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ABSTRACT: Recent studies, mainly in yeast, have identified various cofactors that associate with the 26S
proteasome and appear to influence its function. To identify these proteins in different cells and physiological
states, we developed a method to gently and rapidly isolate 26S proteasomes and associated proteins
without the need for genetic modifications of the proteasome. This method is based on the affinity of this
complex for the ubiquitin-like (UBL) domain of hHR23B and elution with a competing polypeptide
containing a ubiquitin-interacting motif. Associated with 26S proteasomes from rat muscle were a variety
of known proteasome-interacting proteins, activators, and ubiquitin conjugates. In addition, we identified
over 40 proteins not previously known to associate with the 26S proteasome, some of which were tightly
associated with the proteasome in a substoichiometric fashion, e.g., the deubiquitinating enzymes USP5/
isopeptidase T and USP7/HAUSP and the ubiquitin ligases ARF-BPI/HUWEI1 and p600/UBR4. By altering
buffer conditions, we also purified by this approach complexes of the ATPase p97/VCP associated with
its adaptor proteins Ufd1-Npl4, p47, SAKSI, and FAFI, all of which contain ubiquitin-binding motifs.
These complexes were isolated with ubiquitin conjugates bound and were not previously known to bind
to the UBL domain of hHR23B. These various UBL-interacting proteins, dubbed the UBL interactome,
represent a network of proteins that function together in ubiquitin-dependent proteolysis, and the UBL
method offers many advantages for studies of the diversity, functions, and regulation of 26S proteasomes

and p97 complexes under different conditions.

The ubiquitin proteasome system catalyzes the bulk of
protein degradation in the eukaryotic cell. Most of these
proteins are initially linked to a chain of ubiquitin molecules,
which targets them for degradation by the 26S proteasome.
This 2.4 MDa ATP-dependent proteolytic complex is com-
posed of two smaller particles with distinct functions. The
20S particle is a barrel-shaped hollow structure composed
of four stacked rings, each containing seven homologous
subunits. They enclose a central chamber, where its six
proteolytic active sites are located. The 20S proteasome is
flanked by either one or two 19S regulatory particles
(PA700), which bind ubiquitinated substrates and disas-
semble ubiquitin chains. This complex contains six ATPases
that unfold protein substrates, open the gated entry channel
in the 20S, and thus facilitate translocation of the unfolded
substrate into the 20S particle (/, 2). In addition, the 20S
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proteasome associates with other activating complexes that
also open the gate and stimulate peptide entry such as the
HEAT-repeat protein PA200 (BIm10 in yeast) or the hep-
tameric adaptor complexes PA28 a, 3, and y (3). These ATP-
independent proteasome activators may replace the 19S
complex or form hybrid structures (e.g., 19S-20S-PA200).
In addition, various proteins have been found to associate
with the 19S particle though less tightly than its core
subunits. Some of them appear to promote delivery of
substrates, catalyze the disassembly of ubiquitin chains, or
may even regulate proteasomal activity under specific
conditions (4). These various cofactors and activators mean
that proteasomes are heterogeneous, dynamic structures,
which differ in properties and probably in their specialized
functions (5).

The various proteasome-associated proteins have been
studied most extensively in yeast. The characterization of
subunit heterogeneity and functional plasticity in mammalian
tissues faces major technical challenges and has not been
systematically studied. Most proteasome-associated proteins
are removed by the lengthy multistep chromatographic
procedures commonly used to isolate proteasomes. Therefore,
several groups have genetically altered proteasomes and
added affinity tags to one of the core subunits to allow their
one-step isolation from yeast (6—8) and mammalian cell
cultures (9—117). Unfortunately, this approach limits the
isolation and characterization of proteasomes and their
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associated proteins to organisms that are accessible to genetic
modifications, which is time-consuming or impossible for
certain studies. For example, analyses of proteasomes derived
from animal models of diseases or human patients are of
major interest in conditions where the capacity of cells to
degrade proteins is accelerated (e.g., in muscle during atrophy
(12)) or is decreased as is believed to occur with aging and
in brain during several neurodegenerative diseases (13, 14).

To facilitate such studies and to better understand protea-
some function in vivo, we developed a method that allows
rapid and gentle isolation of 26S proteasomes from diverse
cells without the need for genetic manipulation. This method
is based on the affinity of 26S proteasomes for the ubiquitin-
like (UBL)' domain of human Rad23 (/5), which binds to
the Rpnl and/or Rpn10 subunit of the 19S particle (16, 17).
After binding to the UBL domain, these particles are eluted
with an excess of a recombinant His-tagged ubiquitin-
interacting motif (UIM)' derived from human S5a. The UIM
domain competes with the 26S proteasome for UBL binding,
and the His tag allows its subsequent removal. Using this
method, we can rapidly isolate 26S proteasomes with
associated proteins from any cell type. To separate 26S
proteasomes from other UBL-bound proteins, we used
glycerol gradients and native gels. Mass spectrometric
analysis of these samples identified 62 proteasome-associated
proteins, 43 of which have not previously been shown to
interact with the proteasome, including several deubiquiti-
nating enzymes, E3 ligases, and others, whose functional
significance on the 26S will be important to understand.

