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A major fraction of intracellular protein degradation is medi-
ated by the proteasome. Successful degradation of these sub-
strates requires ubiquitination and delivery to the proteasome
followed by protein unfolding and disassembly of the multiubiq-
uitin chain. Enzymes, such as Rpn11, dismantle multiubiquitin
chains, and mutations can affect proteasome assembly and
activity. We report that different rpnll mutations can affect
proteasome interaction with ubiquitinated proteins. Moreover,
proteasomes are unstable in rpn11-1 and do not form produc-
tive interactions with multiubiquitinated proteins despite high
levels in cell extracts. However, increased levels of ubiquitinated
proteins were found associated with shuttle factors. In contrast
to rpnll-1, proteasomes expressing a catalytically inactive
mutant (rpn114**) were more stable and bound very high
amounts of ubiquitinated substrates. Expression of the carbox-
yl-terminal domain of Rpnl1 partially suppressed the growth
and proteasome stability defects of rpnii-1. These results indi-
cate that ubiquitinated substrates are preferentially delivered to
intact proteasome.

A major fraction of intracellular protein degradation is medi-
ated by the proteasome, which consists of a catalytic (20 S)
complex that is bound to two regulatory (19 S) particles (1). The
20 S catalytic particle is assembled through a series of interme-
diates that are guided by chaperones (2-5). In contrast, insight
into 19 S particle assembly is only now beginning to emerge
(6—12). The 19 S regulatory particle consists of two subcom-
plexes, base and lid, that are linked by Rpn10 (13), a multiubiq-
uitin chain receptor (14). Recent studies suggest that the assem-
bly of the base subcomplex of the 19 S particle occurs in close
association with the 20 S catalytic particle (8). Rpnl0 is an
important substrate receptor in the proteasome, and its activity
is functionally linked to shuttle factors that translocate sub-
strates to the proteasome (15, 16), such as Rad23 (17-19). The
loss of both Rpnl0 and Rad23 (rad23A rpnl0OA) severely
impairs growth and proteolysis (17).

We examined the delivery of ubiquitinated substrates to the
proteasome in rpnll mutants of Saccharomyces cerevisiae. The
temperature-sensitive rpnll-1 (mprl-1) mutant displays
growth, proteolytic, and mitochondrial deficiencies (20).
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Another mutant (rpnl1***), which contains engineered
changes in the MPR1-PAD]1-N terminas (MPN) domain, does
not support viability, although certain biochemical properties
have been examined in an rpnlI-1 mutant (21). In agreement
with previous studies (21), we found that rpnil-1 harbors
structurally defective proteasomes that showed reduced bind-
ing to multiubiquitinated proteins and low peptidase activity.
In contrast, proteasomes containing the catalytically inactive
rpn11** mutant protein are structurally sound and bind very
high levels of multiubiquitinated proteins. Expression of the car-
boxyl terminus of Rpn11 (GST-C®P™!!)? partially suppressed the
diverse defects of rpnll-1, consistent with other studies that
showed the this domain is required for Rpnl11 function (21-23).
We found that the high levels of multiubiquitinated proteins in
rpnli-1 were bound to shuttle factors. In contrast, multiubiquiti-
nated proteins that accumulated in rpn114** were enriched in
proteasomes. One interpretation of these results is that shuttle
factors transfer ubiquitinated proteins to intact proteasomes, even
if they are functionally defective.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—RPN11, rpnii-1,and rpnl 1°**
were kindly provided by Drs. Deshaies and Verma (California
Institute of Technology, Pasadena, CA). Plasmid DNA for gen-
erating an integrated derivative of Pre1-FLAG was provided by
Dr. J. Dohmen (University of Cologne). DNA was partially
digested with Bsml and transformed into the strains indicated
in supplemental Table 1. Plasmid DNA for integrating Rpnl-
GFP-HA into the chromosomal locus was provided Dr. C.
Enenkel (Humboldt University). (Plasmids are indicated in sup-
plemental Table 2.) A plasmid for integrating FLAG-Rpn7 was
prepared by amplifying the gene with its native promoter and
cloning into Yiplac22 (24). Integrative transformation was per-
formed after the DNA was digested with Mscl. To generate a
fusion of the carboxyl terminus of Rpnll with glutathione
S-transferase (GST), we amplified the DNA encoding amino
acids 267-306 and cloned it into pCBGST1 (GST-CRP™'1), Plas-
mids expressing Rad23, Ddil, and Dsk2 with an amino-termi-
nal FLAG epitope were generated by PCR and cloned into
Yeplac112. These genes were expressed from a P 5, promoter
by the addition of 100 um CuSO,. All the amplified DNAs were
verified by sequencing both strands.

2 The abbreviations used are: GST, glutathione S-transferase; CP, catalytic (20
S) particle; RP, regulatory (19°S) particle; GFP, green fluorescent protein; HA,
hemagglutinin; LLVY-AMC, leucine-leucine-valine-tyrosine-7-amino-4-
methylcoumarin; UBA, ubiquitin-associated; UbL, ubiquitin-like; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine.
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Measurement of LLVY-AMC Hydrolysis—Protein lysates (15
pgin 50 pul) were premixed with 200 ng of proteasome inhibitor
epoxomicin (Boston Biochem) or an equivalent volume of di-
methyl sulfoxide (DMSO) lacking the inhibitor. Proteasome
assay buffer (200 ul; 25 mm HEPES, pH 7.5, 0.5 mm EDTA)
contained 40 uM LLVY-AMC (Boston Biochem) with or with-
out 0.05% SDS. Reactions were incubated at 30 °C for 1 h, and
fluorescence was measured using a Tecan Infinite F200 detec-
tor. Similarly, LLVY-AMC hydrolysis by immunopurified pro-
teasomes was performed directly on the FLAG-agarose matrix.
The values represent epoxomicin-sensitive measurements that
were generated from duplicate assays that were repeated three
times.

