aliquots from all the time points
were collected, 0.5-mm acid-washed glass beads (Sigma Chemical Co., St. Louis,
Mo.) were added and the cells were lysed by vortexing. The incorporation of 35S
label into trichloroacetic acid (TCA)-insoluble material was determined by scin-
tillation counting, and equal amounts of protein were adjusted to equal volume
and incubated with specific antibodies. Immunoprecipitations were typically car-
ried out for 3 h at 4°C with constant mixing. The bound proteins were washed,
resuspended in sodium dodecyl sulfate (SDS)-sample buffer, boiled, and resolved
in SDS-containing polyacrylamide gels. Experiments involving the characteriza-
tion of �-galactosidase (�-Gal) test proteins were performed using 8% polyacryl-
amide gels, while 10% acrylamide gels were used in all other experiments. The
separated proteins were transferred to nitrocellulose with a Hoefer semidry
transfer apparatus and blocked with 5% milk powder. Antibodies against �-Gal
were purchased from Promega Inc. (Madison, Wis.). Anti-Flag, anti-Ub, and
anti-GST antibodies were purchased from Sigma Chemical Co. Antibodies
against GST-Rad23 were prepared by Pocono Rabbit Co. For immunoblot de-
tection, an enhanced chemiluminescence kit was purchased from NEN/Dupont.
Protein A-Sepharose was purchased from Repligen Inc. (Cambridge, Mass.), and
GST-Sepharose was purchased from Amersham/Pharmacia Biotech (Piscataway,
N.J.). Protein interactions were quantitated with Kodak 1D-3.5 software.

Cell-cycle analysis. The growth of yeast bar1-1 mutant cells (4910-3-3a; MATa
cdc7-4 his7 ura1 bar1) was arrested by adding 10 ng of alpha-factor (Sigma)/ml.
The efficiency of arrest was determined microscopically, and after greater than
95% of the cells had arrested in G1 they were resuspended in fresh medium
lacking alpha-factor to resume mitotic growth. An aliquot of the culture was
withdrawn immediately after resuspension and suspended for 5 min in labeling
buffer containing 200 �Ci of a [35S]Met-[35S]Cys combination. Further incorpo-
ration of 35S label was terminated by the addition of cycloheximide, and the cells
were incubated for further 60 min (chase). Equal-volume aliquots were removed
during the chase after 0, 10, and 60 min and frozen in liquid nitrogen. Similar
pulse-chase experiments were performed at 30-min intervals five additional times
during the cell cycle. Equal amounts of TCA-insoluble material were reacted
with antibodies against native Rad23, and the precipitated proteins were sepa-

rated by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitro-
cellulose, and exposed to X-ray film. The same filter was subsequently incubated
with antibodies against Ub, and the cross-reacting material was detected by
enhanced chemiluminescence.

Construction of RAD23 mutations. DNA oligonucleotides to delete the UBA1

domain or to generate mutations in UBA1 and UBA2 domains of yeast RAD23
were synthesized. Oligonucleotides complementary to the 5� and 3� ends of the
RAD23 gene contained EcoRI and KpnI DNA restriction sites for cloning into a
yeast expression vector that encoded a Flag epitope. However, for expression of
the same RAD23 alleles in E. coli we amplified the DNA with oligonucleotides
that contained NcoI and BamHI DNA restriction sites on the 5� and 3� ends and
cloned the DNA into pET11d (Novogen, Inc.). The oligonucleotides used for
generating the UBA mutations are shown below, and the mutated genes were
subjected to DNA sequencing for confirmation. The primers used for generating
a deletion of UBA1, described previously (30), were 461 (5�-GAATATGCACT
GATGGGTATTCCAG-3�), 462 (5�-GAATACCCATCAGTGCATATTCCAC-
CGC-3�), and 470 (5�-GCGGATCCTCAGTCGGCATGATCGCTGAATGC-
GATATTTGCTGCAGC-3�)

RESULTS

Rad23 binds ubiquitinated proteins. In previous studies we
and others showed that Rad23 could bind free Ub (5, 7),
although it was probable that ubiquitinated proteins were its
natural targets. High-level expression of Rad23 led to the ac-
cumulation of ubiquitinated proteins in yeast cells (Fig. 1A,
lanes 3 and 4), while a control strain that did not overexpress
Rad23 (lane 1) and one that overexpressed Rpn10 (lane 2) did
not display this effect. We considered it less likely that Rad23
promoted the accumulation of unanchored multi-Ub chains
because we found that high-level expression of Rad23 resulted
in the stabilization of test substrates (30). Therefore, we be-
lieve that the accumulation of anti-Ub cross-reacting material
in extracts prepared from cells that overexpressed Rad23 rep-
resents ubiquitinated proteins. Overexpression of Rad23 has
also been reported to result in the stabilization of the cell cycle
regulator Pds1 (8).

We had previously generated a set of GST-Rad23 fusion
proteins from yeast cells (35) (Fig. 1B) to examine their inter-
action with the proteasome. We used these reagents here to
examine the interaction between Rad23 and ubiquitinated pro-
teins. Equal amounts of extract were incubated with glutathi-
one-Sepharose, and the proteins that were bound to the GST
fusion proteins were examined in an immunoblot with antibod-
ies against Ub (Fig. 1C). Both full-length Rad23 (lane 2) and
a mutant that lacked the N-terminal UbL domain (�UbLrad23;
lane 3) formed a strong interaction with ubiquitinated pro-
teins. In contrast, ubiquitinated proteins were not copurified
with GST-UbLR23 (lane 4), although this domain forms a
strong interaction with the proteasome, which recognizes and
degrades ubiquitinated proteins. It is likely that ubiquitinated
substrates are normally not detected in association with the
proteasome because they are rapidly degraded. Similar to
GST-UbLR23, ubiquitinated proteins were not purified with
GST (lane 1).