Among the nonproteasomal proteins found to directly
associate with the UBL domain were large amounts of the
p97/VCP/CDC48 complex. This ubiquitous ATPase complex
is a member of the AAA family of hexameric ATPases and
is implicated in diverse processes ranging from ER-associated
protein degradation (ERAD) to membrane fusion events (/8),
myofibril biogenesis (/9), and chromatin dynamics (20).
Mutations in p97 cause inclusion body myopathy associated
with Paget’s disease of bone and frontotemporal dementia
(IBMPFD), an autosomal adult-onset disease marked by the
occurrence of protein inclusions in muscle and brain (27).
p97’s N-terminal domain has a weak affinity for ubiquitin
(22), but it also binds tightly to the UBD/UBX domain family
of adaptor proteins, which appear to mediate the interaction
of p97 with its diverse substrates (23). Among these adaptor
proteins, six contain ubiquitin-binding motifs, four of which,
namely, Ufd1-Npl4, p47, SAKS1, and FAF1, were purified
with the UBL method. Interestingly, these complexes were
isolated with ubiquitin conjugates bound to them. Also a
small fraction of p97 complexes appeared to directly interact
with the proteasome. Ufd1-Npl4 together with p97 plays a
well-established role in quality control in the secretory
pathway, where it removes ubiquitinated proteins from the
ER membrane prior to proteasomal degradation. Subse-
quently, these substrates are delivered to the proteasome by
a mechanism, which seems to involve Rad23 and Dsk2 in
yeast (24). Our findings suggest that, besides Ufd1-Npl4, also
these other p97-associated UBX' proteins containing ubig-
uitin-binding domains may play a role in protein degradation.
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Antibodies and Chemicals. Reagents were obtained from
Sigma if not noted otherwise. Anti-Rpt5, anti-20S, anti-a3,
and anti-polyUb conjugates were purchased from Biomol.
Anti-USP14, anti-Ecm29, and anti-p97 were purchased from
Abcam. Anti-Rpnl1 (GenWay), anti-PA200 (Affinity Bio-
Reagents), and anti-USP5 (ProteinTech Group, Inc.) were
purchased as indicated in parentheses.

Cloning GST-UBL. The UBL domain of hHR23B (aa
1—82) was amplified by PCR from a plasmid encoding full-
length hHR23B (pGEX-4T2-HHR23B, obtained from Peter
Howley, Harvard Medical School, Boston) and cloned into
pDESTI15 using the Gateway system (Invitrogen). The
plasmid encoding His;o-UIM2 (from human S5a) was kindly
provided by Kylie Walters (University of Minnesota, Min-
neapolis).

Expression and Purification of GST-UBL. pDESTI5-
HHR23BYBL was transformed into BL21AI (Invitrogen)
according to the manufacturer’s instructions. Cells were
grown at 37 °C to an ODggpym of 0.6 and induced for 3 h
with 0.001% L-arabinose. Cell pellets corresponding to 2 L
of culture were lysed in 50 mL of PBS using a French press
and ultracentrifuged for 1 h at 100000g. The supernatant was
loaded onto a 5 mL GSTTrap column (GE Healthcare). After
being washed with 10 column volumes of PBS, GST-UBL
was eluted with a gradient of 1—20 mM reduced GSH in
elution buffer (100 mM Tris, 100 mM NaCl, 1 mM DTT).
Fractions containing GST-UBL were combined, dialyzed
against the UBL buffer (25 mM Hepes, pH 7.4, 10%
glycerol, 5 mM MgCl,, | mM DTT), and stored at —20 °C
(~4 mg/mL).

Expression and Purification of His;p-UIM. His -UIM2
was expressed as described (25). Cell pellets corresponding
to 2 L of culture were lysed with the French press in 50 mL
of the binding buffer (25 mM Hepes, pH 7.4, 500 mM NaCl,
1 mM DTT, 0.0025% NP40 substitute, 20 mM imidazole)
and centrifuged for 1 h at 100000g. The supernatant was
loaded onto a 5 mL HisTrap column (GE Healthcare). After
being washed with 10 column volumes of binding buffer,
His (-UIM2 was eluted with a gradient of 20—500 mM
imidazole. Fractions containing His;-UIM2 were combined,
dialyzed against UBL buffer, and stored at —20 °C (~2 mg/
mL).

Polyacrylamide Gel Eletrophoresis. Native gels and
overlay assay with Suc-LLVY-amc (Bachem) were con-
ducted as described (26). For mass spectrometric analysis,
native 3—8% Tris—acetate gels from Invitrogen were used
as instructed by the manufacturer. The running buffer was
modified to contain 5 mM MgCl,, 0.5 mM ATP, and 0.5
mM DTT. SDS gels were prepared using 4—12% BisTris
gels (Invitrogen). Silver stains were performed with the
SilverSnap stain kit II (Thermo).

UBL Purification Method. Two grams of rat skeletal
muscle were homogenized in 12 mL of purification buffer:
25 mM Hepes, pH 7.4, 10% glycerol, 5 mM MgCl,, | mM
ATP, and 1 mM DTT in the presence or absence of 150
mM NaCl and/or 25 mM f-glycerophosphate/1 mM NazVO,.
Cell debris was removed by low speed centrifugation (15
min 1500g at 4 °C). The supernatant was ultracentrifuged
for 1 h at 100000g to remove the microsomal fraction. The
cleared cell lysate was supplemented with 0.1—0.2 mg/mL
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GST-UBL and 0.25 mL of GSH-Sepharose (GE Healthcare)
per milligram of GST-UBL. The suspension nutated for 2 h
at 4 °C and then was poured into a 20 mL empty column
body (Bio-Rad). The flow through was collected for analysis,
and the Sepharose resin was washed with 3 x 25 mL of
purification buffer. For elution, the resin was carefully
agitated in 1 bed volume of 2 mg/mL His;,-UIM in UBL
buffer supplemented with 1 mM ATP and incubated for 15
min. The buffer was removed and the elution step repeated.
The combined eluates were incubated for 20 min with
preequilibrated Ni-NTA' (100 uL/mg of His;o-UIM) (Qui-
agen). The Ni-NTA was removed by spinning the eluate
through a 0.22 um filter (Millipore). His;-UIM2 and
associated proteins were washed in 500 4L of buffer and
eluted from the Ni-NTA by agitation of the resin in twice
the bed volume of purification buffer supplemented with 500
mM imidazole. After 10 min at 4 °C the Ni-NTA suspension
was spun again through the 0.22 um filter, and the UIM-
bound proteins were stored at —20 °C until further analysis.
The UBL eluates containing 26S proteasomes and p97
complexes were supplemented with 40% glycerol and stored
at —20 °C. The GST-UBL was recovered by eluting the
GSH-Sepharose in twice the bed volume of purification
buffer supplemented with 20 mM reduced GSH.'