Growth Assays and Sensitivity to Translation Inhibitors—
Yeast cultures were grown in selective medium and normalized
to an optical density at A4y, of ~1. Ten-fold serial dilutions
were prepared and spotted on YPD agar plates and then incu-
bated at either 23 °C or 37 °C. Aliquots were also spotted onto
medium containing 0.8 mM paromomycin or 0.1 mm hygromy-
cin-B (25).

UV Survival Assays—Yeast strains were grown in synthetic
medium (~107 cells/ml), washed with sterile water, and resus-
pended at A, of 1. Ten-fold serial dilutions were spread on
YPD plates and exposed to 254-nm UV light at 1 J/m?/s. The
plates were exposed for 0, 30, 60, and 90 s and incubated in the
dark at 30 °C. The number of colonies was counted after 4 days,
and the average value of duplicate platings from two experi-
ments was plotted.

Pulse-Chase Measurement of Protein Stability—Protein sta-
bility measurements were performed as described previously
(26, 27) by metabolically labeling yeast cells with 0.5 mCi of
EXPRE?*S**S (PerkinElmer Life Sciences). Following incuba-
tion for 5 min at 30 °C, the cells were suspended in chase
medium containing cycloheximide and unlabeled methionine
and cysteine. Aliquots were withdrawn at 0, 10, 30, and 60 min.
Equal amounts of [>**S]cpm were incubated with antibodies
against [3-galactosidase and protein A-Sepharose. The gels
were treated with salicylic acid, dried, and exposed to x-ray film.

Native PAGE—Measurement of peptidase activity of protea-
somes was examined in a native polyacrylamide gel, as
described (28). Protein lysates (50 ug) were separated in steps of
3,4, and 5% polyacrylamide and resolved at 4 °C (125 V X 3 h).
The gel was overlaid with buffer containing LLVY-AMC, and
the fluorescence signal was captured with a Kodak GelLogic
imager. Peptidase activity of the 20 S core was stimulated by
0.05% SDS.

Immunoprecipitation/Immunoblotting—Yeast cells were sus-
pended in buffer A (50 mm HEPES, pH 7.5, 150 mm NaCl, 5 mm
EDTA and 1% Triton X-100) containing Complete protease
inhibitor (Roche) and lysed by glass bead disruption (Thermo-
Savant Fast Prep FP120). Protein extracts were normalized
using the Bradford reagent (Bio-Rad) and incubated with
FLAG-M2 affinity agarose (Sigma). The bound proteins were
released in SDS gel loading buffer, separated in 10 or 12% SDS-
Tricine PAGE, and characterized by immunoblotting.

Formaldehyde Cross-linking—Cells were grown in YPD me-
dium at 30 °C. Cell pellets were suspended in 1% formaldehyde
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for 15 min on ice and then washed four times with 1 ml of
phosphate-buffered saline.

Antibodies—Polyclonal anti-Rpn12 and anti-Rpn10 antibod-
ies were provided by Dr. D. Skowyra (St. Louis University).
Anti-Pab1 was a gift from Dr. S. Peltz (University of Medicine
and Dentistry of New Jersey (UMDN])). Antibodies against
ubiquitin and FLAG were from Sigma. Monoclonal antibodies
against (-galactosidase were from Promega (Madison, WI).
Antibodies against GST-tagged Rptl, Rad23, Rpn11, and Dsk2
were made at Pocono Rabbit Farm and Laboratory, Inc. (Cana-
densis, PA).

Reagents—Epoxomicin and Suc-LLVY-AMC were pur-
chased from Boston Biochem. Enhanced chemiluminescent
(ECL) reagents were from PerkinElmer Life Sciences, and the
signals were detected using a Kodak GelLogic 1500 imaging
system.

RESULTS

Proteasome Assembly Influences Interaction with Multiubiq-
uitinated Proteins—A high copy (2 um) plasmid expressing
Prel-FLAG, an epitope-tagged subunit in the 20 S catalytic par-
ticle, was transformed into yeast strains RPN11, rpnll-1, and
rpnl1***, These strains also contained an integrated, epitope-
tagged derivative of Rpnl (Rpn1-GFP-HA). Yeast strains were
grown at the permissive temperature (23 °C), and a part of
the culture was transferred to the non-permissive temperature
(37 °C) for 4 h. Extracts were prepared, and proteasomes were
purified on FLAG-agarose. The precipitated proteins were
resolved by SDS-PAGE and examined by immunoblotting (Fig.
1A). Incubation of the filter with anti-ubiquitin antibodies
showed that proteasomes purified from rpnlI*** contained
high levels of multiubiquitinated proteins at 23 °C (Fig. 14, lane
4). A further increase in the levels of multiubiquitinated pro-
teins was observed at 37 °C (lane 7), consistent with the growth
and proteolytic defects of this mutant. In contrast, the amount
of multiubiquitinated proteins that was co-purified with pro-
teasomes from rpnlI-1 was noticeably reduced (lanes 3 and 6).
The immunoblots were probed sequentially with antibodies
against other proteasome subunits, including Rpnl0, Rpnl
(anti-HA), and Rptl. Intriguingly, although similar levels of
Prel-FLAG were recovered from each strain (lower panel,
Prel), the amount of 19 S subunits co-purified from rpnli-I
was significantly lower than from RPN11 and rpnl1***, Non-
specific precipitation was not detected in a strain lacking Prel-
FLAG (Ctrl, lane 1).