UBA domains in Rad23 mediate the interaction with ubi-
quitinated proteins. The UBA domains in Rad23 (43) and
other proteins bind Ub (5, 7, 13, 33, 48). In addition, ubiqui-
tinated proteins could be coprecipitated with Rad23 and Dsk2
from yeast cell extracts (13, 30). To further characterize the
interaction between the UBA domains in Rad23 and Ub, we
generated a set of mutants that were based on studies de-
scribed previously (5). We deleted UBA1 in Rad23 and also
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FIG. 1. Rad23 binds ubiquitinated proteins through UBA domains. (A) Protein extracts were prepared from yeast cells that expressed
Flag-Rpn10 from the copper-inducible CUP1 promoter (lane 2) or Rad23 from the galactose-inducible GAL1 promoter (lanes 3 and 4,
independent preparations). Extracts were also prepared from a wild-type control strain (WT), which did not overexpress either protein (lane 1).
Equal amounts of protein were resolved in an SDS–10% polyacrylamide gel, transferred to nitrocellulose (Bio-Rad), and incubated with anti-Ub
antibodies (Sigma). The immunoblot (representing the entire SDS-polyacrylamide gel) was developed with enhanced chemiluminescence (NEN/
Dupont). (B) GST (lane 1) and GST fusion proteins that expressed full-length Rad23 (lane 2), �UbLrad23 (lane 3), and the UbLR23 domain (lane
4) were purified from yeast extracts on glutathione-Sepharose (Amersham/Pharmacia Biotech) and are shown by Coomassie staining. The sizes
of the various proteins are indicated at the right. The faint bands that are visible in lane 4 represent proteasome subunits that were coprecipitated
with UbLR23. (C) An immunoblot that contained the purified GST fusion proteins in the order described for panel B was incubated with anti-Ub
antibodies. The image represents the entire SDS–10% polyacrylamide gel, and the approximate positions of the fusion proteins are indicated.
(D) Flag-Rad23 (lane 1) and derivatives that contained defective UBA domains were expressed in yeast and immunoprecipitated (IP) on
Flag-agarose (Sigma). The proteins that were bound to the Rad23 proteins were separated by SDS-PAGE, transferred to nitrocellulose, and
incubated with antibodies against Ub. Lanes 2 to 6, Flag-rad23uba1, Flag-rad23uba2, Flag-rad23uba1uba2, Flag-�UbLrad23, and Flag-rad23�uba1,
respectively. (E) The blot shown in panel D was stripped and incubated with antibodies against Cim5/Rpt1 to examine the interaction between the
Rad23 derivatives and the proteasome. The faint band seen in lane 5 reflects a weak cross-reaction against the heavy chain of the anti-Cim5/Rpt1
antibodies, which comigrated with Cim5. (F) A yeast strain expressing Flag-Rad23 was transformed with plasmids expressing Met–�-Gal (M; lane
1), Ub–Pro–�-Gal (Ub-P; lane 2), or Arg-�-Gal (R; lane 3), and protein extracts were incubated with Flag-agarose. The bound proteins were
resolved by SDS-PAGE and examined by immunoblotting with antibodies against �-Gal. Lane 4, yeast extract that contained Flag-Rad23, but none
of the �-Gal proteins (control). Bracket, positions of the �-Gal proteins that were copurified with Flag-Rad23; �, nonspecific reaction against
cellular protein; H, electrophoretic positions of the heavy chain of the anti-�-Gal antibodies. (G) Human hHR23-B was expressed in yeast cells
as a fusion to GST and purified on glutathione-Sepharose (lane 1). Lane 2, extracts from a yeast strain that expressed GST. The bound proteins
were resolved in a 10% polyacrylamide gel, and an immunoblot was incubated with antibodies against Ub. The image represents the entire
SDS–10% polyacrylamide gel.
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generated mutants that contained single amino acid substitu-
tions in each UBA domain to prevent their interaction with
Ub. Each derivative was expressed with an amino-terminal
Flag epitope to facilitate rapid purification from yeast cells.
(Flag-Rad23 can functionally replace the native protein.) In
agreement with the results in Fig. 1C, ubiquitinated proteins
were efficiently copurified with Flag-Rad23 (Fig. 1D, lane 1).
However, a single amino acid substitution in UBA1 (L183A;
rad23uba1) caused an 80% reduction in the amount of ubiqui-
tinated protein that was recovered (lane 2). In contrast, a
similar mutation in UBA2 (L392A; rad23uba2) decreased the
binding by only 20% (lane 3), consistent with a weaker inter-
action with Ub, which was previously described (5, 7). A Rad23
mutant that contained mutations in both UBA domains
(rad23uba1uba2) was completely defective (lane 4), and the in-
teraction with ubiquitinated proteins was �1% of that de-
tected with the wild-type protein. In contrast to the single
amino acid substitution in UBA1 (rad23uba1), deletion of the
entire domain (rad23�uba1; removal of residues 141 to 190)
caused a very severe defect (lane 6), and the interaction with
ubiquitinated proteins was �1% of the level seen with the
wild-type protein, despite the presence of intact UBA2. Since
the UBA domains in Rad23 have been reported to participate
in the formation of homodimers (4, 5), it is possible that they
contribute to the conformational integrity of the protein, and a
deletion could cause significant structural perturbations. Sim-
ilarly, dimerization between Rad23 and other UBA-containing
proteins (33) might also contribute to its stabilization. Re-
moval of UbLR23 (�UbLrad23), which is believed to form an
independently folded domain (35; our unpublished studies),
did not affect the interaction with ubiquitinated proteins (lane
5). The same filter was also incubated with antibodies against
Cim5/Rpt1 (35), one of the six ATPases present in the 19S
regulatory particle of the proteasome (16). With the exception
of �UbLrad23 (Fig. 1E, lane 5), all the Rad23 derivatives con-
tained UbLR23 and were able to bind the proteasome (Fig.
1E). The ability of the �UbLrad23 mutant to bind ubiquitinated
proteins but not the proteasome is consistent with the idea that
shuttle factors deliver proteolytic substrates to the proteasome.
We examined the interaction between Flag-Rad23 and well-
characterized proteolytic substrates to establish that the an-
ti-Ub cross-reacting material that coprecipitated with Flag-
Rad23 included proteolytic substrates (and not just
unanchored multi-Ub chains). Plasmids that expressed the test
substrates Ub–Pro–�-Gal and Arg–�-Gal and the control pro-
tein Met–�-Gal were transformed into a yeast strain that har-
bored the Flag-Rad23-expressing construct. Yeast extracts
were prepared and applied to Flag-agarose beads, and the
interaction with the �-Gal substrates was determined by im-
munoblotting (Fig. 1F). As expected, we found that well-char-
acterized proteolytic substrates Ub–Pro–�-Gal and Arg–�-Gal
(2, 45) coprecipitated with Flag-Rad23 (lanes 2 and 3) but not
with Met–�-Gal, which is not targeted for degradation (lane 1).
The human counterparts of Rad23 (hHR23-A and hHR23-B)
can also bind the proteasome (35) and block the assembly of
substrate-linked multi-Ub chains (30). To further assess their
similarity with the yeast protein, we expressed GST–hHR23-B
in yeast and found that ubiquitinated proteins were copurified
(Fig. 1G, lane 1). Since the sequence and structure of Ub are
highly conserved between yeast and humans, these results sug-

