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The 26S proteasome is a large cytoplasmic protease that degrades polyubiquitinated proteins to short
peptides in a processive manner. The proteasome 19S regulatory subcomplex tethers the target protein via its
polyubiquitin adduct and unfolds the target polypeptide, which is then threaded into the proteolytic site-
containing 20S subcomplex. Hul5 is a 19S subcomplex-associated ubiquitin ligase that elongates ubiquitin
chains on proteasome-bound substrates. We isolated hul5A as a mutation with which fusions of an unstable
cyclin to stable reporter proteins accumulate as partially processed products. These products appear tran-
siently in the wild type but are strongly stabilized in 19S ATPase mutants and in the Aul5A mutant, supporting
a role for the ATPase subunits in the unfolding of proteasome substrates before insertion into the catalytic
cavity and suggesting a role for Hul5 in the processive degradation of proteins that are stalled on the

proteasome.

Selective degradation of cellular short-lived or damaged
proteins occurs via the ubiquitin-proteasome system (UPS).
Substrates of the UPS are covalently conjugated to the
polypeptide ubiquitin via a cascade of enzymatic reactions me-
diated by a ubiquitin-activating enzyme, ubiquitin-conjugating
enzymes, and ubiquitin ligases (16). The product of this reac-
tion cascade is a chain of ubiquitin adducts, typically based on
an isopeptide bond between the e-amino group of a lysine
residue of the substrate and the C-terminal carboxyl group of
ubiquitin and with subsequent ubiquitin molecules similarly
bound to an internal lysine of the preceding ubiquitin adduct.
Polyubiquitinated substrates are subsequently recognized and
degraded by the 26S proteasome, a large multicatalytic pro-
teinase consisting of a catalytic barrel-shaped 20S subcomplex
and two regulatory 19S subcomplexes at either end. The 20S
subcomplex carries three distinct proteolytic activities—a chy-
motrypsin, trypsin, and caspase-like activity—carried by three
different protein subunits (15, 22, 33, 48). Access to the cata-
lytic sites, which are located inside the lumen of the hollow 20S
barrel, require passage through two narrow openings at either
end of the barrel (12). This access is controlled by the 19S
subcomplexes, the roles of which include binding polyubiquiti-
nated proteins, unfolding the target polypeptide via a chaper-
one-like activity in order to allow it to be threaded into the 20S
lumen, and hydrolyzing the polyubiquitin isopeptide bonds in
order to recycle the ubiquitin (reviewed in references 6, 36, and
42). By analogy with eubacterial ATP-requiring proteases (29,
41) and archaebacterial proteasomes (44, 50), unfolding of the
substrate protein by the 26S proteasome is thought to depend
on the activity of a ring of six AAA-type ATPases located at
the base of the 19S subcomplex, adjacent to the aperture of the
20S catalytic subcomplex of the proteasome (10).
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Whereas most proteasome substrates are processively de-
graded to completion, some substrates, such as the NF-«kB
precursor pl05, its Drosophila melanogaster homolog Ci, and
the yeast transcription factors Spt23 and Mga2, exhibit partial
processing, i.e., degradation of part of the polypeptide and
release of another part (18, 35, 45). This is thought to result
from a combination of a stably folded domain preceded, in the
direction of polypeptide degradation, by a simple sequence
repeat which may inhibit effective transfer of the polypeptide
into the proteasome catalytic cavity (34, 37, 45).

Several proteasome-associated proteins have been found in
yeast, including the deubiquitinating enzyme Ubp6 and the
HECT-type ubiquitin ligase Hul5 (28, 47). KIAA10, the ap-
parent mammalian homolog of Hul5, is also associated with
the proteasome (3, 28, 49). Ubpb6 constitutes one of at least two
proteasome-associated deubiquitinating activities that partici-
pate in the recycling of the ubiquitin moieties of proteins
targeted to the proteasome (13, 28, 46), and it is also involved
in the trimming of the ubiquitin chains of substrates bound to
the proteasome (3). On purified proteasomes, the latter activ-
ity is opposed by Hul5 (3). Although some UPS substrates have
been found to be stabilized in the absence of Hul5, the mech-
anistic role of this ubiquitin ligase within the UPS remains
unclear.

Pcl5 is a yeast cyclin-like protein that is rapidly degraded via
two distinct degradation signals, an N-terminal phosphoryla-
tion-dependent signal and a C-terminal signal that requires a
free carboxy-terminal end (1). Fusion of Pcl5 C-terminally to
the normally stable enzyme Ura3 causes destabilization of the
fusion construct (1). We used the instability of Ura3-Pcl5 to
screen for yeast mutants that stabilize Pcl5. Here we describe
the isolation of Aul5A as a mutant that, rather than inhibiting
turnover of Ura3-Pcl5, causes the fusion protein to be partially
processed by the proteasome. Analysis of the kinetics of deg-
radation or processing of various Pcl5 fusion proteins in dif-
ferent mutant strains indicates that ubiquitination by Hul5 is
required, together with 19S ATPase activities, for full degra-
dation of specific substrates.
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MATERIALS AND METHODS

S. cerevisiae strains and growth conditions. The following S. cerevisiae back-
ground strains were utilized: W303 (R. Rothstein), BY4741 (EUROSCARF),
and sub62 (D. Finley). KY775 is W303 pdr5A::hisG erg6A::hisG. The hul5A::Kan"
and ubp6A::Kan" alleles were obtained from EUROSCARF and combined by
mating to generate the double mutant (KY1226: MATa ura3 leu2 lys2 his3
ubp6A::Kan® hul5A::Kan®). The hul5A::Kan® allele was transferred by transfor-
mation of a PCR product of the Aul5A::Kan" genomic region into sub62 to
generate KY1302 (MATa ura3 leu2 lys2 his3 trpl gal hul5A::Kan"), into sub62
pt2RF (40) to generate KY1303, and into KY775 to generate KY1270. The cri3-2
strain used, KY774, was generated by backcrossing the original mutant (31) into
W303 twice.

The strains were grown in standard yeast extract-peptone-dextrose (YPD) (1%
yeast extract, 2% peptone, 2% dextrose) and complete yeast nitrogen base media
(YNB) (1.5 g/liter yeast nitrogen base, 5 g/liter ammonium sulfate, 2% dextrose
or galactose, 0.1 g/liter of each amino acid, uracil, and adenine, with the appro-
priate amino acids removed as required for plasmid selection).