Our initial studies were performed using yeast strains that
overexpressed Prel-FLAG (Fig. 14). To avoid the possibility
that these findings were affected by the high levels of Prel-
FLAG, we generated integrated derivatives of Prel-FLAG in
RPNI1, rpnli-1, and rpnll*** (Fig. 1, B and C). Protein
extracts were prepared from cells grown at 23 and 37 °C, and
proteasomes were purified on FLAG-agarose. Total protein
extracts were examined by immunoblotting (Fig. 1B), and anti-
ubiquitin antibodies showed high levels of multiubiquitinated
proteins in both rpn11-1 and rpnl1*** at 23 °C (lanes 2 and 3)
and much higher levels at 37 °C (lanes 5 and 6). The immuno-
blots were probed with antibodies against proteasome subunits
(indicated on the right). A control reaction (anti-Pab1) revealed
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FIGURE 1. Proteasome assembly affects interaction with multiubiquitinated proteins. A, RPN11, rpn11-1, and rpn11°** expressing 20 S subunit
Pre1-FLAG from a plasmid were grown for 4 h at either 23 °C or 37 °C. An equal amount of protein extract was incubated with FLAG-agarose to purify
proteasomes, and the bound proteins were resolved in SDS-10% polyacrylamide gels. Inmunoblots were incubated sequentially with antibodies
against ubiquitin (Ub) (upper panel), Rpn10, Rpn1, Rpt1,and Pre1-FLAG. B, a gene encoding Pre1-FLAG was integrated into RPN11, rpn11-1,and rpn11°%A
and was expressed at physiological levels. Equal amounts of protein extracts were separated by SDS-PAGE and examined with antibodies. A control lane
(Ctrl) represents the RPN11 wild-type strain lacking Pre1-FLAG. With the exception of Rpn12, equivalent levels of the other proteasome subunits
were detected. C, equal amounts of protein extract were incubated with FLAG-agarose, and the bound proteins were resolved by SDS-PAGE. Immuno-
blots were treated with the antibodies against the indicated proteins. /P, immunoprecipitation. D, the amount of ubiquitin detected in panels Band C
was quantified by densitometry. The levels of ubiquitin in extracts prepared from rpn11-1 and rpn112** were compared with RPN 11 (where the value is
set to 1). The levels of ubiquitin in proteasomes purified from rpn11-1 and rpn11*** are also compared with RPN11 (where the amount is arbitrarily

setto 1).

equal protein loading. Despite moderate variability in Prel-
FLAG levels, the overall abundance of other proteasome sub-
units was similar, with the exception of Rpn12, whose levels
were significantly reduced in rpnli-1 at 37 °C (lane 5).
Protein extracts were applied to FLAG-agarose to purify pro-
teasomes (Fig. 1C). Very low amounts of multiubiquitinated
species were isolated in association with proteasomes purified
from rpnll-1 (lanes 2 and 5), despite the high levels that were
detected in total extracts (Fig. 1B). This is evident when Fig. 1B,
lanes 4 and 5, are compared with Fig. 1C, lanes 4 and 5. Rpn10
and Rpnl2 were not co-purified with proteasomes from
rpnlli-1 at either 23 °C (lane 2) or 37 °C (lane 5). Similarly, the
ATPase subunit Rptl was inefficiently purified with protea-
somes at 23 °C ([ane 2) and 37 °C (lane 5). These results reveal a
faulty interaction between the 20 S particle and components of
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the 19 S particle in rpnii-1. The high levels of multiubiquiti-
nated proteins that were purified with proteasomes in
rpnl 1" (lanes 3 and 6) could reflect higher levels in total
extract (Fig. 1B, lanes 3 and 6), as well as more stable protea-
somes (Fig. 1C, lanes 3 and 6). Equivalent amount of Prel-
FLAG was isolated from each strain, indicating that the results
are not caused by variable abundance of the 20 S particle.

The levels of high molecular weight multiubiquitinated pro-
teins shown in Fig. 1, B and C, were quantified (Fig. 1D). The
densitometry results do not fully reflect the magnitude of dif-
ference in total multiubiquitin levels in rpn11-1 and rpnl1***
due to saturation of the signal in Fig. 1B. Nonetheless, the quan-
tified data clearly show that the amount of ubiquitinated pro-
teins that were co-purified with proteasomes from rpnl14**
was ~20-fold higher than in rpnli-1.
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FIGURE 2. Proteasomes purified with a lid subunit show assembly defects in rpn11-1. A, a FLAG epitope-tagged derivative of Rpn7 was inserted into the
chromosomal locus in RPN11,rpn11-1,and rpn11%** and expressed at physiological levels. Total protein extracts were prepared from strains grown at 23 and
37 °C and examined by immunoblotting. Lane 1 contains extract prepared from a wild-type strain lacking a FLAG-tagged protein (Ctrl). The level of Rpn12 is
lower in rpn11-1 at 37 °C (lane 6). The reaction against Pab1 represents a protein loading control. Ub, ubiquitin. B, FLAG-Rpn7 was immunoprecipitated on
FLAG-agarose, and the bound proteins were examined by immunoblotting with antibodies against the proteins indicted on the right. The control lane (Ctrl,
lane 1) shows no reaction against any of the proteasome subunits. The expression of FLAG-Rpn7 is shown in the bottom panel. Despite the recovery of high
levels of FLAG-Rpn7 from rpn11-1 at 37 °C, 19 S subunits were not co-purified (lane 6). C, the levels of ubiquitin cross-reacting material in panels A and B were
quantified by densitometry (upper panel). Ubiquitin levels in lane 1 (Ctrl) were set to an arbitrary value of 1. The lower panel shows the quantified levels of

proteasome subunits Rpn10, Rpn12, and Rpt1 from panel B. For each protein, the signal in the wild-type strain is set to 1. /P, immunoprecipitation.

Proteasomes Purified with a Lid Subunit Confirmed an As-
sembly Defect in rpnll-1—The results in Fig. 1 suggested that
the association between 19 S and the 20 S particles is signifi-
cantly reduced in rpnii-1. To corroborate these findings, we
integrated a lid subunit, FLAG-Rpn7, in RPNP11, rpnli-1, and
rpnl I°**, Protein extracts were prepared from cultures grown
at 23 and 37 °C (for 4 h) and examined by immunoblotting. A
control strain lacking FLAG-Rpn7, and the same strain con-
taining integrated FLAG-Rpn7, showed low levels of multiu-
biquitinated proteins in total extracts (Fig. 24, lanes I and 2).
The levels of Rpt1, Rpn10, and Rpn12 were also similar in these
two strains, demonstrating that the expression of FLAG-Rpn7
had no adverse effects on proteasome abundance. High levels of
multiubiquitinated proteins were detected in total extracts pre-
pared from rpnli-1and rpnl 1*** at both 23 °C (lanes 3 and 4)
and 37 °C (lanes 6 and 7). As noted earlier, the abundance of
Rpnl2 was significantly reduced in rpnli-1 at 37 °C (Fig. 24,
lane 6). Pab1 levels provide a loading control (bottom panel).