Glycerol Gradients. Glycerol gradients were prepared in
the purification buffer containing 25—50% glycerol. UBL-
bound proteins (100 xg) were separated on a 36 mL gradient
for 22 h at 100000g (4 °C). After centrifugation, 1 mL
fractions were removed with a pipet from the top of the
gradient. About 60 uL of each fraction was used for ATPase
and peptidase activity assays. The remaining 940 uL. were
subjected to TCA precipitation.

ATPase Activity. ATPase activity was determined by
measuring the amount of organic phosphate in a 50 uL
gradient fraction after 1 h at 37 °C. Organic phosphate was
detected as described elsewhere (27).

Proteasomal Peptidase Activity. Proteasomal peptidase
activity was measured using the small fluorogenic peptide
Suc-LLVY-amc (Bachem) in the absence or presence of
1 uM proteasome inhibitor bortezomib as described else-
where (28).

Mass Spectrometry. UBL eluates were digested by adding
10% acetonitrile (ACN) (v/v) and trypsin (Promega) in an
enzyme-to-substrate ratio of 1:40 (w/w). TCA precipitates
were solubilized in 50 mM NH;HCO3/10% acetonitrile
before adding trypsin as described above. Gel bands were
digested as described elsewhere (29). The generated peptides
were analyzed by microcapillary liquid chromatography mass
spectrometry (LC-MS/MS) on a hybrid ion trap/FT-ICR
mass spectrometer (LTQ FT, Thermo Electron) essentially
as described previously (30). MS/MS data were searched
against the IPI rat protein sequence database using the
SEQUEST algorithm (3/) and applying the target-decoy
database search strategy (32). Assignments to unique pep-
tides, defined as peptides with different amino acid se-
quences, modification states, or charge state, were subjected
to strict filtering so that the protein false discovery rate in
the reported data sets was below 1%. Each sample was
analyzed twice. Only proteins identified with at least two
unique peptides in two combined runs were regarded as valid
hits and listed in the Supporting Information.
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Cell extract from mammalian cells or tissues
l Add GSH-sepharose and GST-UBL

Incubate for 2 h at 4°C

v

Q Pour into column and wash

+ Add His, -UIM
26S and excess His, -UIM elute from column
l Add Ni-NTA resin to remove His, -UIM

Incubate for 15 min at 4°C
Spin through filter to retain Ni-NTA and
His ;-UIM
26S proteasome
FIGURE 1: Flow chart of affinity method to isolate 26S proteasomes
from mammalian cells and tissues. GST-UBL, recombinant fusion
protein of glutathione S-transferase (GST) and the ubiquitin-like
domain (UBL) of human HR23B; His;,-UIM, recombinant protein
containing the second ubiquitin-interacting motif of human S5a;
GSH-Sepharose, glutathione-coupled resin with affinity for GST;
Ni-NTA, nickel-charged nitrilotriacetic acid (NTA) agarose that
binds to His tags.

Number of Biological Preparations Analyzed by Mass
Spectrometry. The in-gel digest presented in Figure 3C was
carried out once. For the UBL interactome as referred to in
this study three biological preparations were analyzed under
salt-free conditions and their results combined. Proteasomes
purified in the presence of 150 mM NaCl were analyzed
once. For analysis of TCA-precipitated fractions from
glycerol gradient as presented in Figure 6B three fractions
were analyzed containing p97 complexes and four fractions
containing 26S proteasomes. The bands from the native gel
presented in Figure 6A were analyzed once.

RESULTS

The UBL-Affinity Isolation of Proteasomes. The ubiquitin-
like domain of Rad23 binds to the Rpnl and/or Rpnl0O
subunit of the 26S proteasome (/5—17). We decided to
utilize this interaction to establish a novel method for
purification of proteasomes from mammalian cells that unlike
prior approaches would not require genetic manipulation to
affinity tag these particles (Figure 1). We cloned the UBL
domain of human Rad23 (hHR23B) as a recombinant GST-
fusion protein and expressed it in Escherichia coli. Cell
extracts were derived from rat skeletal muscle and cleared
from microsomes by ultracentrifugation. Incubation of the
purified recombinant GST-UBL with these extracts and
subsequent isolation of the GST-UBL with GSH-Sepharose
led to copurification of 26S proteasomes (Figure 2A), which
were identified by measuring their peptidase activity using
Suc-LLVY-amc (Supporting Information Table 1). No such
activity was detected in similar experiments with GST alone
(Figure 2B). In initial experiments, we compared the capacity
of UBL domains from several proteins, including those from
hHR23A and USP14, to bind proteasomes (data not shown).
Because the UBL domain of hHR23B proved most efficient,
it was used in subsequent studies.