Plasmid constructions. PCL5 was cloned as a BamHI-Xhol PCR fragment in
pOCI (9) to generate KB1169 (CEN TRPI CUPIp-URA3-HA-PCLY5). The Sacl-
Xhol fragments of KB1169 and pOC9 were cloned into pRS313 to generate
KB1432 (CEN HIS3 CUPIp-URA3-HA-PCL5) and KB1433 (CEN HIS3 CUPIp-
URA3-HA). KB1908 to -1910 are identical to KB1432 except that fragments
corresponding to PCL5 codons 1 to 46, 1 to 53, and 1 to 65, respectively, were
cloned instead of full-length PCL5. KB1943 (CEN HIS3 MET25p-GFP-PCL5),
KB1951 (id. but with PCL5 codons 40 to 229), and KB1952 (id. but with PCLS5
codons 71 to 229) consist of the PCL5 sequences cloned as BamHI-Xhol PCR
fragments into pUG34 (a gift of Johannes Hegemann). KB1954 and KB1955
consist of HULS5 and HUL5 C878A cloned as PstI-Sacl fragments from plasmids
pJH8S and pJHS5 (3) into pRS315 (CEN LEU2). KB2012 contains the GCN4
fragment extending between codons 62 and 202 from plasmid KB893 (32) fused
to the PCLS5 open reading frame, under the CUPIp promoter on a CEN TRPI
vector. CUPIp-Myc-UBI and CUPIp-UBI are described in reference 5.

Materials. MG132 (CbzLLLal) (27, 39) was obtained from Calbiochem.
[>*S]methionine-cysteine (Easytag Express) was from Perkin-Elmer. Antibodies
used were HA.11 (Covance, Princeton, NJ) anti-green fluorescent protein (GFP)
polyclonal antibody (Invitrogen), polyclonal anti-Pcl5 (43), and polyclonal anti-
Gcend (32). Protein A-Sepharose was from GE-Health Care.

Protein degradation analysis. Pulse-chase protein degradation analysis was
done as described previously (25). Briefly, cells (10 ml) were grown in synthetic
dropout medium to an optical density at 600 nm (ODy) of 0.7 to 1.0, induced
for 20 min with 0.2 mM CuSO, or by growing for several hours in methionine-
depleted medium, spun down, and washed once in YNB medium supplemented
with the essential amino acids only, resuspended in 0.3 ml of the same medium
containing [*>SJmethionine-cysteine (Easytag Express; Perkin-Elmer), and incu-
bated for 5 min at 30°C. Cells were then spun down and resuspended in 2.5 ml
synthetic complete (SC) medium containing 10 mM (each) methionine and
cysteine. At the indicated times, an aliquot was removed, treated with NaOH
(0.25 M) and B-mercaptoethanol (1%), incubated 10 min on ice, and then
precipitated with 7% trichloroacetic acid (TCA). The protein pellet was washed
with acetone and resolubilized in 2.5% SDS, and the Ura3-hemagglutinin (HA)-
Pcl5, GFP-Pcl5, and Gen4(62-202)-Pcl5 proteins were immunoprecipitated using
the HA.11 antibody (Covance, Princeton, NJ), an anti-GFP polyclonal antibody
(Invitrogen), or a polyclonal anti-Gen4 antibody (32). The immunoprecipitates were
analyzed by SDS-PAGE, and quantitation was carried out using a Fuji Bas phos-
phorimager plate. For quantitation of the Ura3-Pcl5 and GF-Pcl5 processing prod-
ucts, the radioactivity of the processed protein band was compared to that of
the full-length protein band at time zero (t,). However, to account for the fact that
the processed band contains fewer labeled residues (methionine and cysteine), the
processed-band percentages were adjusted accordingly: the processed Ura3-PclS
band intensity was multiplied by 20/11 (number of Met-Cys in full-length versus
processed Ura3-Pcl5) and the GFP-Pcl5 processed-band intensity was multiplied by
2 (18 Met-Cys in GFP-Pcl5 versus 9 in the processed product).

Alternatively, protein stability was assayed by following the levels of specific
proteins by use of Western blotting after arrest of protein synthesis. Synthesis
arrest was achieved by adding the protein synthesis inhibitor cycloheximide (20
pg/ml) to the medium. Equal amounts of culture were spun down, incubated on
ice for 10 min with NaOH (0.25 M) and B-mercaptoethanol (1%), and precipi-
tated with 7% TCA. The protein pellet was washed with acetone, resolubilized in
protein loading buffer, subjected to SDS-PAGE, and reacted with the HA.11
antibody, with polyclonal anti-GFP, or with polyclonal anti-Pcl5 (43), as re-
quired.

MoL. CELL. BIOL.

Identification of Ura3-Pcl5 processing product by mass spectroscopy. hul5A
cells (KY985) carrying the CUP1p-URA3-HA-PCLS plasmid (KB1432) or a vec-
tor plasmid were grown at 30°C in 50 ml synthetic dropout medium to an ODyg,
of 2, and then CuSO, was added to 0.1 mM and the culture was incubated for a
further 30 min. The cells were pelleted, washed twice, resuspended in 3 ml
ice-cold immunoprecipitation (IP) buffer with antiproteases (25), and mechani-
cally disrupted with a bead beater. The extracts were centrifuged at 13,000 X g
for 15 min, and then the supernatant was saved and mixed with about 60 ul
(about 12 pg) of HA.11 antibody (Covance). After 90 min of incubation at 4°C,
20 pl of protein A beads (Pharmacia) were added and the extracts were incu-
bated for another 90 min at 4°C while tumbling. The beads were washed five
times and then resuspended in gel loading buffer, and the immunoprecipitate was
subjected to SDS-PAGE. On the Coomassie-stained gel, an ~35-kDa band was
clearly visible in the Ura3-Pcl5 lane and absent in the vector lane. This band
was cut out of the gel, and the gel slice was treated as follows. The proteins in the
gel were reduced with 3 mM dithiothreitol (DTT) (60°C for 30 min) and mod-
ified with 120 mM iodoacetamide in 10 mM ammonium bicarbonate (room
temperature for 30 min). The gel pieces were dehydrated with acetonitrile and
rehydrated with 10% acetonitrile in 10 mM ammonium bicarbonate containing
trypsin (modified trypsin [Promega] at a 1:20 enzyme-to-substrate ratio). The gel
pieces were incubated overnight at 37°C, and the resulting peptides were recov-
ered and resolved by reverse-phase chromatography on 0.1- by 200-mm fused
silica capillaries (100-wm inside diameter; J&W) packed with Everest reversed-
phase material (Grace Vydac, California). The peptides were eluted with linear
50-min gradients of 5 to 95% of acetonitrile with 0.1% formic acid in water at
flow rates of 0.4 wl/min. Mass spectrometry (MS) was carried out by an ion trap
mass spectrometer (LCQ-DecaXP; Finnigan, San Jose, CA) in a positive mode
using a repetitively full MS scan followed by collision-induces dissociation (CID)
of the 3 most dominant ions selected from the first MS scan.