FLAG-Rpn7 was immunoprecipitated to investigate protea-
some composition (Fig. 2B). Large amounts of multiubiquiti-
nated proteins were co-purified with FLAG-Rpn7 from
rpnl 1°** at both 23 °C (lane 4) and 37 °C (lane 7). However,
the amount of Rptl, Rpnl0, and Rpnl2 that was co-purified
with FLAG-Rpn7 from RPNII and rpnll®** was similar
despite the strikingly different amounts of associated multiu-
biquitinated proteins (compare lanes 2 and 4). Although high
amounts of FLAG-Rpn7 were immunoprecipitated from
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rpnlli-1 (Fig. 2B, lane 3 and 6, bottom panel), very low levels of
Rptl, Rpnl0, Rpnl2, and multiubiquitinated proteins were
recovered.

The levels of ubiquitinated species were quantified by densi-
tometry (Fig. 2C). Wild-type yeast, either lacking or expressing
integrated FLAG-Rpn7, contained equivalent amounts of ubiq-
uitin cross-reacting material at 23 °C (Extract, lanes I and 2)
and 37 °C (lane 5). However, high levels were measured in
rpnll-1 and rpnll®**. The amount of ubiquitinated pro-
teins that was immunoprecipitated with FLAG-Rpn7 from
rpnl 1™ was significantly increased at both 23 °C (IP, lane 4)
and 37 °C (lane 7). The co-purification of Rpn10, Rpn12, and
Rptl with FLAG-Rpn7 was also quantified (Fig. 2C, lower
panel).

Proteasome Stability Is Reduced in rpnl1-1—The failure to
purify 19 S subunits from rpni11-1, using Prel-FLAG (Fig. 1C)
or FLAG-Rpn7 (Fig. 2B), suggested that proteasomes might be
unstable in this mutant. Because proteasomes are essential for
viability, the apparent dissociation is likely to occur during
purification. A similar instability of 19 S particle was previously
detected in rpn10A (13). To test this idea, yeast cells were grown
at 23 °C and treated with formaldehyde to cross-link protea-
some subunits and associated factors (Fig. 3). Total protein
extracts were prepared from RPN11, rpnll-1, and rpnl "4
containing integrated Prel-FLAG, as well as a control strain
lacking Pre1-FLAG (Ctrl, lanes 1 and 2). Extracts were prepared
from untreated and formaldehyde-treated cells and examined
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FIGURE 3. Proteasome stability is reduced in rpn11-1. A, actively growing
RPN11, rpn11-1, and rpn117** yeast strains expressing Pre1-FLAG at physio-
logical levels were suspended in medium containing 1% formaldehyde
(HCHO) on ice. Protein extracts were prepared from untreated and treated
cells and resolved by SDS-PAGE. An immunoblot was incubated with anti-
bodies against the proteins indicated on the right. A strain lacking Pre1-FLAG
is shown in lanes 1 and 2. A control lane (Ctrl) represents the RPN11 wild-type
strain lacking Pre1-FLAG. B, protein extracts were incubated with FLAG-aga-
rose to immunoprecipitate (/P) Pre1-FLAG and proteasome-associated Rpt1,
Rpn10, Rpn12, and the shuttle factor Rad23. The upper panel shows the levels
of multiubiquitinated proteins that were recovered in each strain. No protea-
some subunits were isolated from a strain lacking Pre1-FLAG (lanes 7 and 2).
Ub, ubiquitin. C, chymotryptic peptidase activity of proteasomes isolated
from RPN11, rpn11-1,and rpn11"** was measured using the fluorogenic sub-
strate LLVY-AMC. Protein extracts were prepared from cells grown at either
23°C or 37°C and measured in the presence or absence of 0.05% SDS.
Epoxomicin-sensitive values were determined in duplicate. The right panel
represents activity that was co-precipitated with Pre1-FLAG. Error bars repre-
sent S.D.

by immunoblotting. The levels of proteasome subunits (Rptl,
Rpnl2, and Rpnl0), and a shuttle factor (Rad23) were
unchanged upon formaldehyde treatment (Fig. 34). Although
Prel-FLAG was expressed at equivalent levels (Fig. 34, lanes
3-8), multiubiquitinated proteins were detected at signifi-
cantly higher levels in the formaldehyde-treated cell extracts
(upper panel). The levels detected in rpnll-1 and rpnll***
were higher than in RPN11 (lanes 6 and 8).

Prel-FLAG was immunoprecipitated from untreated and
formaldehyde-treated cells, and the co-purified proteins were
examined by immunoblotting (Fig. 3B). Nonspecific precipita-
tion of proteasome subunits or multiubiquitinated proteins was
not observed in the control strain (Ctrl, lanes 1 and 2), demon-

8334 JOURNAL OF BIOLOGICAL CHEMISTRY

strating the effectiveness of the procedure and the specificity of
the antibody reaction. Similar amounts of Prel-FLAG were
recovered from all strains, in both treated and untreated prep-
arations. High levels of multiubiquitinated proteins were co-
purified with proteasomes from wild-type cells following form-
aldehyde treatment (compare lanes 3 and 4). High levels of
multiubiquitinated proteins were purified with proteasomes
from rpnl1***, both in the presence and in the absence of
cross-linking (lanes 8 and 7). The co-purification of Rpnl0,
Rpnl2, and Rad23 with proteasomes from rpnl I*** was simi-
larly elevated. Significantly, chemical cross-linking allowed us
to detect proteasome subunits and ubiquitinated proteins in
proteasomes isolated from rpnli-1 (compare lanes 5 and 6).
This finding is consistent with the idea that proteasomes are
unstable in rpnlli-1.