The second UIM domain of human S5a binds the UBL
domain of hHR23B with high affinity (33). Therefore, we
expressed and purified His;p-UIM2 of human S5a from E.
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FIGURE 2: The UBL-affinity purification yields pure 26S protea-
somes. (A) Muscle extract (2 g of rat skeletal muscle/10 mL of
buffer) was cleared by 1 h 100000g ultracentrifugation (input) and
incubated with 1 mg of GST-Ubl and 250 uLL of GSH-Sepharose
for 2 h. The suspension was poured into an empty column, and the
flow through (FT) was collected. After washing the proteasome
was eluted with 500 uL of buffer containing 2 mg/mL His,,-UIM.
The remaining GST-UBL was eluted with 500 uL of buffer plus
20 mM GSH (GSH). Ten micrograms of total protein input and
FT, 1 ug of 26S proteasome, and 5 ug of GST-UBL from the GSH
fraction were separated by SDS—PAGE and silver stained. (B) As
in (A) with GST instead of GST-UBL. (C) UBL-affinity-purified
26S proteasome (A) and 26S proteasome conventionally purified
using multistep chromatography (C) from rabbit muscle ( (34)) were
separated by SDS—PAGE (1.5 ug each) and silver stained.
Individual bands were cut and identified by mass spectrometry as
indicated. (D) Conventionally and affinity-purified proteasomes
were compared by Western blot and native PAGE (4%). Proteasome
activity was detected by cleavage of the small fluorogenic peptide
Suc-LLVY-amc.

coli. A 5-fold molar excess of His;p-UIM over GST-UBL
was found to efficiently elute the UBL-bound 26S protea-
somes from the resin without releasing the GST-UBL.
Subsequently, the excess His;o-UIM was removed by incu-
bation with Ni-NTA resin, and in the released 26S protea-
somes, there was no contaminating trace of GST-UBL or
Hisp-UIM (Supporting Information Figure 1). The UBL-
affinity-purified 26S proteasomes showed high ATP-stimu-
lated activity against the small fluorgenic peptide Suc-LLVY-
amc (Supporting Information Table 1) and ubiquitinated
proteins (data not shown). Because of its rapidity, this
approach is now routinely used in our laboratory in place of
conventional chromatographic methods used previously that
require several days to complete.

Purity of Isolated 26S Proteasomes. In order to analyze
the purity of these preparations, we isolated 26S proteasomes
from rabbit skeletal muscle by the UBL approach and
compared equal amounts with conventionally purified 26S
preparations from this tissue (34) by SDS—PAGE. The UBL-

Biochemistry, Vol. 48, No. 11, 2009 2541

affinity-purified 26S proteasomes displayed the characteristic
band patterns of 19S and 20S subunits (Figure 2C). They
typically contained less 20S particles than conventionally
purified proteasomes and a higher content of doubly capped
proteasomes (195-20S-19S). Also some free 20S particles
were generally copurified with conventionally purified 26S
proteasomes (Figure 2D). Since the UBL domain binds to
the 19S particle (16, 17), this method specifically yields
doubly and singly capped proteasomes. Mass spectrometric
analysis of the individual bands also revealed that the UBL-
affinity-purified 26S contained fewer contaminating bands
than conventionally purified 26S (Figure 2C).

As described in the Expeerimental Procedures, the ratios
of GST-UBL, GSH-Sepharose, and muscle cell lysate were
optimized to isolate routinely about ~50 ug of 26S protea-
somes from 2 g of rat skeletal muscle. In a typical purification
about 80% of the proteasome activity in the cell extract
bound to the UBL column (Supporting Information Table
1). When the flow through was subsequently supplemented
with fresh GST-UBL and GSH-Sepharose, 26S proteasomes
were depleted from the cell extract, indicating that the method
could isolate all 26S proteasomes and not just a subfraction
(data not shown). Usually we worked with an excess of
extract over the column’s capacity to ensure saturation of
binding sites. However, depletion of 26S proteasomes from
cell extracts is possible by this approach and could be useful
for certain types of experiments.

The 26S Preparation Contains Known Proteasome-As-
sociated Proteins. Most of the proteins reported to be
associated with the 26S proteasome in yeast and mammals
are removed by the multistep purification methods that
involve high salt concentrations. To test if the UBL method
copurified several reported 26S-associated proteins, we
isolated proteasomes from rat skeletal muscle in buffer
lacking salt to preserve as many associated proteins as
possible and then washed the proteasomes on the UBL
column with different concentrations of NaCl. After reequili-
bration in salt-free buffer, the proteasomes were then eluted
with the His;o-UIM and analyzed by native gel electrophore-
sis (Figure 3A). The bands corresponding to doubly and
singly capped proteasomes were detected by their activity
toward Suc-LLVY-amc and antibodies against Rpt5 (an
ATPase subunit in the 19S). These bands did not significantly
vary after exposure to different salt concentrations. Thus,
the structural integrity of the 26S proteasome was preserved
during this experiment (Figure 3B). We then analyzed the
abundance of three known proteasome-associated proteins
by Western blot analysis of native gels.

(1) PA200 (the homologue of yeast BIm10) is a protea-
somal activator that interacts with the 20S particle and
stimulates its peptidase activity (35, 36). PA200 was present
within hybrid complexes (19S-20S-PA200), and its associa-
tion with the 20S was not affected by this brief exposure to
NaCl.

(2) Ecm?29 is a proteasome-associated protein that has been
proposed to confer stability to the 19S-20S interaction in
yeast (37) and to localize proteasomes to membranes in
mammals (38). Unlike PA200, it was removed almost
completely by 150 mM NaCl, as reported previously in yeast
6).