The mass spectrometry data were clustered and analyzed using the Sequest
software program (J. Eng and J. Yates, University of Washington, and Finnigan,
San Jose, CA), searching against the yeast sections of the NR-NCBI database
and against the specific sequence of the protein. Significant peptide identification
had Sequest XCorr values of 1.5 for singly charged peptides, 2.5 for doubly
charged peptides, and 3 for triply charged peptides.

IP/Western blotting for detection of Ura3-Pcl5 ubiquitination. Wild-type (wt)
and hul5A mutant cells carrying the indicated plasmids (see the legend to Fig. 4)
were grown for 4 h in SC medium supplemented with 0.2 mM CuSO,, harvested,
and mechanically disrupted with a bead beater in lysis buffer (10 mM HEPES
[pH 7.5], 2.5 mM SDS, 5 mM EDTA, 1:500 of a cocktail of leupeptin, chymo-
statin, and pepstatin [10 mg/ml in dimethyl sulfoxide, 1 mM phenylmethylsulfo-
nyl fluoride, and 5 mM N-ethylmaleimide [NEM]). Equal amounts of protein
extract were diluted at least 10-fold in IP buffer (50 mM HEPES [pH 7.5], 1%
Triton X-100, and EDTA, antiproteases, and NEM as for lysis buffer) and
incubated with tumbling at 4°C with HA.11 Sepharose beads (Covance) for 3 h.
The beads were washed four times with IP buffer supplemented with 0.1% SDS
and then eluted by boiling in gel loading buffer. The protein extract was analyzed
by SDS-PAGE and Western blotting, using the 9E10 anti-Myc antibody to detect
Myc-ubiquitin.

Growth tests. Yeast strains were precultured to the same optical densities
(ODggo = 1) and spotted onto appropriate YNB-based media, supplemented as
indicated. Fivefold dilutions, starting with 5 X 10 cells per 5 l, were spotted
onto the plates, incubated at 30°C for various periods, and photographed under
white light.

RESULTS

A 36-kDa degradation product of Ura3-Pcl5 is generated in
the hul5A mutant. In order to identify mutants that would sta-
bilize the Ura3-Pcl5 fusion, we used a CUPIp::URA3-HA-PCL5
plasmid construct previously shown to be unable to confer uracil
prototrophy due to rapid turnover of Ura3-Pcl5 (1). We screened
the EUROSCARE yeast deletion collection for growth on uracil-
depleted plates, using two methods: by transforming the
CUPIp::URA3-HA-PCL)5 plasmid into a pooled strain collection
and selecting for uracil prototrophy and by transforming some
120 individual strains representing deletion mutants in the UPS
with the plasmid, followed by testing of the transformants for
growth on uracil-depleted plates. The only mutant that was con-
sistently recovered from the whole deletion collection pool was
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FIG. 1. Expression of Ura3-PclS in Aul5A mutant cells generates a
36-kDa Ura3-containing species. (A) The schematic drawing of the
fusion protein indicates the positions of the Ura3 and Pcl5 moieties,
with the intervening HA tag indicated in dark gray. Cells were induced
with CuSO, and treated with cycloheximide (CHX) as detailed in
Materials and Methods. Upper panel: detection of the Ura3-HA-Pcl5
fusion with the HA.11 antibody (a-HA). Lower panel: detection of the
same membrane with an anti-PclS antiserum (a-PclS). (B) Mass-spec-
trometry analysis of the 36-kDa species after digestion with trypsin (see
Materials and Methods for details). The origins of the identified pep-
tides are indicated, and their distribution on the Ura3-Pcl5 sequence is
depicted schematically.

the Aul5A mutant. Furthermore, among the 120 individual UPS
mutants, the Aul5SA mutant was again the mutant that exhibited
the most robust growth on uracil-depleted plates.

We tested directly degradation of full-length PclS expressed
under the CUPI promoter in the Aul5A strain but saw no
difference in half-life in the mutants versus the wild-type strain
(data not shown). We therefore went back to the Ura3-Pcl5
fusion protein that served as a reporter in the growth screen
and checked its steady-state levels and stability after transla-
tion inhibition with cycloheximide in the wt versus the Aul5A
strain (Fig. 1). The steady-state levels and stability of the Ura3-
Pcl5 fusion protein (57 kDa; indicated by an arrow in Fig. 1)
were unchanged for the various mutant strains versus results
for the wild type. However, in the hul5A strain, a faster-mi-
grating protein band of about 36 kDa accumulated. A similar,
but weaker, protein band was transiently visible in the wild-
type strain before cycloheximide addition but disappeared rap-
idly afterwards (Fig. 1A, upper panel). An anti-Pcl5 polyclonal
antibody reacted only with the upper band (Fig. 1A, lower
panel). Furthermore, since the 36-kDa protein band was visu-
alized with the anti-HA antibody and since the HA epitope tag
is located between the Ura3 (29 kDa) and Pcl5 (26.5 kDa)
sequences in this construct, we surmised, based on the uracil
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FIG. 2. The Ura3-Pcl5 processing product is a consequence of pro-
teasome activity. (A) Pulse-chase analysis of Ura3-Pcl5 degradation in
hul5A mutant cells. Cells carrying plasmid KB1432 expressing the
Ura3-Pcl5 fusion protein were labeled for 2 min and chased with cold
methionine. C, cells carrying a vector plasmid. The 36-kDa processing
product is indicated with an arrowhead. The graph depicts the quan-
titation of the experiment shown; the percentage of the processing
product is indicated relative to the full-length protein at ¢, of the chase,
corrected for the smaller number of methionines and cysteines (the
residues labeled with **S) in the processing product, namely, 11, versus
20 in the full-length Ura3-Pcl5 fusion protein. (B) Accumulation of
Ura3-Pcl5 and its processing product upon proteasome inhibition.
Strains KY775 (pdr5 erg6) and KY1270 (pdr5 erg6 hul5) carrying plas-
mid KY1169 were incubated for 20 min with 0.2 mM CuSO4 (Ura3-
Pcl5 induction) and with the indicated amounts of the proteasome

inhibitor MG132 before protein extraction.

prototrophy of the Aul5A mutant, that this band represents a
partial degradation product, containing Ura3 and the N-termi-
nal fragment of Pcl5. This was confirmed by MS analysis of
tryptic peptides of the 36-kDa protein band, which identified
nine peptides along the length of the Ura3 sequence and a
single peptide corresponding to the Pcl5 sequence between
positions 12 and 21 (Fig. 1B).