gest that the UBA domains in Rad23 proteins play an evolu-
tionarily conserved role in binding ubiquitinated proteins.

UBA mutants fail to stabilize substrates in vivo. We next
investigated if mutations in the UBA domains had an effect on
the biochemical properties of Rad23. We first measured the
binding between the mutant Rad23 proteins and proteolytic
substrates Arg–�-Gal and Ub–Pro–�-Gal. Flag-Rad23 and
Flag-rad23uba2 could efficiently coimmunoprecipitate ubiquiti-
nated Ub–Pro–�-Gal (Fig. 2A, lanes 2 and 11) and Arg–�-Gal
(lanes 3 and 12) but not the control substrate Met–�-Gal
(lanes 1 and 10). In contrast, Rad23 derivatives that contained
mutations in UBA1 were significantly more impaired in bind-
ing these substrates (Fig. 2A, lanes 4 to 9 and 13 to 15) in
proportion to their ability to interact with ubiquitinated cellu-
lar proteins (Fig. 1D). In contrast to Flag-rad23uba2, Flag-
rad23�uba1 and Flag-rad23uba1uba2 interacted poorly with Arg–
�-Gal and Ub–Pro–�-Gal. In the experiment shown in Fig. 2A,
the cellular levels of Flag-rad23uba1, Flag-rad23uba2, and Flag-
rad23uba1uba2 mutant proteins were approximately threefold
higher than the level of Flag-Rad23, accounting for the higher
levels of bound substrates. (Figure 2B is a Ponceau-S-stained
filter that was subsequently immunoblotted in Fig. 2A.) For
reasons that are not clear, the single amino acid substitution in
rad23uba2 resulted in a noticeable decrease in electrophoretic
mobility (Fig. 2B, lanes 10 to 15). However, it should be noted
that native Rad23 also displays aberrant mobility in SDS-poly-
acrylamide gels, as it is typically detected as a 58- to 60-kDa
protein despite a predicted size of 42 kDa. (A cross-reacting
band that comigrated with Met–�-Gal was detected by immu-
noblotting, but not following pulse-chase analysis and immu-
noprecipitation, as shown in Fig. 2C.)

The overexpression of Rad23 causes stabilization of proteo-
lytic substrates in yeast cells. We therefore measured protein
stability by pulse-chase methods to confirm that the failure of
Flag-rad23uba1uba2 to bind ubiquitinated proteins would result
in constitutive degradation of Ub–Pro–�-Gal. As expected,
Ub–Pro–�-Gal was efficiently ubiquitinated and degraded in a
wild-type cell (half-life [t1/2], �7 min; Fig. 2C, lanes 1 to 4),
while overexpression of Flag-Rad23 prevented the expansion
of multi-Ub chains on Ub–Pro–�-Gal (lanes 5 to 8), resulting
in strong stabilization (t1/2, �100 min). In contrast to Flag-
Rad23, Flag-rad23uba1uba2 did not inhibit the multiubiquitina-
tion and degradation of Ub–Pro–�-Gal (t1/2, �10 min; lanes 9
to 12), demonstrating that the interaction between UBA do-
mains in Rad23 and Ub moieties on a substrate is important
for controlling protein stability.

Rad23 forms transient interactions with ubiquitinated pro-
teins. In previous studies we reported that Rad23 and another
DNA repair protein, Rad4, could be cofractionated with the
proteasome (35). Based on this result we speculated that
Rad23 might translocate proteolytic substrates to the protea-
some, although it is not known if Rad4 is a substrate for
degradation. We also observed that high-level expression of
Rad23 resulted in the stabilization of well-characterized pro-
teolytic substrates in vivo (30). One interpretation of this result
is that, at high-level expression, free Rad23 (representing the
fraction that is not bound to substrate) binds the proteasome
and interferes with the efficient delivery of proteolytic sub-
strates, resulting in their stabilization. However, at physiolog-
ical levels of expression, Rad23 might form transient interac-
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tions with substrates to facilitate their delivery to the
proteasome. This conjecture is supported by the ability of
Rad23 to bind Ub (5, 7) and multi-Ub chains (33, 48) and its
overlapping functions with Rpn10 (26). To test this idea, we
measured the interaction between Rad23 and ubiquitinated
proteins in a time course assay. The growth of yeast cells was
inhibited in G1 phase by the addition of alpha-mating factor to
the medium (27). The culture was released from G1 arrest and
allowed to grow synchronously for approximately two genera-
tions, during which time we conducted pulse-chase analysis at
30-min intervals to measure the interaction between ubiquiti-
nated proteins and native Rad23 protein. We found that
Rad23 formed an association with high-molecular-weight, 35S-
labeled material throughout the cell cycle (Fig. 3A, zero time
point lanes). As noted previously, native Rad23 is stable (47),
despite its interaction with the proteasome (35). When the
same filter was incubated with anti-Ub antibodies, we detected
a strong reaction against high-molecular-weight species (Fig.
3B), consistent with the hypothesis that Rad23 forms transient
interactions with cellular proteins that are ubiquitinated. Sig-
nificantly, the interaction between Rad23 and ubiquitinated
proteins decreased rapidly during the chase (compare intensi-
ties in the 0- and 60-min lanes). We speculate that this de-
crease in anti-Ub cross-reacting material might reflect protea-
some-mediated degradation of the proteins that are bound to
Rad23. However, we cannot discount the possibility that the
decrease results from the dissociation of the bound ubiquiti-
nated proteins or the action of de-ubiquitinating enzymes.