The base subcomplex of the 19 S particle can regulate protein
degradation by controlling the translocation of substrates into
the 20 S particle (29 —-32). However, the peptidase activity of the
free 20 S particle can also be stimulated by low concentration of
detergent. We measured peptidase activity to determine
whether the altered stability of proteasomes in rpn11-1 affected
its catalytic function. Protein extracts were prepared from
RPN11, rpnll-1, and rpnll*** and incubated with LLVY-
AMC to measure chymotryptic activity (Fig. 3C). Although
proteasomes are equally abundant in RPN11 and rpnll®*4
(Fig. 3A), peptidase activity was noticeably higher in rpni
at both 23 °C and 37 °C. The chymotryptic activity in rpnli-1
was similar to the wild type at 23 °C but was significantly
reduced at 37 °C. We speculate that high temperature might
further destabilize proteasomes in rpnli-1, leading to reduced
hydrolysis of LLVY-AMC. We measured proteasome activity in
rpnll-1 extracts after the addition of SDS and detected ~4-
and ~15-fold higher levels at 23 and 37 °C. We propose that
proteasome dissociation in rpnlI-1 might result in the accu-
mulation of 20 S particles. SDS-stimulated activity was also
higher in rpn11**# than in RPN11, demonstrating that both
mutants retained robust hydrolytic activity.

Protein extracts were incubated with FLAG-agarose, and
peptidase activity that was purified with Prel-FLAG was mea-
sured. In the absence of SDS, proteasomes purified from
rpnll-1 showed slightly lower peptidase activity than in wild-
type proteasomes (at 23 °C). However, peptidase activity was
markedly reduced at 37 °C, consistent with the increased insta-
bility of proteasomes in rpnlI-1 at higher temperature. Protea-
somes purified from rpnlI*** showed high chymotryptic
activity at both 23 °C and 37 °C. At 37 °C, peptidase activity of
rpnl1*** proteasomes was almost 8-fold higher than rpnli-1
proteasomes. The addition of SDS resulted in higher activity in
both rpnl1-1and rpnl1**4 proteasomes when compared with
RPN11.However, an overall decrease in LLVY-AMC hydrolysis
(when compared with extract) could be due to an inhibitory
effect of SDS on immobilized proteasomes (see Fig. 7C). None-
theless, the pattern of peptidase activities in the three strains, in
the presence or absence of SDS, is similar in extracts and puri-
fied proteasomes.

Autonomous Expression of Carboxyl-terminal Residues Can
Partially Suppress the Defects of rpnll-1—The defects of
rpnll-1 are caused by the loss of 31 residues from the carboxyl
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FIGURE 4. Autonomous expression of carboxyl-terminal residues of Rpn11 can partially suppress the
defects of rpn11-1. A, the carboxyl terminus of Rpn11 was expressed as a fusion with glutathione S-transferase
(GST-CRP"™) in RPNT1 and rpn11-1. Ten-fold dilutions of yeast cells expressing either GST or GST-C*P"'" were
spotted on agar medium, and suppression of rpn11-1 phenotypes was determined. B, the UV sensitivity of
RPN11 and rpn11-1, containing either GST or GST-C*P""", was measured. Exponential phase yeast cells were
diluted and plated on agar medium and exposed to 254-nm UV light at a fluence of 1 J/m?/s. Survival was
determined following 4 days of incubation at 23 °Cin the dark. The figure is representative of two independent
experiments. Error bars represent S.D. WT, wild type. C, RPNT1 expressing GST and rpn11-1 expressing either
GST or GST-C*P"'T were transformed with plasmids expressing the engineered substrate Arg-S-galactosidase
(Arg-Bgal) or the stable protein Met-B-galactosidase (Met-Bgal). In vivo stability of these proteins was measured
in a [**SImethionine pulse-chase experiment. Radiolabeled proteins were immunoprecipitated and resolved

by SDS-PAGE, and the autoradiographic data were quantified (panel D).

terminus. We investigated whether the expression of this
domain in trans could alleviate the growth and proteolytic
defects of rpn11-1. A recent study showed that the C-terminal
one-third of Rpnll could overcome the mitochondrial and
DNA repair defects of rpnl1-1 (22) but not its proteolytic defi-
ciency. We expressed the carboxyl-terminal 39 residues of
rpnll-1 (GST-CRP™") in RPN11I and rpnll-1 (Fig. 4). GST-
CRP1 did not cause any adverse effects in the wild-type strain.
Ten-fold dilutions were spotted onto agar-containing medium
and incubated at either 23 °C or 37 °C. The temperature-sensi-
tive growth defect of rpn11-1 was partially suppressed by GST-
CRpn byt not by GST (Fig. 4A4). GST-CRP™! also enabled
growth at the semipermissive temperature (30 °C) on medium
containing the translational inhibitors paromomycin and
hygromycin-B. Both drugs generate high levels of damaged
proteins and provide a rapid way to examine proteolytic profi-
ciency (25). The partial suppression of the growth defect of
rpnll-1by GST-CRP™! was accompanied by a moderate recov-
ery of proteasome function (see Fig. 5). The UV sensitivity of
rpnll-1 was restored to wild-type levels by GST-CR®P™! (Fig.
4B), consistent with a recent report that showed that the car-
boxyl-terminal 100 amino acid residues suppressed the methyl
methane sulfonate sensitivity of rpn11-1(23). To measure pro-
teolytic activity, we transformed RPN11 and rpn11-1 with plas-
mids encoding the proteolytic substrate Arg-B-galactosidase or
a control protein Met-B-galactosidase (26). We also expressed
GST in RPN11 and either GST or GST-C*P™' in rpnii-1. GST
had no effect on the stability of Arg-3-galactosidase in the wild-
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using a well described in-gel activity
assay. Protein extracts were re-
solved in a native gel in the presence
of ATP and incubated in buffer con-
taining LLVY-AMC (Fig. 5). The
hydrolysis of this substrate releases
a localized fluorescent signal that
can provide qualitative data on the
levels of intact proteasomes, as well
as assembly intermediates. Protea-
somes isolated from rpnll-1 were
primarily dissociated or present in altered structural form (Fig.
5A, lane 2) (21, 23). An immunoblot probing for Prel-FLAG
showed higher levels of the free 20 S catalytic particle (CP) in
rpnl1-1 (lower panel). The peptidase activity in rpnl 1°** was
detected primarily in the slow migrating form, representing a
20 S complex bound to one (RP1CP) or two regulatory particles
(RP2CP), verifying the increased abundance of the intact pro-
teasomes in this mutant.