The 36-kDa protein band could represent a degradation
product of the full-length Ura3-Pcl5 fusion; alternatively, it
could be a consequence of incomplete synthesis of the fusion
protein. To distinguish between these possibilities, we per-
formed a pulse-chase analysis of ~ul5A mutant cells expressing
the fusion protein. As shown in Fig. 2A, after a short pulse-
labeling period, the 36-kDa band increased in intensity during
the 10 min of the chase, concomitant with the disappearance of
the full-length protein, suggesting a precursor-product rela-
tionship and supporting the assumption that the 36-kDa pro-
tein band represents a degradation product of the full-length
Ura3-Pcl5 fusion. Quantitation of the relative increase of the
processing product versus the decrease of the full-length prod-
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uct in the first 6 min of the chase indicates that about 25% of
the full-length product was processed to the shorter product
whereas the remainder was degraded to completion.

The 36-kDa degradation product is generated by incomplete
proteasomal degradation. The rapid disappearance of the 36-
kDa band in the wild type and its stabilization in the Aul5A
mutant could have been due to incomplete degradation of the
Ura3-Pcl5 fusion by the proteasome. Alternatively, this band
could represent a proteolytic cleavage product, unrelated to
proteasome activity, that is normally very rapidly degraded via
a pathway involving the Hul5 ubiquitin ligase. If the latter were
true, then chemical inhibition of the catalytic activity of the
proteasome should lead to the same accumulation of the 36-
kDa band as seen in the ~ul5A mutant. To test this, we exposed
drug-permeable pdr5A erg6bA strains, either wild type or deleted
for HULS, to increasing concentrations of the proteasomal inhib-
itor MG132 (CbzLLLal) (27, 39]) and at the same time induced
Ura3-Pcl5 production from the CUPIp::URA3-HA-PCL5 plas-
mid. The full-length Ura3-Pcl5 protein accumulated greatly in the
presence of the drug, both in the wild-type strain and the Aul5A
strain, confirming that Ura3-Pcl5 is normally degraded via the
proteasome (Fig. 2B). In the wild-type strain, however, the 36-
kDa band was undetectable even in the presence of MG132.
Furthermore, in the Aul5A mutant, appearance of the 36-kDa
processing product decreased with increasing amounts of MG132
(Fig. 2B). These data suggest that appearance of the 36-kDa band
does require proteasome activity, rather than representing a pro-
teasome-independent cleavage event, and thus support the first
possibility, i.e., that it represents incomplete degradation of Ura3-
Pcl5 by the proteasome.

Hul5 was identified as a ubiquitin ligase associated with the
proteasome (3, 28). Thus, one possibility is that the role of
Hul5 is to promote the processivity of Ura3-Pcl5 degradation
on the proteasome. Alternatively, unrelated to its function on
the proteasome, Hul5 could be required in a cytoplasmic ubig-
uitination and degradation pathway of the 36-kDa processing
product that is normally released by the proteasome. To ad-
dress the latter possibility, it was necessary to determine
whether the 36-kDa product, when synthesized independently,
is subject to Hul5-dependent degradation. The site of final
proteasomal cleavage of Ura3-Pcl5 in Aul5A cells was deter-
mined in the following way. In the first stage, potential pro-
teasome cleavage sites in the Pcl5 region corresponding to the
36-kDa fragment (around position 50 in the PclS sequence)
were predicted using the PAProC algorithm (26). The pre-
dicted proteasomal cleavage sites closest to position 50 were
located after positions 46, 47, and 53. In a second stage, Ura3-
Pcl5 fusion constructs extending to positions 46, 53, and 65 of
Pcl5 were compared by SDS-PAGE to the Ura3-Pcl5 process-
ing product that appears in the hu/5A mutant. As can be seen
in Fig. 3A, the Ura3-Pcl5 proteasomal processing product mi-
grates identically to the Ura3-Pcl5(1-53) construct and is easily
distinguished from the 1-46 and 1-65 constructs. We estimate
that differences of more than 1 residue in the length of the
processing product would have been detectable, i.e., the 36-
kDa processing product consists of Ura3-Pcl5(1-53+/— 1). We
then asked whether the Ura3-Pcl5(1-53) protein is degraded
via Hul5. However, this protein is stable (Fig. 3B), which is
inconsistent with it being degraded via a proteasome-indepen-
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FIG. 3. The Ura3-Pcl5 processing product is not inherently unsta-
ble. (A) Characterization of the Ura3-PclS processing product size.
Wild-type cells expressing Ura3 fused to various fragments of Pcl5
from plasmids KB1908 (1-46), KB1909 (1-53), KB1910 (1-65), or
hul5A mutant cells expressing full-length Ura3-Pcl5 (F.L.) were pulse-
labeled for 10 min and then subjected to immunoprecipitation and
SDS-PAGE. (B) Ura3-Pcl5(1-53) expressed from KB1909 in wild-type
and hul5A cells was subjected to stability analysis as for Fig. 1A.

dent function of Hul5 but consistent with a role for HulS in the
processivity of Ura3-Pcl5 degradation by the 26S proteasome.