(3) The deubiquitinating enzyme, USP14 (the homologue
of yeast Ubp6), which reversibly associates with the pro-
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FIGURE 3: The 26S proteasome is purified together with known
proteasome-associated proteins. (A) 26S proteasomes were purified
from rat skeletal muscle as described in Figure 2A but in the absence
of salt. Before elution, the UBL-bound proteins were incubated in
500 uL of buffer with different salt concentrations (0, 150, 300,
500 mM NaCl). The salt extract (SW) was collected, and after
reequilibration in salt-free buffer, the 26S proteasomes were eluted
in the 500 uL buffer containing His10-UIM. (B) Equal volumes of
26S eluates were loaded onto 3.5% native gels and analyzed by
LLVY-overlay assay and Western blot as indicated. The Western
blot with anti-USP14 was performed on a SDS gel (*). Doubly
capped, singly capped, and PA200 hybrid proteasomes were
identified as indicated. No 19S nor free 20S was detected (data not
shown). (C) Mass spectrometric analysis of proteins isolated with
the GST-UBL in the absence of NaCl. For a complete list of all
mass spectrometric data, see Supporting Information Table 2.

teasome via its N-terminal UBL domain in mammals and
yeast (6, 39), was extracted from the proteasome with higher
salt concentrations than was Ecm29 (Figure 3B).

Neither Ecm29 nor USP14 was detected in conventionally
purified 26S from rabbit muscle (Figure 2D). Thus, the
preparation obtained with the UBL method appears to
resemble more closely 26S particles as found in vivo than
conventionally purified ones.

The p97/VCP Complex and Other Proteins That Directly
Bind to the UBL Domain. To identify any novel proteasome-
associated proteins, we used the UBL method to purify 26S
from muscle using a salt-free buffer, consisting of 25 mM
Hepes, pH 7.4, 10% glycerol, 5 mM MgCl,, 1| mM ATP,
and 1 mM DTT. Proteins isolated with GST-UBL (or GST)
were separated on a silver-stained SDS gel, and the whole
lane was subjected to mass spectrometry (Figure 3C). This
analysis identified all standard subunits of the 26S protea-
some along with several proteins previously shown to
associate with the proteasome (Supporting Information Table
2). In addition, we identified a variety of proteins not known
to be associated with the proteasome, including several
deubiquitinating enzymes (DUBs) and E3 ligases (see
below).
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Most strikingly, we found large amounts of the p97/VCP
ATPase complex in our preparations. p97/VCP is a homo-
hexameric complex, whose specific functions depend on its
association with adaptor proteins that contain a UBD/UBX
domain (23). Four of these adaptors were detected in our
purifications, namely, p47, FAF-1, SAKSI, and the het-
erodimer UFD1-NPL4, which together with p97 has been
implicated in degradation of misfolded proteins in the ER,
ubiquitin—protein fusions by the UFD pathway (23), and heat
and oxidative damaged proteins (40). Although the p97
complex is not known to associate with the UBL domain of
hHR23B, these adaptors contain ubiquitin-binding domains
such as UBA domains in p47, FAF-1, and SAKS1 and a
ubiquitin-binding zinc finger in Npl4 (23) which presumably
account for the binding of these complexes to the column.

Salt Prevents Association of p97 Complexes with the UBL
Domain but Not of Proteasomes. These findings contrasted
with our initial studies, where we used buffers containing
150 mM NaCl (together with 3-glycerophosphate and sodium
orthovanadate) and obtained only pure 26S proteasomes
(Figure 2C). The presence of p97 and adaptors in the
preparations obtained in the absence of NaCl suggested that
the lower ionic strength of the buffer had led to binding to
the UBL domain of these additive proteins. We therefore
compared the influence of 150 mM NaCl on the purity of
the isolated 26S proteasomes. This analysis revealed that,
in addition to the 26S proteasome, the deubiquitinating
enzyme USP5/isopeptidase T (homologue of Ubp14 in yeast)
and the p97 ATPase constituted the most abundant proteins
in the preparations lacking salt, as shown by SDS gel analysis
(Figure 4A) and native gel (Figure 6A). The presence of 150
mM salt in the purification buffer removed p97 from the
preparation and reduced the content of USPS5. The addition
of -glycerophosphate and sodium orthovanadate with 150
mM NaCl completely also removed USP5 (Figure 4A), in
accordance with our initial results (Figure 2C).

p97 Complexes and USP5 Bind to the UBL Domain in
the Absence of Proteasomes. To test if p97-containing
complexes and USP5 bound to the UBL domain indepen-
dently from the proteasome, we depleted muscle cell extracts
of proteasomes by ultracentrifugation for 6 h at 100000g, as
measured by assay of peptidase activity (data not shown),
and analyzed what components in the supernatant and
resuspended pellet could bind to the UBL domain (Figure
4B). p97 and USP5 were purified by this approach from
the proteasome-depleted supernatant. Thus, they bound to
the UBL resin independently of the proteasome, although
more weakly than the 26S, since their binding was reduced
or abolished in presence of NaCl.

The UBL domain of hHR23B is known to interact with
ubiquitin-binding motifs, e.g., the UIM domain of S5a
utilized in our purification (/7). Recently, a heterodimeric
complex of hHR23A with hPLIC2 formed by reciprocal
UBL—UBA interactions has been observed (47), and Rad23
protects itself from rapid proteasomal degradation by in-
tramolecular interaction of the N-terminal UBL domain with
its C-terminal UBA domain (42). USP5 contains two UBA
domains that could mediate the interaction with the GST-
UBL moiety. p97 by itself has very weak affinity for
monoubiquitin (22), and no direct interaction with a ubig-
uitin-like domain has been reported. Thus, it seems likely



Isolation of Mammalian 26S Proteasomes and p97/VCP Complexes

- + 150 mM NaCl
+ + B-GP/Na,Vo,

Rpn2 (106 kDa)
USP5 (96 kDa)
Rpn1 (102 kDa)
p97 (89 kDa)

I
IES

[==="1 Anti-Rpt5
[= =1 Antipo7
== 1]