To determine whether the partial suppression of the growth
and proteolytic defects of rpnl1-1 by GST-C*P"'! was due to
improved proteasome assembly, we examined its integrity
using an in-gel assay. Wild-type (RPN11) proteasomes were
detected predominantly as RP1CP and RP2CP (Fig. 5B) in
the presence of either GST or GST-C*P"!! (lanes I and 2). The
expression of GST-C®P™'! in rpn11-1 noticeably improved the
level of intact proteasomes (lane 4), although it was not restored
to wild-type levels. Proteasomes in rpn 1 1*** were highly active
(lane 6), and the expression of GST-CRP™'! had no effect (data
not shown). Interestingly, overexpressing full-length FLAG-
Rpnll in rpnll-1 yielded peptidase activity that was higher
than in RPN11 (compare lanes I and 5). The signals detected in
Fig. 5B were quantified using data from two independent stud-
ies (Fig. 5C). The lightly shaded part of the column represents
activity detected in the absence of SDS, whereas the SDS-in-
duced activity is represented by the dark shaded part of the
column. The very low level of proteasome activity in rpnl1-1,in
the absence of SDS, is clearly evident.
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FIGURE 5. The carboxyl terminus of Rpn11 increases the levels of intact proteasomes. A, we used a fluoro-
genic assay to measures the cleavage of LLVY-AMC in wild type, rpn11-1, and rpn11°*A, Proteasomes appear
unstable or poorly assembled in rpn11-1, as judged by the high levels of free catalytic 20 S particles and low
levels of intact proteasomes (upper panel, lane 2). Proteins resolved in the native gel were transferred to
nitrocellulose and then probed with antibodies against the 20 S subunit Pre1-FLAG (lower panel, WB). B, to
determine the mechanism of suppression of rpn11-1 by GST-CRP""?, peptidase activity was measured in RPNT1
and rpn11-1 extracts containing either GST or GST-C*P"'" The level of intact proteasomes was partially restored
in rpn11-1 expressing GST-C®P"'! but not GST (lane 4). Expression of the full-length FLAG-Rpn11 protein in
rpn11-1 resulted in complete recovery of proteasome assembly and activity (lane 5, FLAG-Rpn11). Total chy-
motryptic activity was also measured in rpn11%*4, and high peptidase activity and increased levels of intact
proteasomes were observed. The positions of 20 S particle bound to one or two regulatory particles (RP1CP and
RP2CP) are indicated. Activation of the free 20 S particle by SDS is shown in the lower panel (CP). C, the
fluorescent signals in panel B were quantified. The lightly shaded bar represents the activity of proteasomes in
the absence of SDS, whereas the addition of the dark shaded region represents the total chymotryptic activity
that was detected upon the addition of SDS. Error bars represent S.D. D, the suppression of rpn11-1 defects by
GST-C*"1" js associated with the partial restoration of intact proteasomes. Pre1-FLAG was immunoprecipi-
tated, and the expression of 19 S proteasome subunits in total extract is shown in the left panel. Proteasomes
were purified on FLAG-agarose, and the 19 S subunits Rpt1, Rpn12, and Rpn11 were detected in proteasomes
isolated from rpn11-1 (right panel, compare lanes 3 and 4). WT, wild type. E, the effect of GST-C**""" on protea-
some assembly in rpn11-1 was quantified. The co-precipitation of native rpn11-1 and Rpn12 proteins with
Pre1-FLAG was compared in wild-type and rpn11-1 cells expressing either GST or GST-CRP™"" (shown in panel D,
lanes 1-4).

data were quantified by densitome-
try (Fig. 5E), and the improved sta-
bility of proteasomes was demon-
strated by the recovery of Rpnl2
with Prel-FLAG from rpnlI-1 only
in cells expressing GST-CRP™1,
Substrate Shuttle Factors Show
Differential Binding to Proteasomes
in rpnll-1 and rpnll***—Al-
though high levels of multiubiquiti-
nated proteins were present in
rpnll-1 and rpnl 1**4, the distinct
stabilities of proteasomes in these
mutants resulted in dissimilar inter-
action with ubiquitinated proteins.
Specifically, proteasomes purified
from rpn11°** contained very high
levels of multiubiquitinated sub-
strates (Fig. 1), whereas reduced lev-
els were recovered in rpnll-1.
Because shuttle factors play a key
role in the delivery of proteolytic
substrates to the proteasome (33),
we examined their interaction with
substrates and the proteasome in
rpull-1 and rpnll®**. The best
described shuttle factors resemble
Rad23, which contains an amino-
terminal ubiquitin-like (UbL) do-
main that interacts with the protea-
some (34) and ubiquitin-associated
(UBA) domains that bind multiu-
biquitin chains (35, 36). These fea-
tures enable UbL-UBA shuttle fac-
tors to deliver substrates through
transient interaction with Rpnl
in the base of the proteasome (38)
followed by release and recycling.
Dsk2 plays an overlapping role
with Rad23 (37). Both proteins were
expressed at physiological levels,
and their interaction with the pro-
teasome was examined in RPNI1,
rpnll-1, and rpnlI®** containing