Catalytic activity of HulS is required for processive Ura3-
Pcl5 degradation. Hul5 extends ubiquitin chains on protea-
some-tethered substrates in vitro, an activity that requires an
essential cysteine in the HECT domain of the protein (3, 28).
We therefore tested whether ubiquitin ligase activity of HulS is
required for its effect on the processivity of Ura3-Pcl5 degra-
dation. We first tested whether Hul5-dependent polyubiquiti-
nation of Ura3-Pcl5 could be detected in vivo. Ura3-PclS iso-
lated from cells expressing Myc-tagged ubiquitin was
immunoprecipitated and reacted with the anti-Myc antibody.
A high-molecular-weight smear, which was Ura3-Pcl5 and
Myc-ubiquitin dependent, was clearly visible for the HULS5
strain but almost totally absent for the Aul5A strain (Fig. 4A).
This is consistent with polyubiquitination of Ura3-Pcl5 being
dependent upon HulS. Next, we tested whether the catalytic
activity of Hul5 was involved in the growth phenotype of cells
expressing Ura3-PclS. hul5A cells expressing Ura3-PclS were
transformed with plasmids containing wild-type HULS5 or the
hul5 C878A mutant, which is catalytically inactive in vitro (3,
28). Whereas wild-type HULS was able to suppress the uracil
prototrophy of the hul5A strain expressing Ura3-PclS, the AulS
C878A mutant was unable to do so (Fig. 4B). Finally, we tested
the effect of the hul5 C878A mutant directly on the processing
of Ura3-Pcl5 by the proteasome. Complementation of the
Ura3-Pcl5 processing defect of the Aul5A mutation indicated
that compared to wild-type HULS, the hul5 C878A mutant is
almost totally inactive for processive Ura3-Pcl5S degradation
(Fig. 4C). Taken together, the data shown in Fig. 4 indicate
that Hul5-mediated polyubiquitination is essential for proces-
sive degradation of Ura3-Pcl5 by the proteasome.

Genetic interaction between hul5A and ubp6A in Ura3-Pcl5
processing. Hul5 was identified as one of several proteasome-
associated proteins. Another proteasome-associated protein is
Ubp6, a ubiquitin hydrolase (28, 47). Hul5 and Ubp6 were
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Pcl5) or KB1432 (Ura3-HA) and either CUPIp-Myc-UBI or CUPIp-UBI
(5) were induced for 4 h with 0.2 mM CuSO,. In a first stage, Ura3-Pcl5
was immunoprecipitated with an anti-HA antibody, and then the precip-
itate was solubilized in gel loading buffer and analyzed by SDS-PAGE/
Western blotting for the presence of Myc-reactive proteins. (B) Strain
KY1302 (sub62 hul5A) transformed with either KB1954 (HULS5), KB1955
(hul5 C878A), or vector (pRS315) and 5-fold dilutions of the resulting
strains were spotted on synthetic complete medium without leucine and
with or without uracil and incubated for 2 days (+uracil) or 3 days
(—uracil). (C) Strain KY1302 was transformed with KB1169 (Ura3-Pcl5)
and with either KB1954 (HULS), KB1955 (hul5 C878A), or vector
(pRS315). Ura3-Pcl5 degradation was followed by cycloheximide transla-
tion inhibition as for Fig. 1A.
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found to have opposing effects on polyubiquitination of pro-
teasome-associated proteins in vitro (3). We therefore tested
whether Hul5 and Ubp6 similarly have opposing effects on
Ura3-Pcl5 degradation. The single and double mutant strains
were analyzed for growth in the absence of uracil and for
Ura3-Pcl5 degradation. The uracil prototrophy of the Aul5A
strain was not reverted by the additional ubp6A deletion (Fig.
5A); furthermore, the processing defect of the Aul5A strain was
not abolished by the additional deletion of UBP6 (Fig. 5B).
Interestingly, the ubp6A deletion itself showed some minor
accumulation of the processed product (Fig. 5B). In accor-
dance with this minor processing defect, a limited extent of
growth was detectable with the ubp6A strain compared to that
with the wild-type strain after more-extended incubation on
uracil-depleted plates (Fig. 5A). Ura3-Pcl5 processing and
degradation in these mutants were then quantitatively assessed
by [**S]methionine pulse-chase analysis (Fig. 5C). The tran-
sient appearance of processing product in the ubp6A mutant is
detectable here as well (left panel); the processing product that
is generated is rapidly degraded. When comparing the Aul5A
strain to the double ubp6A hul5A deletion strain (right panel),
no difference in degradation of the full-length product was
detected, but a decrease in accumulation of the processed
product was detected in the double mutant—from 34% * 7%
in the hul5A strain to 21% = 3.5% in the double ubp6A hul5A
deletion strain. These data suggest that Ubp6 in the wild-type
background promotes Ura3-Pcl5 processing; to the extent that
Ura3-Pcl5 processing requires ubiquitination, the positive role
of Ubp6 may reflect its role in maintaining ubiquitin homeosta-
sis in the cell by sparing ubiquitin from degradation along with
the UPS substrates (2, 14, 28). In the Aul5A background, in
contrast, deletion of UBP6 somewhat mitigates the Ura3-Pcl5
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FIG. 5. Genetic interaction between hul5A and ubp6A in Ura3-Pcl5 processing. (A) Uracil prototrophy in the hul5A, ubp6A, and double
mutants. Fivefold dilutions of the indicated mutants carrying plasmid KB1432 were spotted on synthetic complete medium with or without uracil
and incubated for 2 days (+uracil) or 3 or 4 days (—uracil), as indicated, at 30°C. (B) The same strains were analyzed for Ura3-Pcl5 processing
by cycloheximide chase as in Fig. 1A. (C) To quantitate the relative effect of Hul5 and Ubp6 on Ura3-Pcl5 processing, the same strains were
subjected to [**S]methionine pulse-chase analysis as described in Materials and Methods, and the Ura3-Pcl5 full-length and processing products
were detected with the anti-HA antibody. The arrows indicate the position of full-length Ura3-Pcl5, and the arrowheads indicate the position of
the processed product. Quantitation of the protein bands is represented in the graphs. For the Aul5A versus ubp6A hul5A experiment, the graph
represents the average of results from four experiments; bars indicate standard deviations. Quantitation of the processing product was corrected

for the smaller number of labeled residues as in Fig. 2A.
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FIG. 6. Partial processing of GFP-Pcl5 fusions. (A) Cycloheximide chase of GFP-Pcl5, GFP-Pcl5(71-229), and GFP-Pcl5(71-229) expressed
from plasmids KB1943, KB1951, and KB1952 in wild-type (sub62) versus hul5A (KY1302) cells. The asterisk indicates a nonspecific band. C,
no-GFP control. (B) [**S]methionine pulse-chase analysis of GFP-Pcl5 in wild-type versus AulSA cells. C, no-GFP control. (C) Quantitation of
GFP-Pcl5 degradation versus processing (average of 2 experiments, included that shown in panel B). The percentage of the processing product
is indicated relative to the full-length protein at ¢, of the chase, corrected for the smaller number of methionines and cysteines (the residues labeled
with *3S) in the processing product, namely, 9, versus 18 in the full-length GFP-Pcl5 fusion protein. Note that the processed band exceeds 100%
in the Aul5A mutant because the stable GFP band started accumulating during the pulse-labeling period.

processing defect; this may reflect the opposing effects of Ubp6
and Hul5 on ubiquitination of proteasome-bound proteins in
vitro (3).