The interaction between Rad23 and ubiquitinated proteins
increased following DNA damage. The removal of UbLR23

from Rad23 prevents interaction with the proteasome (35) and
causes sensitivity to DNA damage (47), suggesting that Rad23
has a proteolytic role in its diverse biological activities, includ-
ing DNA repair. Additionally, genetic results showed that
Rad23 plays an role overlapping with that of Rpn10 (26), a
proteasome-associated multi-Ub chain-binding factor (44),
and physical interactions between Rad23 and subunits in the
catalytic particle of the proteasome have been reported (42).
However, recent studies have indicated that the UBA domains
are not required for the NER-specific functions of Rad23 (5).
It was also proposed that during NER the interaction between
Rad23 and the proteasome does not involve proteolysis (14,
34). The emerging evidence, which suggests that Rad23 inter-
acts with ubiquitinated cellular proteins (5, 7, 33, 48), is con-
sistent with a role in proteolysis, although this conjecture will
have to be confirmed with a physiological substrate. It is rele-
vant in this regard that Rad23 was recently reported to interact
specifically with multi-Ub chains (33, 48) that have been shown
to promote substrate degradation by the proteasome (23, 25).
If Rad23 binds the distal end of a multi-Ub chain, it would
likely prevent further conjugation of Ub, consistent with our
previous studies (30). The interaction between Rad23 and ubi-
quitinated proteins (Fig. 1C) might prevent deubiquitination,
although subsequent translocation to the proteasome by
Rad23 is expected to promote substrate degradation. These
contrasting activities of Rad23 could allow a constitutively de-
graded protein to be transiently stabilized to set in motion
specific biochemical functions. This form of regulation might
be particularly beneficial for proteins that cause cellular toxic-
ity or for other deleterious effects.

FIG. 2. The UBA domains in Rad23 are required for binding sub-
strates and inhibiting degradation. (A) Yeast strains expressing Met–
�-Gal (M), Ub–Pro–�-Gal (P), and Arg–�-Gal (R) were transformed
with plasmids encoding Flag-Rad23, Flag-rad23�uba1, Flag-rad23uba1,
Flag-rad23uba2, and Flag-rad23uba1uba2. All the Rad23 proteins were
expressed well in yeast cells, and the levels of Flag-rad23uba1, Flag-
rad23uba2, and Flag-rad23uba1uba2 were approximately threefold higher
than that of Flag-Rad23 (see panel B). Equal amounts of protein
extracts were incubated with Flag-agarose, and the bound material was
examined in an immunoblot with antibodies against �-Gal (Promega).
Both Ub–Pro–�-Gal and Arg–�-Gal interacted with Flag-Rad23, while
the UBA mutants were impaired to various degrees in their interaction
with these proteolytic substrates. Weak cross-reaction against a non-
specific protein that comigrated with Met–�-Gal was detected by im-
munoblotting (asterisk) but not by immunoprecipitation (see panel C).
Arrow, positions of multiubiquitinated proteolytic substrates. (B) Ex-
pression of Flag-Rad23 and the various UBA mutants in yeast cells.
The filter shown in panel A was initially stained with Ponceau-S, and
the image revealed that Flag-rad23uba1, Flag-rad23uba2, and Flag-
rad23uba1uba2 were expressed well in yeast cells and were present at
higher levels than Flag-Rad23 (lanes 1 to 3; arrow). Also, the mutation
in UBA2 caused an aberrant decrease in the electrophoretic mobility
of Rad23 mutant proteins (bracket), and the reason for this is not
known. (C) Pulse-chase measurements were performed to measure the
stability of Ub–Pro–�-Gal in strains that expressed either Flag-Rad23
or Flag-rad23uba1uba2. The first set of pulse-chase measurements (lanes
1 to 4) represents the stability of Ub–Pro–�-Gal in a wild-type strain
(arrow). The expression of high levels of Rad23 (from the PCUP1
promoter) resulted in stabilization of Ub–Pro–�-Gal (lanes 5 to 8),
which was ligated to Ub. In contrast, expression of Flag-rad23uba1uba2

had no effect on Ub–Pro–�-Gal stability (lanes 9 to 12), consistent with
its inability to bind this substrate efficiently.
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To explore the link between NER and proteolysis, we ex-
amined Rad23 interaction with ubiquitinated proteins follow-
ing DNA damage. An actively growing culture of yeast cells
was exposed to the UV mimetic 4-nitrosoquinoline oxide (4-
NQO) or to alpha-mating factor. Protein extracts were pre-
pared, and Flag-Rad23 was precipitated. The proteins were
separated by SDS-PAGE, transferred to nitrocellulose, and
incubated with antibodies against Ub. Equivalent amounts of
ubiquitinated proteins were bound to Flag-Rad23 in untreated
and alpha-factor-treated cells (Fig. 4A, lanes 2 and 3). In
contrast, the interaction between Rad23 and ubiquitinated
proteins increased approximately twofold after treatment with
4-NQO (lane 1). (The quantitation of these results was ad-
justed for the amount of Flag-Rad23 that was precipitated.)
The relatively modest increase in interaction with ubiquiti-
nated proteins following DNA damage may reflect the fact that
Rad23 participates in diverse pathways including stress re-
sponse, cell cycle control, and DNA repair. Therefore, a two-
fold increase may be quite significant if it arises exclusively
from increased levels of DNA repair-specific targets. To fur-
ther characterize the effect of DNA damage, we compared the
binding between ubiquitinated proteins and either Flag-Rad23
or Flag-�UbLrad23, a mutant that causes a defect in DNA
repair (47). Yeast cells that expressed either Flag-Rad23 or
Flag-�UbLrad23 were exposed to 4-NQO for 60 min and then
resuspended in medium lacking this DNA-damaging agent.