Anti-USP5

U8 (IR T
LRI

LI T
L 1NN T |

B

Homogenized rat muscle UBL-bound proteins

v
1h 100,000xg

Séh
P6h

Supernatant S100

[ =] Anti-Rpts
[==] Anti-po7
Pellet Supernatant

ot a: [= ] AntiusPs

FIGURE 4: In the absence of salt, USP5 and p97 complexes are
purified in large amounts together with the 26S and bind to the
UBL domain directly. (A) UBL-affinity preparations were carried
out in the presence or absence of 150 mM NaCl and 25 mM
[-glycerophosphate (5-GP)/1 mM Na;VO,. Samples containing
equal amounts of proteasomal peptidase activity were analyzed by
SDS—PAGE (upper panel) and Western blot (lower panels). The
single bands corresponding to Rpnl, Rpn2, USPS, and p97 were
identified by mass spectrometry. (B) A crude cell extract derived
from 2 g of rat skeletal muscle was centrifuged for 1 h at 100000g.
The pellet was discarded and the supernatant (S100) ultracentrifuged
for another 6 h at 100000g. S100, S6h, and P6h were each subjected
to UBL-affinity purifications and analyzed by Western blot with
the indicated antibodies.

that p97 binds to the UBL domain via the ubiquitin-binding
domains of its adaptor proteins.

UBL Interactome. To analyze further the proteins isolated
with the UBL domain, we performed mass spectrometric
analysis of the proteins purified from rat muscle in the
presence or absence of salt. The samples were analyzed by
LC-MS/MS in a gel-free manner, which increased the
sensitivity compared to our previous data set from gel slices
(Supporting Information Table 2). In total, we identified more
than 100 proteins in the salt-free sample, 38 of which
corresponded to proteasome subunits. Twelve known pro-
teasome-associated proteins were detected, among them the
deubiquitinating enzymes (DUBs), Uch-L5/Uch37 (43) and
USP14/Ubp6 (39), and the HECT ubiquitin ligase KIAA0010/
E3C/Hul5 (6), all of which have a defined binding site at
the 26S, as well as E6-AP/E3A, another HECT ubiquitin
ligase recently reported on the 26S isolated from 293 cells
(10). The other 57 proteins identified included more DUBs
and E3s, p97 and adaptors, the signalosome (a regulator of
SCF ligases (44)) and several other proteins. Whether any
of these proteins associated with the proteasome or the UBL
domain will be discussed below. Neither p97 nor its adaptors
were detected in the presence of 150 mM NaCl with the
exception of FAF-1. We termed the sum of proteins
interacting with the UBL domain of Rad23 the “UBL
interactome”.

Coisolation of Ubiquitin Conjugates with 26S and p97
Complexes. A primary function of the proteasome is to bind
ubiquitin-conjugated proteins. To determine whether ubig-
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FIGURE 5: Ubiquitin conjugates copurify with 26S and p97
complexes and are partially removed with the His;o-UIM in the
last purification step. (A) Proteins were isolated with the UBL
domain from rat muscle as illustrated in Figure 3A. The same
amount of UBL and salt wash (SW) fractions were separated by
SDS—PAGE and analyzed by Western blot with anti-ubiquitin
conjugate antibody. (B) To retrieve ubiquitin conjugates, His;o-
UIM was eluted from the Ni-NTA in binding buffer supplemented
with 500 mM imidazole as illustrated by the scheme. One
microgram of UBL-bound proteins from three different purifications
and '/jpth of the corresponding UIM eluate were separated on
SDS—PAGE and analyzed by Western blot with an anti-ubiquitin
conjugate antibody. (C) UBL purifications from rat muscle were
carried out in the presence or absence of 150 mM NaCl. Equal
amounts of UBL- and UIM-bound proteins were analyzed by
Western blot as indicated.

uitin conjugates were isolated with the 26S and on p97
complexes, the particles were bound to the UBL matrix in
the absence of NaCl and washed with different salt concen-
trations (see Figure 3A). Western blot analysis with anti-
poly ubiquitin antibody revealed that ubiquitin conjugates
were washed off the UBL-bound complexes with increasing
salt concentration (salt wash fractions (SW), Figure 5A).
Surprisingly, no ubiquitin conjugates were detected on the
UBL-bound proteins that had not been exposed to NaCl
(Figure 5A). This apparent contradiction was resolved when
the proteins isolated with the His;o-UIM (in the second step)
were analyzed (Figure 5B). The UIM2 domain of S5a
(besides binding the UBL domain of hHR23B) is a ubiquitin
interacting motif (25). To test if this step removed ubiquitin
conjugates, we released the His;o-UIM with imidazole from
the Ni-NTA resin and by Western blot compared the
ubiquitin conjugate levels in the UBL eluate with the re-
spective imidazole-extracted UIM fraction. Indeed, the UIM
partially removed ubiquitin conjugates from the UBL-bound
proteins during the last step of the purification (Figure 5B).

We then tested whether both p97 and 26S complexes were
purified together with associated ubiquitin conjugates and
analyzed the UBL- and UIM-bound proteins purified in the
presence and absence of 150 mM salt. Western blot analysis
with an anti-ubiquitin conjugate antibody revealed that the
presence of p97 correlated with a higher amount of ubiquitin
conjugates in the UBL- and UIM-bound fractions, and some
p97 was removed together with the conjugates by the His;o-
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UIM (Figure 5C). Since 150 mM NaCl did not seem to
remove ubiquitin conjugates from the UBL-bound proteins
in our earlier studies (Figure 5A), we concluded that the
higher amount of conjugates detected in the absence of salt
was due to the presence of p97 and its ubiquitin-binding
adaptors. Thus this approach should also be useful for the
characterization of the ubiquitin conjugates associated with
p97 and with 26S complexes under different conditions.