Partial processing of GFP-Pcl5. To better understand the
role of Hul5 in Ura3-Pcl5 processing, we next sought to iden-
tify the reason for the failure of the cells to degrade this
specific protein to completion. Targeting of Ura3-Pcl5 to the
proteasome presumably occurs via the normally unstable Pcl5
moiety. The data shown above suggest that processive degra-
dation of the fusion protein from its C terminus is transiently
halted in the wild-type cells at position 53 of Pcl5. One possi-
bility is that the stability of the Ura3 domain of the fusion
protein prevents its unfolding, which is necessary for threading
the polypeptide chain into the catalytic cavity of the 20S pro-
teasome.

If the thermodynamic stability of Ura3 impedes processive
degradation of the Ura3-Pcl5 fusion protein, then replacing
Ura3 with green fluorescent protein (GFP), a protein shown in
various contexts to be unusually hard to degrade processively
(30, 51), may also inhibit full degradation of the fusion protein.
Degradation of GFP-PclS5 in both wild-type and Aul5A cells was
followed by cycloheximide chase (Fig. 6A, left panel). Whereas
the full-length protein disappeared rapidly in both strains,
albeit somewhat more slowly in the mutant strain, an ~33-kDa
degradation product accumulated in both the wild-type and
mutant cells but with a significantly higher accumulation visible
in the Aul5A mutant cells. To quantitate the extent of partial
processing versus full degradation, a [*>S]methionine pulse-
chase analysis of GFP-Pcl5 was carried out (Fig. 6B). Quanti-
tation of GFP-Pcl5 degradation and processing indicated that
in wild-type cells, of the 95% =+ 2% of the protein degraded in
the first 15 min of the chase, a small fraction of 15% * 5% of
the protein was processed to an ~33-kDa species rather than
degraded. In the Aul5A mutant, of the 90% = 2% of the

protein degraded in the first 15 min of the chase, 70% = 5% of
the protein was processed rather than degraded (Fig. 6C, av-
erage of 2 experiments). Thus, the presence of the stable GFP
domain presents an impediment to processive degradation of
the Pcl5 moiety of the fusion protein in wild-type cells but
more so in the Aul5A mutant cells.

Since 33 kDa is the expected size of the GFP-Pcl5 fusion
extending to position 53 of Pcl5, it would appear that proces-
sive degradation of PclS is inhibited at a similar location in the
context of both Ura3 and GFP fusion proteins. In order to test
the role of the N-terminal sequences of Pcl5 in the inhibition
of processive degradation of GFP-Pcl5, we made deletion vari-
ants of Pcl5 in the context of the GFP-Pcl5 fusion protein.
Degradation of GFP-Pcl5(40-229), which still includes the pre-
dicted processing site (position 53 of Pcl5), and GFP-Pcl5(71-
229), lacking this site, was followed in both wild-type and Aul5A
cells by cycloheximide chase (Fig. 6A, middle and right panels).
With the GFP-Pcl5(40-229) construct, no processing interme-
diate was detectable in either strain. With the GFP-Pcl5(71-
229) construct, an ~34-kDa intermediate was transiently visi-
ble in both wild-type and Aul5A mutant cells, but it did not
accumulate, and a slightly smaller product was seen to accu-
mulate in the hul/5A mutant. These results suggest that, in
addition to a stable protein domain, the accumulation of the
degradation intermediates depends on the nature of the se-
quences near the processing site.

Processive degradation of Gend(62-202)-Pcl5. If in GFP-
Pcl5, as in Ura3-Pcl5, processive degradation is impeded due
to the thermodynamic stability of the GFP and Pcl5 moieties,
then conversely, replacing Ura3 with a less stably folded pro-
tein domain should enable full degradation of the fusion
protein. In our search for unstructured protein domains, we
turned to activation domains of transcription factors, which are
often relatively tolerant of deletions and point mutations. This
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FIG. 7. Processive degradation of Gen4(62-202)-Pcl5. Gen4
T165A (62-202) was expressed from the CUPI promoter of plasmid
KB2012 in wild-type (sub62) cells versus hul5A (KY1302) cells. Deg-
radation of the fusion protein was followed by [*>S]methionine pulse-
chase analysis. C, vector control.

is the case with Gen4, which was shown to carry several short,
partially redundant sequence elements that contribute to tran-
scriptional activation (17, 20). Although there is little informa-
tion regarding the structure of the Gen4 activation domain,
these observations are at least consistent with an absence of
strong tertiary structure in this region of the protein. We there-
fore tested degradation of a fusion protein consisting of the
Gcen4 region extending from position 62 to 202, encompassing
part of the N-terminal activation domain and of the central
acidic activation domain (17, 20), fused to full-length Pcl5.
Since this region of Gen4 also contains a degradation signal
centered on Thr165 (32), we used a mutation in this critical
threonine residue, T165A. Gend T165A(62-202) fused to an
epitope tag is stable and migrates aberrantly as an ~30-kDa
polypeptide (32; our unpublished results). Degradation of
Gend T165A(62-202)-Pcl5, which migrates as an ~52-kDa
protein, was followed using an anti-Gen4 antibody. This fusion
protein was rapidly degraded, both in the wild type and in the
hul5A strain (Fig. 7). Strikingly, no degradation intermediates
were detectable, even transiently, in either the wild-type or the
hul5A background. This suggests that the nature of the domain
fused to Pcl5 influences the processivity of degradation.