The effect of the GST-C®P™! on proteasome stability was
also investigated by immunoprecipitating Prel-FLAG (Fig.
5D). The overall levels of multiubiquitinated proteins remained
elevated in rpnii-1 expressing either GST or GST-CRP™!! (see
lanes 3 and 4). However, in the presence of GST-CRP™'!, low
levels of multiubiquitinated proteins were detected in protea-
somes purified from rpnii-1 (IP, right panel, compare lanes 3
and 4). GST-CR®P™1 did not have a discernible effect in
rpnlI1*** (compare lanes 5 and 6). The filter was also incu-
bated with antibodies against Rpt1l, Rpn12, and Rpn1l1, and low
levels were detected in proteasomes purified from rpnill-1
expressing GST-C®P™!! but not GST (Fig. 5D, IP, compare lanes
3 and 4). Intriguingly, the truncated rpnll-1 protein was
detected in proteasomes purified from rpnll-1 (lane 4). These
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integrated Prel-FLAG. Protein extracts were examined by
immunoblotting with antibodies against Rptl, Rad23, Dsk2,
and Pab1 (Fig. 6A). The expression of Prel-FLAG was similar in
RPN11, rpnll-1, and rpnl1®* strains at both 23 °C and 37 °C
(data not shown). Equivalent expression of Rpt1 and the shuttle
factors Rad23 and Dsk2 were detected at 23 and 37 °C in total
protein extracts (Fig. 6A4). Moreover, the amount of Rad23 and
Dsk2 that was co-purified with proteasomes at 23 °C was simi-
lar in RPN11, rpnll-1, and rpnl1*** (Fig. 6B). However, the
level of both shuttle factors in proteasomes was strongly
decreased in rpnli-1at 37 °C (compare lanes 2 and 5), whereas
their association with proteasomes from rpn11°** at 37 °C was
unaffected. Although equivalent amounts of Prel-FLAG were
immunoprecipitated from each strain, significantly lower
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amounts of Rptl were co-precipitated with the proteasome
from rpnli-1.

The UbL-UBA shuttle factors bind the Rpn1 subunit in the
base complex (38), which also contains the hexameric ring of
ATPases that binds the 20 S particle. However, we found that
lower amounts of Rpn1 (Fig. 14) and Rpt1 (Fig. 6B) were recov-
ered with Prel-FLAG in rpnlI-1, which could underlie the
reduced proteasome interaction with shuttle factors. Rptl was
efficiently recovered with proteasomes in rpn11°**, consistent
with the high levels of ubiquitinated proteins and shuttle fac-
tors that were observed (Fig. 6B, and see Fig. 7).
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FIGURE 6. Substrate shuttle factors show differential binding to protea-
somes in rpn11-1 and rpn11°*A, A, the interaction between proteasomes
and shuttle factors (Rad23 and Dsk2) was determined by immunoprecipitat-
ing Pre1-FLAG. Yeast cells were grown at 23 and 37 °C, and total protein
extracts were examined. B, proteasomes were immunoprecipitated (/P) on
FLAG-agarose, and the levels of Rad23, Dsk2, and Rpt1 were determined by
immunoblotting.
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High Levels of Multiubiquitinated Proteins Remain Bound to
Shuttle Factors in rpnl1-1—Studies described here reveal a fail-
ure of multiubiquitinated proteins to be efficiently delivered to
or retained on proteasomes in rpnll-1. The accumulation of
high levels of ubiquitinated proteins in total cell extracts in
rpnll-1 was unexpected because multiubiquitin chains can be
rapidly dismantled. However, an interaction with UBA
domains in shuttle factors, such as Rad23, can reduce the dis-
assembly of multiubiquitin chains (39). Therefore, we investi-
gated whether multiubiquitinated proteins accumulated on
shuttle factorsin rpnl1-1. RPN11, rpnll-1,and rpnl1*** were
transformed with plasmids expressing FLAG-Rad23, FLAG-
Ddil, and FLAG-Dsk2. Protein extracts were incubated with
FLAG-agarose, and the bound proteins were resolved by SDS-
PAGE and transferred to nitrocellulose. Incubation of the filter
with anti-ubiquitin antibodies revealed strong interaction with
shuttle factors in rpnl1-1 extracts (Fig. 7A, lanes 5, 8, and 11).

To further test these findings, we measured peptidase activ-
ity that was purified with the shuttle factors as this would pro-
vide an independent gauge of their ability to bind proteasomes.
Protein extracts were prepared in the presence of ATP to min-
imize proteasome disassembly. Shuttle factors were recovered
on FLAG-agarose, and the affinity beads were incubated with
LLVY-AMC to measure chymotryptic activity. In the absence
of SDS, peptidase activity in total extract was lower in rpnll-1
but significantly higher in rpnl1*** (Fig. 7B). However, the
addition of SDS stimulated the chymotryptic activity in all three
strains and was particularly robust in rpn11-1 (consistent with
Fig. 3C). This result supports the
idea that higher levels of free 20 S
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FIGURE 7. High levels of multiubiquitinated proteins are bound to shuttle factors in rpn11-1. A, FLAG-
tagged Rad23, Ddi1, and Dsk2 were expressed in RPN11, rpn11-1, and rpn11%**, A wild-type strain lacking a
FLAG-tagged protein was also examined (vector, lanes 1-3). Protein extracts were incubated with FLAG-agar-
ose, and the levels of multiubiquitinated proteins and proteasome subunits (Rpt1, Rpn11, and Rpn12) that
were purified with the shuttle factors were determined. The lower panel shows the levels of the shuttle factors
by Ponceau S staining. The levels of multiubiquitinated proteins and proteasome subunits Rpt1, Rpn11, and
Rpn12 are shown. IP, immunoprecipitation. B, chymotryptic activity was measured in extracts, in the presence
and absence of SDS. In these assays, the extracts were prepared from yeast cells grown at 30 °C to permit
semipermissive growth for rpn11-1and rpn117*A. C, the same extracts were incubated with FLAG-agarose, and
peptidase activity co-precipitated with the shuttle factors was determined. (The assays were performed in

duplicate.) Error bars in panels B and C represent S.D.
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+Sbs magnitude of hydrolysis was re-

duced. We believe that this might be
due to an adverse effect of detergent
on the affinity matrix. Purification
of FLAG-Ddil yielded very low
activity, consistent with the absence
of significant interaction with pro-
teasomes (Fig. 7A). In contrast,
FLAG-Dsk2 gave qualitatively simi-
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lar results to FLAG-Rad23, suggesting that the stability defect
of rpnll-1 proteasomes affects its interactions with multiple
UbL/UBA shuttle factors.