Novel Proteasome-Associated Proteins. In order to identify
the proteasome-associated proteins and to make sure, that
these proteins did not bind directly to the UBL domain, we
used two approaches.

(1) Purification by the UBL method in the absence of NaCl
was performed, and then the eluted proteasomes and p97
complexes were separated by glycerol gradient centrifugation.
Fractions containing the p97 complexes and the 26S pro-
teasomes were precipitated with TCA and analyzed by mass
spectrometry (Figure 6B and Supporting Information Table
2).

(2) Proteins purified with the UBL method in the presence
or absence of 150 mM NaCl were separated on native gels
(Figure 6A). The bands corresponding to the singly and
doubly capped 26S proteasomes and p97-complexes were
also analyzed by mass spectrometry (Supporting Information
Table 2).

Table 1 presents a summary of all proteins that were
proteasome-associated and the approaches used to support
this conclusion.

In total, we detected 62 proteasome-associated proteins,
19 of which have previously been reported, namely, the
DUBs Uch37 and USP14, the HEAT-repeat protein Ecm?29,
the proteasomal activator PA200, y-interferon-induced ac-
tivators PA28a and PA28y, the proteasome inhibitor PI31,
the p62/sequestosome, which has been reported to play a
role in autophagy and ubiquitin-mediated degradation, the
translation elongation factor EF1a, which was proposed to
mediate degradation of cotranslationally damaged proteins
(for references see ref 3), and the E3 ligase E6-AP (/0), as
well as a member of the thioredoxin family TRP26 (/7).
The translation elongation factor EF2, proteins of the Hsp70
family, and four enzymes of the glycolytic pathway, fructose-
1,6-bisphosphate (FBP) aldolase, glyceraldehyde phosphate
(GAP) dehydroxygenase (DH), pyruvate kinase, and enolase,
have previously been reported on the yeast proteasome by a
cross-linking approach (8).

Other proteins that were detected with the 26S proteasome
after native gel electrophoresis or glycerol gradient centrifu-
gation have not been reported before to interact with the 26S
(Table 1). Some of them like cytoskeletal and myofibrillar
components are very abundant proteins in the cell and
possibly present contaminants or residual ubiquitinated
substrates not removed by the UIM-elution step. Of greater
interest are the deubiquitinating enzyme USP7/HAUSP, the
ubiquitin ligases p600/UBR4 and Mule/ARF-BP, and the
transcription factor STAT1o, which were present in signifi-
cant (but substoichiometric) amounts relative to standard
subunits of the 26S proteasome. To assess stoichiometry,
the proteins eluted from the UBL column were separated
on SDS gel and silver stained. Single bands were cut out of
the gel and analyzed by mass spectrometry. However, many
other of the novel proteasome-associated proteins overlap
in size with proteasome subunits; thus their stoichiometric
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FIGURE 6: Identification of proteins associated with the 26S
proteasome. (A) UBL purifications from rat muscle were carried
out in the presence or absence of 150 mM NaCl. Samples containing
equal amounts of proteasomal peptidase activity were separated
on native gels. Proteasomes were detected by Suc-LLVY-amc
overlay assay (left panel). The right panel presents a silver stain of
the respective gel. The silver-stained bands of the indicated
complexes were analyzed by LC-MS/MS. (B) About 100 ug of
protein after UBL purification were separated on a 25—50% glycerol
gradient by ultracentrifugation (22 h, 100000g). Individual fractions
were analyzed for proteasomal peptidase activity (Suc-LLVY-amc)
and ATPase activity (Malachite green assay). Proteins in the
fractions were TCA-precipitated and subjected to mass spectro-
metric analysis or (C) Western blot. For a complete list of all mass
spectrometric data, see Supporting Information Table 2.

ratios could not be determined by this method (data not
shown). Many of the proteasome-associated proteins in
muscle were also identified in proteasomes isolated from rat
liver and Hela cells and thus are not tissue-specific (data
not shown). Their potential function at the proteasome will
be discussed below.

Some USP5 and p97 Complexes Transiently Interact with
the Proteasome. Although the isolation of p97 complexes
and USP5 by this affinity approach was primarily due to
direct binding to the UBL domain, our mass spectrometric
analysis after glycerol gradient centrifugation and native
PAGE revealed that some USP5 and p97—adaptor complexes
were colocalized with the proteasome (Table 1). The p97
adaptors UFD1 and SAKS1 were detected with 26S protea-
somes in native gels, and p97 as well as Ufd1-Npl4, p47,
SAKSI1, and FAF1 were present in the 26S fraction after
glycerol gradient separation (Table 1). We confirmed this
result by Western blot analysis of the respective TCA-
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Table 1: Proteasome-Associated Proteins®