19S ATPase subunit mutants are defective in Ura3-Pcl5
degradation. Substrates need to be unfolded in order to be
translocated into the 20S proteasome cavity. The unfolding
activity is thought to depend mainly on the six AAA-type
ATPases of the 19S subunit “base” subcomplex, which form a
ring adjacent to the 20S aperture. If the incomplete degrada-
tion of Ura3-Pcl5 in the Au/5A mutant and the transient ap-
pearance of the 36-kDa intermediate in the wild-type cells are
due to a difficulty in unfolding of this protein by the 19S
ATPases, then we might expect that mutant variants of these
proteins would exhibit a phenotype similar to that of the Aul5SA
mutant. We tested degradation of Ura3-Pcl5 in three ATPase
mutants: a c¢7/3-2 mutant (= RPT6 [7]), a cim5-I mutant
(= RPT1 [8]), and an rpr2%F mutant (40). The last two showed
clear accumulation of the 36-kDa processing product (data not
shown), suggesting that processivity of Ura3-Pcl5 degradation
is hampered by reduced ATPase activity and by deletion of
HULS. Since rpt2RF is the best-characterized mutation, defec-
tive in the ATPase catalytic site of the protein (40), we chose
this mutant to test the interaction between Hul5 and 19S
ATPase activities. We tested the epistatic relationship of
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FIG. 8. Partial processing of Ura3-Pcl5 in the proteasomal ATPase
mutant 7pr2RF. (A) Cycloheximide-chase analysis of Ura3-Pcl5 pro-
cessing in the hul5A, rpt2RF, and double mutants (strains KY1302,
KY929, and KY1303, respectively). (B) Pulse-chase analysis of Ura3-
Pcl5 using the same strains. (C) Pulse-chase analysis of Ura3-Pcl5 in
KY929 and KY1302 versus Ura3-Pcl5(1-53) in wild-type cells. The two
former strains were induced with 0.2 mM CuSO,, whereas the latter
strain was induced with 10 wM CuSO,. Quantitation of the processing
product in panels B and C was corrected for the smaller number of
labeled residues as in Fig. 2A.

pt2%F and hul5A by comparing Ura3-Pcl5 degradation in sin-
gle and double mutants by cycloheximide translation inhibi-
tion. Figure 8A shows that rpt2RF is epistatic over hul5A: the
rpt2RF mutant shows the same Ura3-Pcl5 degradation and pro-
cessing defect as the double mutant. Furthermore, comparison
of the mp2RF and hul5A mutants indicated that the rpt2RF
mutant exhibits both a relative defect in degradation of full-
length Ura3-Pcl5 and a more pronounced accumulation of the
processing product. Quantitative examination of the kinetics of
degradation by pulse-chase analysis confirmed that full-length
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Ura3-Pcl5 is indeed degraded more slowly in the 7pr2®F mutant
and indicated that whereas the Ura3-Pcl5(1-53) product was
stable in the rpr2R®F mutant, in the AulSA mutant this product
was degraded, with a half-life of about 20 min (Fig. 8B). We
thus reexamined the kinetics of Ura3-Pcl5 degradation during
a more extended chase period, in the Aul5A strain versus the
rpt2RY strain, and compared it to the kinetics of degradation of
Ura3-Pcl5(1-53) synthesized from the truncated CUPIp-
URA3-PCL5(1-53) construct. To ascertain that the stability of
the truncated Ura3-Pcl5(1-53) protein is not due to a higher
level of expression, which might swamp its putative degrada-
tion system, we induced the CUPIp-URA3-PCL5(1-53) con-
struct with a lower concentration of CuSO,. The data in Fig.
8C indicate that the truncated Ura3-Pcl5(1-53) protein is com-
pletely stable in spite of being generated at only 2-fold-higher
levels at most compared to the Ura3-Pcl5(1-53) processing
product in the Aul5A and rpt2RF mutants. The fate of the
processing product was different in the two mutants: in the
hul5A mutant it was degraded with a half-life of about 20 min,
whereas in the rpr2RF mutant it appeared largely stable.

DISCUSSION

Hul5 was previously shown to be a proteasome-associated
ubiquitin ligase which promotes proteasome activity in vivo
and which is able to extend ubiquitin chains on proteasome-
associated substrates in vitro (3, 28). Here we have shown that
the hul5A mutant exhibits accumulation of a partial degrada-
tion product of the Ura3-Pcl5 fusion protein. This protein is
the product of incomplete proteasomal degradation, as evi-
denced by the observation that a chemical inhibitor of the
proteasome inhibits the generation of the Ura3-Pcl5 partial
degradation product and that proteasomal 19S ATPase sub-
unit mutants exhibit increased generation of this partial deg-
radation product.

ATP-dependent proteases in general, and the 26S protea-
some in particular, possess an impressive capacity for degrad-
ing folded proteins (24). Nonetheless, some proteins are re-
fractory to complete degradation. By analogy with the few
instances of naturally occurring partially processed proteasome
substrates (18, 35, 45) and with degradation of some artificial
hybrid substrates (21, 38), one can surmise that generation of
the incomplete proteasomal degradation product of the Ura3-
Pcl5 fusion protein is due to the confluence of two factors: (ii)
a relatively strongly structured protein domain, in this case
Ura3, and (ii) a sequence that impairs effective pulling of the
polypeptide into the proteasomal catalytic cavity, in this case a
sequence within the N-terminal region of Pcl5. Regarding the
first factor, we find that the hard-to-unfold GFP protein (30),
fused N-terminally to Pcl5, elicits incomplete processing even
in the HULS5 wild-type background, underscoring the signifi-
cance of the domain structure in incomplete versus complete
degradation by the proteasome. Conversely, replacement of
Ura3 with a transcription activation domain, Gcn4(62-202),
assumed to have low thermodynamic stability, did allow full
degradation of the fusion protein. The importance of the sec-
ond factor, a sequence in the Pcl5 region adjacent to the stable
protein moiety, is revealed by the finding that deletions in the
PclS N-terminal region of the GFP-Pcl5 fusion protein either
diminish or abrogate the production of a degradation interme-
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diate. This specific sequence at the Pcl5 N terminus might be
akin to the GA repeat sequence of EBNA1, which in certain
contexts interferes with processive proteasomal degradation
(19, 51), possibly because it prevents the ATPases from exert-
ing sufficient traction on the polypeptide to unravel the adja-
cent protein domain. There are no apparent simple repeat
sequences in the Pcl5 N-terminal domain, but sequences that
interfere with polypeptide transfer into the proteasome are not
necessarily readily recognizable (45).