DISCUSSION

The role of chaperones in promoting the assembly of the 20 S
catalytic particle has been characterized extensively (2-5). In
contrast, knowledge of 19 S complex assembly (6 —-12) and 26 S
maturation is only now emerging. The 19 S base subcomplex
was recently reported to occur through a succession of inter-
mediate structures, with the 20 S particle serving as a platform
for assembly (8). The ensuing recruitment of a preformed lid
complex could yield a complete proteasome.

Mutation in the Rpnll deubiquitinating enzyme can affect
proteasome assembly (21, 23) and interaction with multiubiq-
uitinated proteins. The rpnll-1 (mpri-1) mutant contains a
frameshift near the carboxyl terminus (40), which results in the
replacement of the terminal 31 amino acids with nine non-
native residues. This well characterized temperature-sensitive
mutant (20, 40) displays growth and proteolytic deficiencies
(21, 40), as well as a mitochondrial defect (20). The rpnl %4
mutant contains changes in the MPR1-PADI1-N terminus
(MPN) domain and does not support viability, although its bio-
chemical properties can be examined in an rpnll-1 mutant
(21).

The significant proteolytic and growth defects of rpn11-1led
us to examine proteasome interaction with ubiquitinated pro-
teins and shuttle factors. Proteasomes are structurally defective
in rpnll-1 and show a specific loss of 19 S subunits. Conse-
quently, the low peptidase activity of proteasomes in rpnll-1
may be due to the diminished stimulatory effect that the 19 S
regulatory particle is known to exert. These proteasomes also
showed significantly reduced interaction with multiubiquiti-
nated proteins. In contrast, proteasomes containing the cata-
lytically inactive rpn11*# protein are structurally sound and
bind very high levels of multiubiquitinated proteins due to
defective deubiquitination (21). These results show that the
interaction between ubiquitinated proteins and the proteasome
can be uncoupled from the subsequent steps involving deubiq-
uitination and degradation.

The carboxyl-terminal 39 residues of Rpn11 can function in
trans to partially restore proteasome assembly. GST-CRP!!
improved growth of rpnli-1 at the non-permissive tempera-
ture and increased survival in the presence of translational
inhibitors. Additionally, normal resistance to UV light was
restored, and the degradation of a proteolytic substrate was
improved. Direct binding studies failed to reveal any interac-
tion between FLAG-rpn11-1 and GST-C*P™"!, indicating that
suppression is not achieved by dimerization of these protein
sequences (data not shown and Ref. 22). Because rpnll-1 pro-
tein is catalytically active but destabilizes proteasomes, we pro-
pose that the carboxyl terminus promotes proteasome stability,
consistent with previous reports showing its requirement for
Rpnl1 function (21-23).

Multiubiquitinated proteins accumulated in rpnll-1 but
were not detected at correspondingly high levels in the protea-
some. However, high levels of ubiquitinated proteins were co-
purified with shuttle factors. Proteasomes purified from
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rpnll-1 contained reduced levels of the 19 S subunit Rpnl,
which forms the primary interaction with shuttle factors (38).
This provides an explanation for the reduced interaction
between shuttle factors and proteasomes in rpnll-1. In con-
trast, the high levels of multiubiquitinated proteins in protea-
somes in rpn 1 1°** indicate that shuttle factors can bind intact
proteasomes, even if they are catalytically inactive for
deubiquitination.

Our results suggest that the primary defect of rpn11-1 is the
instability of the lid complex rather than a failure to properly
assemble proteasomes. Although we cannot disregard an
assembly defect, our model is supported by the detection of
intact proteasomes in rpnll-1 following in vivo cross-linking
(Fig. 3). Rad23 and Rpnl0, as well as multiubiquitinated pro-
teins, were readily co-purified with proteasomes from rpnili-1
following cross-linking.

Lower amounts of Rad23 and Dsk2 were detected in protea-
somes isolated from rpnlli-1, suggesting inefficient delivery of
shuttle factors. However, high amounts of multiubiquitinated
proteins were bound to these shuttle factors. Presumably, mul-
tiubiquitinated proteins that are not delivered to the protea-
some can remain bound to shuttle factors. The increased
amount of fully assembled proteasomes in rpnlI*** might
underlie their favorable interaction with multiubiquitinated
proteins. Taken together, these findings suggest that shuttle
factors and ubiquitinated proteins may bind proteasomes
only after the lid subcomplex has assembled with the base-20 S
complex. The release of shuttle factors from proteasomes could
be linked to the disassembly of multiubiquitin chains, which
was shown to be coupled to substrate degradation (21).

The overall abundance of proteasome subunits is not mark-
edly affected in rpnl1***, as judged by immunoblotting (Fig.
1). However, both in-gel assays and immunoprecipitated pro-
teasomes showed higher chymotryptic activity in rpnl1**4,
Because high levels of multiubiquitinated proteins are bound to
proteasome in rpnlI**#, we speculate that peptidase activity
might be positively affected by interaction with proteolytic sub-
strates, but their degradation requires deubiquitination (21).

The addition of SDS did not stimulate the peptidase activity
of proteasomes purified with either FLAG-Rad23 or FLAG-
Dsk2 from rpnli-1 (Fig. 7C). Because shuttle factors interact
with the 19 S complex, these results support the model that
lower amounts of the 20 S particle were co-purified with shuttle
factors from rpnlli-1.Based on these findings, it will be of inter-
est to determine how the level of proteasome assembly affects
substrate turnover and whether deubiquitination regulates the
release of shuttle factors from the proteasome.
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