Aliquots of the culture were withdrawn after 0, 10, 30, and 60
min, and protein extracts were prepared. Equal amounts of
protein were incubated with Flag-agarose, and the ubiquiti-
nated proteins that were bound to Rad23 were detected by
immunoblotting (Fig. 4B and E). We found that the overall
amount of ubiquitinated proteins that was bound to Rad23
decreased over the 60-min duration. Intriguingly, we observed
that the ubiquitinated species that were bound to Flag-Rad23
were redistributed toward higher-molecular-weight forms dur-
ing the course of the incubation (Fig. 4B). The interaction
between Rad23 and the proteasome was unaffected, as re-
vealed by the precipitation of Cim5/Rpt1 (Fig. 4C). In contrast
to these results, the ubiquitinated species that were bound to
Flag-�UbLrad23 were more heterogeneous in size (Fig. 4E),
and we did not observe a significant redistribution to higher-
molecular-weight forms (Fig. 4E). As expected, Flag-�UbLrad23
did not show an appreciable interaction with the proteasome (Fig.
4F). The filters used for Fig. 4D and G (which are the same as
those used for Fig. 4B and E) were probed with anti-Rad23
antibodies, and the positions of Flag-Rad23 and Flag-�UbLrad23
are indicated. Since substrate-ubiquitinating factors are present in
the proteasome (40, 46, 49), these findings raise the possibility
that the complete ubiquitination of some proteolytic substrates
might occur after their translocation to the proteasome by Rad23.

UBA mutants fail to suppress the growth and proteolytic

FIG. 3. Rad23 binds transiently to ubiquitinated proteins during the mitotic cell cycle. (A) A yeast bar1-1 mutant was incubated with
alpha-factor, and growth was arrested in G1 (27). The cells were washed extensively and resuspended in fresh medium, and aliquots were withdrawn
at 0, 30, 60, 90, 120, and 150 min, corresponding approximately to the cell cycle stages indicated at the bottom. Each aliquot was subjected to
pulse-chase analysis with 35S label, and native Rad23 was immunoprecipitated from equal amounts of labeled protein by using polyclonal
antibodies. The precipitated proteins were separated by SDS-PAGE and transferred to nitrocellulose, and the filter was exposed to X-ray film. The
position of 35S-labeled Rad23 is shown. The presence of high-molecular-weight 35S-labeled material, which was bound to Rad23 during the cell
cycle, is particularly noticeable in the 0-min sample of each pulse-chase. (B) To confirm that the high-molecular-weight material represented
ubiquitinated proteins, the same filter was incubated with antibodies against Ub and detection was by enhanced chemiluminescence. The polyclonal
anti-Ub antibodies reacted strongly against the heavy chain of the polyclonal anti-Rad23 antibodies (arrow). IgG-H, immunoglobulin heavy chain.
The bracket on the right indicates high-molecular-weight Ub-cross-reacting material. 14C molecular weight protein standards are present in the left
lane and are detected by autoradiography (A).
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defects of a rad23� rpn10� double mutant. The rad23� rpn10�
double mutant is unable to grow in the presence of amino acid
analog canavanine or at low temperature (26). The rad23�
rpn10� mutant also displays proteolytic defects and a delay
during the G2 phase of the cell cycle. These pleiotropic phe-
notypes are completely suppressed following transformation
with a plasmid that encodes either Rad23 or Rpn10 (26). To
determine if the Rad23-proteasome interaction played a role
in this suppression, we previously expressed �UbLrad23 in the
rad23� rpn10� mutant and found that it was unable to alleviate
any of the defects (26), underscoring the importance of pro-
teasome interaction for Rad23 function. Here we investigated
if the interaction between Rad23 and ubiquitinated proteins
was also required for suppressing the defects of the rad23�
rpn10� mutant. We expressed Flag-rad23uba1uba2 in the rad23�
rpn10� mutant and found that it was unable to restore growth
at low temperature or in the presence of amino acid analog
canavanine (Fig. 5). A mutation in UBA2 enabled Flag-
rad23uba2 to grow well at 30 and 23°C but not at 13°C, consis-
tent with its moderate interaction with ubiquitinated proteins
(Fig. 1D). In contrast, Flag-rad23uba1uba2 was as growth im-
paired as the rad23� rpn10� mutant at 30, 23, and 13°C, re-
flecting its reduced interaction with ubiquitinated cellular pro-
teins. Interestingly, both mutant proteins failed to permit
growth in medium containing canavanine, indicating that the
generation of damaged proteins by amino acid analogs re-
quires a fully functional Rad23 protein. Taken together, our
genetic and biochemical results reveal a correspondence be-

FIG. 4. DNA damage results in increased interaction between Rad23 and ubiquitinated proteins. (A) A bar1� mutant was exposed to either
4-NQO (2 �g/ml) or alpha-factor (50 ng/ml) for 2 h, and protein extracts were prepared. Equal amounts of protein were incubated with
Flag-agarose to precipitate Flag-Rad23, and the amount of ubiquitinated protein that was recovered was estimated by immunoblotting. Lane 1,
extracts prepared from 4-NQO-treated cells; lanes 2 and 3, untreated and alpha-factor-treated cells, respectively. Arrows indicate the position of
Flag-Rad23 (A to D) and Flag-�UbLrad23 (G). We used the KODAK-1D imaging system to quantitate the levels of Flag-Rad23 to estimate the
interaction with ubiquitinated proteins following DNA damage. (B) A wild-type yeast strain expressing Flag-Rad23 was incubated with 4-NQO for
1 h and then washed and resuspended in fresh medium. Aliquots were withdrawn from this culture after 0, 10, 30, and 60 min, extracts were
prepared, and Flag-Rad23 was precipitated to examine its interaction with ubiquitinated proteins. Ub-cross-reacting material was detected, and
its distribution showed a noticeable shift toward higher-molecular-weight species during the 60-min incubation (indicated by the inverted triangle).
The same filter was subsequently incubated with antibodies against Cim5/Rpt1 (C) and Rad23 (D). (E) A strain that expressed Flag-�UbLrad23
was examined as indicated for panels B to D. In contrast to the result in panel (B), the ubiquitinated proteins that coprecipitated with
Flag-�UbLrad23 were more heterogeneous in size distribution (inverted triangle) and the shift toward higher-molecular-weight derivatives was
reduced. The same filter was incubated with antibodies against Cim5/Rpt1 (F) and Rad23 (G).