Hul5’s role could be to promote the processivity of the
proteasome. Alternatively, given the rapid disappearance of
the Ura3-Pcl5(1-53) processing product in the wild-type strain
versus its slow turnover in the Aul5SA mutant, Hul5 could be
required for degradation of this processing product indepen-
dently of the proteasome. This would be analogous to a role
recently suggested by Kohlmann et al. for Hul5 in degradation
of the partial proteasome degradation product from an artifi-
cial endoplasmic reticulum (ER)-associated degradation
(ERAD) substrate (23). However, several observations suggest
that Hul5 acts in Pcl5 fusion protein degradation within the
context of proteasome function rather than independently of
it. First, if the Ura3-Pcl5(1-53) processing intermediate were a
Hul5 substrate, then it should be unstable when synthesized by
itself; however, the truncated Ura3-Pcl5(1-53) protein synthe-
sized by itself is completely stable even in the presence of HulS.
Second, the Ura3-Pcl5(1-53) processing product is completely
stable in the rpt2®F proteasome mutant in spite of the presence
of Hul5, although other proteasomal substrates, and notably
the full-length Ura3-PclS protein, are only partly stabilized in
the rpt2®F mutant. If the Ura3-Pcl5(1-53) processing product
were a regular proteasome substrate, dependent upon the
Hul5 ubiquitin ligase for its degradation, then one would ex-
pect to see only partial stabilization of Ura3-Pcl5(1-53) in the
rpt2RF mutant and a cumulative stabilization in the rpt2RF
hul5A double mutant, contrary to what was observed. Third,
GFP-PclS is partially processed in both wild-type and hul5A
mutant cells to a stable processing product but to different
extents (~15% processing in the wild type versus ~70% in the
hul5A mutant), again indicating that Hul5 plays a direct role in
the processivity of proteasomal degradation.

How then does Hul5 affect the processivity of proteasomal
degradation? One possibility is that it functions as an ancillary
structural component of the 19S “base” subcomplex, whose
role it is to unfold the substrate and thread the unfolded
polypeptide into the 208S catalytic cavity. Binding of Hul5 could
promote activity of the ATPases by allosteric changes. How-
ever, the fact that the Hul5 C878A mutant is unable to com-
plement the Aul5A phenotype argues for a role for Hul5 ubiq-
uitin ligase activity in processive Ura3-Pcl5 degradation.

What is the mechanistic role of the E4 ubiquitin chain elon-
gation activity of Hul5 in proteasome processivity? The sim-
plest possibility is that it is required for tethering a stalled
substrate to the proteasome. Conceivably, when the protea-
some processively degrades a multidomain protein, including
one domain carrying a degradation signal, such as Pcl5, and
one hard-to-unfold domain, such as Ura3, then stalled sub-
strate molecules of the Ura3-Pcl5(1-53) type could, with a
certain frequency, escape from the proteasome. Since this mol-
ecule has lost its degradation signal, once escaped, it would be
completely stable. The role of HulS, a proteasome-associated
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E4 activity, could then be to ubiquitinate the Ura3 moiety of
the stalled substrate, thereby tethering it to the proteasome
and enabling additional time to unfold the stable protein do-
main. Contradicting this simple model, however, is the obser-
vation that in the Aul5A mutant, the processed product is still
degraded, albeit with a half-life of about 20 min. In contrast,
the directly synthesized Ura3-Pcl5(1-53) protein is completely
stable. Similarly, the Ura3-Pcl5(1-53) degradation product
generated in the 7pt2R®F mutant also appears to be completely
stable. How then can the degradation of the Ura3-Pcl5(1-53)
processing product in the Aul5A mutant be explained? We
cannot exclude the possibility that the processing product gar-
ners a molecular modification during its residency at the pro-
teasome, which converts it into a proteasome substrate that is
still slowly degraded in the absence of HULS5 but not in the
pt2%F mutant. An alternative possibility is that the Ura3-
Pcl5(1-53) processing product remains tethered to the protea-
some in the Aul5A mutant due to the continuous pulling action
of the 19S ATPases until the molecule is eventually unfolded
and threaded into the catalytic cavity. In the rpt2RF mutant,
since the proteasome has a weaker grip on the substrate due to
reduced ATPase activity, the stalled partial degradation prod-
uct could escape the proteasome and therefore be completely
stabilized.

If the latter model holds true, then what is the role of Hul5’s
ubiquitin ligase activity if not to tether the substrate to the
proteasome? Since unfolding of the tethered protein domain is
one of the challenges confronting the proteasome with this
type of substrate, we speculate that polyubiquitination of this
domain by Hul5 may facilitate its unfolding. The presence of
extended polyubiquitin chains, many times larger than the sub-
strate, linked to different sites on the substrate structure might
destabilize this structure by “entropic unfolding” (11), i.e.,
subjecting it to physical pulling forces due to the entropy of the
attached ubiquitin chains, causing destabilization and transient
unfolding of the protein structure. The transiently unfolded
polypeptide could then be captured by the 19S ATPases and
threaded into the proteasome.

In the other instance of accumulation of a partially degraded
processing product in the Aul5A mutant, fusion of the ERAD
substrates CPY* and Sec61-2L to the Leu2 protein led to
transient appearance of a Leu2-containing fragment in wild-
type cells and to stable accumulation of this fragment in Aul5A
mutant cells (23). The authors’ conclusion is that HulS con-
tributes to the extraction of the transmembrane substrate from
the ER membrane by promoting its interaction with Cdc48.
Here we have shown that a cytoplasmic fusion protein sub-
strate exhibits the same requirement for Hul5 and that pro-
cessivity of that substrate’s degradation is dependent on pro-
teasomal ATPases as well. In light of our results, we suggest
that the data obtained with ERAD fusion substrates (23) are
also consistent with Hul5-mediated polyubiquitination pro-
moting “entropic pulling” of the membrane protein, similar to
the mechanism proposed for Hsp70 function in protein trans-
location (4).

It is striking that HulS, which was formerly shown to gener-
ally promote proteasome activity (3), was found in the present
study and in the work of Kohlmann et al. (23) to cause partial
degradation of multidomain proteins. Of note, these last two
studies used artificial fusion protein substrates, raising the
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question of whether this role of Hul5 also applies to natural
multidomain proteins. It is possible that instances of natural
multidomain proteins being processed rather than fully de-
graded in the Aul5A mutant await discovery. It is also possible,
however, that proteins inherently prone to processing, due to a
combination of a highly structured domain with an adjacent
“low-grip” polypeptide sequence, are selected against, because
polypeptides, such as Ura3-PclS, that transiently but consis-
tently “jam” the proteasome even in the wild-type background
are expected to be deleterious to the cell. Therefore, the main
role of Hul5 may be to help processively degrade cellular
proteins that have become hard to unfold due to cross-linking
or aggregation rather than to their inherent structural proper-
ties.
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