FIG. 5. Suppression of the pleiotropic defects of the rad23� rpn10�
mutant by Rad23 requires an interaction with ubiquitinated proteins.
The ability of Flag-Rad23, Flag-rad23uba2, and Flag-rad23uba1uba2 to
suppress the growth defect of the rad23� rpn10� mutant at low tem-
perature and in the presence of amino acid analog canavanine was
examined. Yeast cultures were grown to exponential phase, and 10-
fold dilutions were spotted on synthetic medium and incubated at the
temperatures indicated. A similar plate that contained 1 �g of cana-
vanine/ml was incubated at 30°C. Growth was examined after 3 to 10
days of incubation, depending on the temperature.
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tween the biological activity of Rad23 and the efficiency of its
interaction with ubiquitinated proteins.

Rad23 stimulates the interaction between ubiquitinated
proteins and the proteasome. Rad23 and Rpn10 can bind
ubiquitinated proteins through distinct interacting domains (5,
7, 11, 48), suggesting that they recognize structurally different
features in a multi-Ub chain. In support of this argument, we
note that a proteolytic substrate that contains only one or two
Ub moieties is a very poor target for Rpn10 (31, 39), although
it could be coimmunoprecipitated with Rad23 (30) (Fig. 2A).
Furthermore, Rpn10 does not show appreciable interaction
with mono-Ub, unlike Rad23 (5, 7). Consequently, it is possi-
ble that Rad23 and Rpn10 can simultaneously bind substrate-
linked multi-Ub chains by recognizing different determinants
within the chain. We therefore investigated if Rpn10 could
bind ubiquitinated proteins, since this protein and its human
counterpart S5a have been shown to bind unlinked multi-Ub
chains in vitro (10, 44). In agreement with the in vitro results,
we found that Flag-Rpn10 could interact with ubiquitinated
proteins in yeast cell extracts (Fig. 6A).

Although the function of Rad23 remains to be clearly elu-
cidated, we speculated that it might regulate the stability of
proteolytic substrates by controlling their delivery to the pro-
teasome (26, 30, 35). Based on the genetic interaction between
Rad23 and Rpn10, it was likely that both proteins participated
in this activity. An attractive model for Rad23 function posits
that it binds ubiquitinated proteins through the two UBA do-
mains, while a subsequent interaction with the proteasome
(involving the UbLR23 domain), would permit the transfer of
the proteolytic substrate to Rpn10. One might predict that the
expansion of a multi-Ub chain would be inhibited while the
substrate was bound to Rad23, consistent with both in vitro
and in vivo results (30). The presence of two UBA domains in
Rad23 provides a mechanistic basis for the interaction with
proteolytic substrates that are ligated to Ub.

Our previous genetic studies showed that Rad23 and Rpn10
are both required for efficient stress tolerance and intracellular
proteolysis (26). These results are in agreement with biochem-
ical studies, which showed that the UbL domain in human
Rad23 can bind S5a (20), the counterpart of yeast Rpn10.
However, because Rad23 can interact with the proteasome in
rpn10� cells, it is likely that it can bind multiple subunits in the
proteasome. We investigated if Rpn10 contributed to the rec-
ognition of ubiquitinated substrates by the proteasome be-
cause of the inability of Rad23 mutants to suppress the defects
of the rad23� rpn10� mutant. We expressed an epitope-tagged
proteasome subunit (Pre1-Flag) in wild-type and rpn10� cells,
as well as a plasmid that expressed RAD23 at high levels from
the galactose-inducible GAL1 promoter. Proteasomes were
immunopurified on Flag-agarose, and the proteins were sepa-
rated by SDS-PAGE, transferred to nitrocellulose, and incu-
bated with anti-Ub antibodies. Low levels of ubiquitinated
proteins were associated with proteasomes that were immuno-
precipitated from wild-type cells (Fig. 6B, lane 1). In contrast,
much lower levels of ubiquitinated cellular proteins were
bound to proteasomes that were purified from rpn10� cells
(lane 3), which may be due to the absence of this multi-Ub
chain-binding protein. Alternatively, proteasomes have been
reported to be unstable in rpn10� cells (15), which could result
in poor recovery of intact proteasomes and any bound ubiqui-

tinated substrates. Significantly larger amounts of ubiquiti-
nated proteins were precipitated with the proteasome when
Rad23 was overexpressed in a wild-type cell (lane 2). Remark-
ably, a similar increase was not detected when Rad23 was
overexpressed in a strain that lacked Rpn10 (rpn10� strain;
lane 4). This result is all the more striking given that the high
expression of Rad23 in rpn10� cells resulted in dramatically
increased amounts of intracellular ubiquitinated proteins (lane
8). Collectively, our results support the hypothesis that Rad23
binds ubiquitinated substrates and regulates their delivery to
Rpn10 in the proteasome.

We expressed high levels of either GST or GST-UbLR23

(Fig. 1B, lanes 1 and 4) in a strain that also expressed Ub–
Pro–�-Gal to further explore the idea that Rad23 translocates
proteolytic substrates to the proteasome. Based on the as-
sumption that the interaction between UbLR23 and the pro-
teasome might block the delivery of substrates, we performed
a pulse-chase analysis to measure Ub–Pro–�-Gal stability in
the presence of high levels of UbLR23. Actively growing yeast
cells were metabolically labeled with [35S]Met-[35S]Cys for 5
min, and translation was terminated by the addition of cyclo-
heximide and unlabeled methionine and cysteine. Equal
amounts of labeled cellular protein were incubated with anti-
�-Gal antibodies, and the precipitated material was resolved
by SDS-PAGE and visualized by autoradiography. We found
that the stability of Ub–Pro–�-Gal was slightly less than 7 min
in a strain that expressed GST, consistent with the results in
Fig. 2C. In contrast, the stability of this substrate was increased
dramatically (to �41 min) in cells that contained high levels of
UbLR23, supporting the idea that unregulated UbLR23-protea-
some interaction can interfere with the delivery of proteolytic
substrates to the proteasome.

DISCUSSION

Rad23 was initially characterized as a DNA repair protein
whose interaction with the repair factor Rad4 (XPC in hu-
mans) (18, 43) was reported to promote assembly of repair
proteins at sites of DNA lesions (19, 22). The discovery of a
UbL domain at the amino terminus of Rad23 suggested a
potential proteolytic function, especially since full functionality
was achieved when UbLR23 was replaced by Ub (47). We
reported previously that Rad23 interacted with catalytically
active proteasomes through its UbLR23 domain (35). Protea-
some interaction is important during DNA repair because loss
of UbLR23 in yeast Rad23 resulted in sensitivity to DNA dam-
age. However, it is unclear if the Rad23-proteasome interac-
tion mediates a proteolytic event during NER, and a potential
nonproteolytic function has been suggested (14, 34). However,
while it is conceivable that the Rad23-proteasome interaction
does not involve proteolysis, several lines of evidence are
strongly supportive of a proteolytic role. Our studies, as well as
other reports, showed that Rad23 can bind Ub (5, 7), regulate
the assembly of substrate-linked multi-Ub chains (30), and
control the stability of proteins in vivo (8, 30). Additionally,
Rad23 was recently reported to bind multi-Ub chains in vitro
(33, 48). Another study proposed that Rad23 might control the
stability of Rad4 (1), which is intriguing because we showed
previously that Rad4-hemagglutinin (HA) could be copurified
with Rad23 and the 26S proteasome after several chromatog-
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raphy steps (35). Rad23 interacts with Rad4 (and XPC in
humans) through a motif that is unrelated to the UBA domain
(28), and it is therefore not surprising that Flag-rad23uba1uba2

can bind Rad4-HA efficiently (L. Chen and K. Madura, un-
published results), despite its inability to bind ubiquitinated
proteins. Because Rad23 may not require UBA domains to
control Rad4 stability (28), it is not clear if UBA mutations

alone would be expected to confer a significant defect in DNA
repair.

The expression of high levels of Rad23 resulted in the ac-
cumulation of ubiquitinated proteins in yeast cells. The UBA
domains in Rad23 are required for the interaction with ubi-
quitinated cellular proteins, and mutants that were unable to
bind ubiquitinated proteins displayed biochemical and physio-

FIG. 6. Rad23 and Rpn10 promote the recognition of ubiquitinated proteins by the proteasome. (A) Yeast extracts containing Flag-Rpn10
were incubated with Flag-agarose beads, and the bound proteins were examined by immunoblotting with anti-Ub antibodies (lane 2). A control
extract was also prepared from a yeast strain that did not express Flag-Rpn10 (lane 1). To examine the effect of Rad23 on the interaction between
Rpn10 and ubiquitinated proteins, we prepared protein extracts from yeast strains that expressed both Flag-Rpn10 and galactose-inducible Rad23
(PGAL1::RAD23). Lanes 3 and 4, extracts prepared from raffinose (uninduced) and galactose (inducing) medium. The interaction between
Flag-Rpn10 and cellular ubiquitinated proteins was not affected significantly by high-level expression of Rad23. Flag-Rpn10 (arrow) is visible in
lane 2 (�40 kDa). Lanes 1 to 2 and 3 to 4 are from different immunoblots. (B) Wild-type and rpn10� yeast strains expressing epitope-tagged
proteasome subunit Pre1-Flag were transformed with a plasmid containing PGAL::RAD23. The cultures were grown in medium containing either
glucose or galactose to regulate Rad23 expression. Equal amounts of protein extract were incubated with Flag-agarose to immunoprecipitate the
proteasome, and the precipitated proteins were examined by immunoblotting using antibodies against Ub. Lanes 1 to 4, Pre1-Flag immunopre-
cipitation reactions from wild-type (lanes 1 and 2) and rpn10� (lanes 3 and 4) cells that were grown in either glucose- (lanes 1 and 3) or
galactose-containing medium (lanes 2 and 4). Following incubation with antibodies against Ub, we found that high-level expression of Rad23
resulted in increased amounts of ubiquitinated proteins in the Pre1-Flag immunoprecipitate (compare lanes 1 and 2). However, this effect was not
observed in a strain that lacked Rpn10 (compare lanes 2 and 4). Lanes 5 to 8, samples representing equal amounts of extract from the various
cultures and corresponding to the samples examined in lanes 1 to 4. Note the significantly elevated levels of cellular ubiquitinated proteins in
rpn10� cells that overexpressed Rad23 (lane 8). (The image represents the entire 10% polyacrylamide gel.) �, position of the heavy chain of the
anti-Flag antibodies. (C) A strain that expressed Ub–Pro–�-Gal was transformed with plasmids expressing either GST or GST-UbLR23. Actively
growing cultures were metabolically labeled with [35S]Met-[35S]Cys, and translation was terminated by the addition of cycloheximide and unlabeled
methionine and cysteine. To examine the stability of Ub–Pro–�-Gal, equal amounts of TCA-insoluble material were incubated with antibodies
against �-Gal, and bound proteins were separated in an SDS–8% polyacrylamide gel and visualized by autoradiography. Vertical bar, region of
the autoradiogram that was quantitated to determine the stability of Ub–Pro–�-Gal; asterisk, appearance of a stable �90-kDa degradation
product, described previously.

4910 CHEN AND MADURA MOL. CELL. BIOL.



logical defects. The interaction between Rad23 and ubiquiti-
nated proteins increased transiently after DNA damage, and
these ubiquitinated proteins were converted to higher-molec-
ular-weight derivatives over time. In contrast, a Rad23 mutant
that was unable to bind the proteasome (�UbLrad23) formed a
persistent interaction with ubiquitinated proteins, with no sig-
nificant increase in the formation of higher-molecular-weight
conjugates. One interpretation of this result is that, for some
substrates, complete assembly of a multi-Ub chain might re-
quire an interaction with the proteasome (40).

The role of Rad23 overlaps with that of Rpn10 (26), a
subunit in the proteasome that binds multi-Ub chains (44).
Rad23 mutants that are unable to bind ubiquitinated proteins
failed to stabilize test substrates in vivo or suppress the pro-
teolytic and growth defects of a rad23� rpn10� mutant. Con-
sistent with previous in vitro studies, we discovered that ubi-
quitinated proteins in yeast protein extracts could be
copurified with Flag-Rpn10. Rad23 and Rpn10 contain differ-
ent Ub-binding domains and might interact with structurally
distinct features within a multi-Ub chain. Although we previ-

ously showed that Rad23 could bind short, substrate-linked
multi-Ub chains, the results shown here also suggest that
Rad23 might bind substrates that contain longer multi-Ub
chains. We note that the distal Ub moieties in a long multi-Ub
chain are not tightly packed and may resemble a short, sub-
strate-linked multi-Ub chain (9). In contrast, Rpn10 recognizes
a hydrophobic patch that is formed by the compaction of Ub
moieties in a long lysine-48-linked multi-Ub chain (3, 39). The
interaction between Rad23 and a multi-Ub chain might pre-
vent dismantling by Ub-specific proteases, resulting in tran-
sient stabilization of the substrate, consistent with our in vitro
and in vivo data (30). Subsequent delivery of the ubiquitinated
substrate by Rad23 to Rpn10 in the proteasome could initiate
degradation. We note that a recent study demonstrated that
Rad23 specifically interacted with multi-Ub chains in vivo and
displayed specificity only for chains that promote the degrada-
tion of proteins by the proteasome (33).

To examine the role of Rad23 and Rpn10 in the targeting of
proteolytic substrates, we immunoprecipitated proteasomes
from rpn10� and wild-type cells using an epitope-tagged sub-

FIG. 7. Model. Rad23 translocates ubiquitinated proteins to the proteasome. We provide evidence that Rad23 can interact with substrates that
are ligated to multi-Ub chains (black circles). The interaction with ubiquitinated substrates could transiently inhibit further multi-Ub chain
assembly and thereby stabilize the protein. However, subsequent delivery of the ubiquitinated substrate to specific proteasome-associated multi-Ub
chain binding factors, such as Rpn10 (Rpn), could initiate degradation. Rad23 and Rpn10 may recognize different determinants in a multi-Ub
chain, and consequently both proteins could interact simultaneously with substrate-linked multi-Ub chains. The interaction between Rpn10 and
the multi-Ub chain is mediated by hydrophobic interactions, indicated by the stripe next to the multi-Ub chain and Rpn10. In contrast, Rad23 might
interact with the distal Ub moieties in a multi-Ub chain. We speculate that proteasome-associated E2 and E3 factors could further ubiquitinate
the substrate to promote efficient degradation. This scheme also anticipates that other UBA- and UbL-containing proteins, including Ddi1 and
Dsk2, perform similar roles in the delivery of proteolytic substrates and regulators to the proteasome.
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unit in the 20S core particle (Pre1-Flag). A low level of ubi-
quitinated proteins was coprecipitated with proteasomes from
a wild-type strain. In contrast, much lower levels of ubiquiti-
nated proteins were detected in proteasomes that were iso-
lated from the rpn10� mutant, consistent with the well-char-
acterized interaction of Rpn10 with multi-Ub chains. The
levels of proteasome-associated ubiquitinated proteins in-
creased dramatically when Rad23 was overexpressed, support-
ing the idea that it might deliver substrates to the proteasome.
Significantly, overexpression of Rad23 in rpn10� cells resulted
in the accumulation of very high levels of intracellular ubiqui-
tinated proteins, although these ubiquitinated proteins could
not be copurified with the proteasome. A plausible interpre-
tation of these results is that the high levels of ubiquitinated
proteins that arise from overexpression of Rad23 are not effi-
ciently delivered to the proteasome in rpn10� cells. Under
normal conditions, the Rad23-proteasome interaction may al-
low substrates to be transferred to Rpn10 to initiate further
ubiquitination by proteasome-associated E3 (49) and E2 (40)
factors. A failure to efficiently deliver ubiquitinated substrates
to the proteasome could underlie the pleiotropic growth and
proteolytic defects of the rad23� rpn10� mutant.

Collectively, our findings provide compelling evidence that
the proteasome recognizes multiubiquitinated substrates. Al-
though a variety of genetic and biochemical approaches have
shown that multiubiquitinated proteins are targeted to the
proteasome, it has not been possible to clearly demonstrate the
interaction between proteolytic substrates and the proteasome.
Our findings predict important roles for both the UbLR23 and
UBA domains of Rad23 in the translocation of proteolytic
substrates to the proteasome. Since the role of Rad23 overlaps
with those of other proteins that contain both UbL and UBA
domains (Ddi1 [8] and Dsk2 [6, 33]), we speculate that this
class of proteins may encode novel regulators that deliver sub-
strates to the proteasome. Our current understanding of
Rad23 function can be represented by a simple model in which
Rad23 (and other proteins that contain both UbL and UBA
domains) are shuttle factors that translocate proteolytic sub-
strates to the proteasome (Fig. 7). In agreement with the shut-
tle factor model, we note that Rad23 can be cofractionated
with Rad4 and the 26S proteasome (35) and can also promote
the translocation of Png1 to the proteasome (38). A recent
study has also reported that Rad23 controls the abundance of
cell cycle regulator Pds1 (5, 8). The failure to control Pds1
levels may account, in part, for the G2-to-M phase transition
defect of the rad23� rpn10� mutant.
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ADDENDUM IN PROOF

A recent paper has shown that the Dsk2 homolog from
Schizosaccharomyces pombe also interacts with multiubiquiti-
nated proteins via its UBA domains (R. T. Elder, X.-Q. Song,

M. Chen, K. M. Hopkins, H. B. Lieberman, and Y. Zhao,
Nucleic Acids Res. 30:581–591, 2002).
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