unigene protein peptides methods
Proteasome Activators
Rn.163607 PA200 37 GG
Rn.2742 PA28a 14 GG
Rn.198325 PA28y 3 GG
Proteasome-Associated Proteins
Rn.103325 PI31 14 GG
Rn.154631 Ecm29 164 GG
Rn.9320 Rpnl3 10 GG
Rn.40424 Uch37 51 NP/GG
Rn.11790 Uspl4 32  NP/GG
Rn.198497 E6-AP/E3A 20 GG
UBL-UBA Proteins
Rn.107103 Sequestosome/p62 6 GG
E3 Ligases
Rn.37755 p600/UBR4 159 NP/GG
Rn.12130 HUWEI/ARF-BP 116  NP/GG
IP100196914 HECT E3” 7 GG
p97 and N-Terminal Adaptors
Rn.98891 p97 83 GG
Rn.144645 NPL4 6 GG
Rn.11946 UFDI 8 NP/GG
Rn.2771 p47 14 GG
Rn.198539 SAKSI1 6 NP/GG
Deubiquitinating Enzymes
Rn.44078 USP5 138  NP/GG
Rn.72721 USP7 17 GG
Ubiquitin
Rn.106034 ubiquitin 18 NP/GG
Transcription
Rn.33229 STATla 76 GG
Translation
Rn.144660
Rn.965 EFlo 7 NP/GG
Rn.55145 EF2 3 NP
Chaperones
TP100358052 putative, Hsp40/DnaJ family® 5 GG
Rn.120392
Rn.201298 Hspa8, Hsp70 family 5 GG
Rn.11088 Hspa5, Hsp70 family 2 NP
Rn. 1950 Hspal, Hsp70 family 2 GG
Cytoskelton and Myofibrillar Proteins
Rn.82732 actin, alpha 1 59 NP/GG
Rn.94978 actin, beta 5 GG
Rn.101923 dynactin 2 4 NP
Rn.84920 myosin, light chain 1 17 GG
Rn.87540 tropomyosin 1, alpha 7 GG
Rn.17580 tropomyosin 2 9 GG
Rn.43529 troponin C2 2 GG
Rn.15488 troponin T3 10 GG
Rn.2710 vimentin 2 GG
Metabolism
Rn.129558 glyceraldehyde 3-phosphate 13 NP/GG

dehydrogenase

Rn.122663 aldolase A-like 8 GG
Rn.1774 aldolase 7 GG
Rn.1556 pyruvate kinase 4 NP
IPI00388191 enolase® 2 NP
Rn.144555
Rn.37838 triosephosphate isomerase 2 GG
Rn.10756 creatine kinase 2 GG
Rn.3001 catalase 8 NP
Rn.9857 arginase 1 4 NP
Rn.10039 transglutaminase 1 2 NP
Rn.53317 transglutaminase 3 2 NP
Rn.9486 fatty acid synthase 2 NP
Miscellaneous
Rn.22682 similar to thioredoxin family Trp26 27 GG
Rn.1792 annexin Al 8§ NP
Rn.90546 annexin A2 16 NP/GG
Rn.141102 premature ovarian failure 1B 5 NP/GG
Rn.203179 glioblastoma amplified sequence 7 GG
Rn.92965 ATP synthase 2 NP
Rn.218029 ATPase, Ca>" transporting 2 GG
Rn.91512 glial fibrillary acidic protein 6 NP/GG
1P100231340 histone fold” 3 NP
Rn.11207 thrombospondin 4 2 NP
Rn.2845 peroxiredoxin 1 2 NP
Rn.2511 peroxiredoxin 2 2 NP
Rn.68633 tubulin tyrosine ligase-like family 2 NP
Rn.24735 nuclear RNA export factor 7 2 NP
Rn.172813 Mab-21-like 2 2 GG
Rn.161841
Rn.2202 cytochrome ¢ 2 GG
1P100367223 similar to CG1193-PA° 2 GG

“ Sum of unique peptides identified by indicated methods: NP (proteins
identified in bands of doubly and singly capped proteasomes after native
PAGE); GG (proteins identified in 26S peak of glycerol gradient).
Databases: IPI database (http://www.ebi.ac.uk/IPI/IPIhelp.html); UniGene
(http://www.ncbi.nlm.nih.gov/UniGene). Although cytoskeleton proteins are
often found as contaminants or unspecifically interacting proteins in the
study of protein complexes using mass spectrometry, identified candidates
from this protein family are listed as hypothetical proteasome interacting
proteins. ® Not annotated in UniGene, termed HUWE in IPI database, but
has no sequence similarity with HUWEI/Rn.12130. © Not annotated in
UniGene.
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precipitated fractions and indeed found traces of p97 and
USPS5 in fractions that contained 26S proteasomes (Figure
6C). We conclude that USP5, p97 complexes, and 26S
proteasomes exist largely as separate entities and were
isolated together due to their direct interactions with the UBL
domain of hHR23B, but a fraction seemed to interact
transiently with the 26S proteasome.

DISCUSSION

UBL-Affinity Purification and Its Applications. The method
described here makes it possible to characterize the activity
and composition of 26S proteasomes from different tissues
or cells and different cellular compartments. In related
studies, we have used this method successfully on muscle,
brain, spleen, liver, Hela cells, Xenopus oocytes, and even
yeast.

It has generally been assumed that the conjugation of
ubiquitin is rate limiting in proteasome-mediated degradation,
but methods have not been available to determine whether
changes in degradation rates in normal or pathological states
may also be due to changes in proteasomal activity. Unlike
approaches involving genetic modification of proteasome
subunits with affinity tags (6—8), the UBL method avoids
the assumption that such tags do not alter 26S function. It
allows the analysis of 26S proteasomes from tissues in which
the capacity of the UPS may be altered (e.g., during drug
treatments, aging, neurodegeneration, or muscle atrophy) and
organisms where genetic manipulations are not feasible (e.g.,
human tissues).

Recently, after these studies were completed, an analogous
method for isolation of 26S proteasomes was reported that
used the UBL domain from hHR23A (45). However, that
article did not describe the isolation of p97/adaptor com-
plexes or ubiquitin conjugates and reported the isolation of
a DNA-repair complex that was not isolated by our approach.

By combining the UBL method with additional isolation
steps for 26S proteasomes, we present the first comprehensive
study of proteasome-associated proteins from a differentiated
cell (skeletal muscle). We identified 62 proteins, 43 of which
have not been reported to interact with it previously.
Surprisingly, the proteasome-associated E3 ligase Hul5/E3C
(6, 10) and the proteasome subunit gankyrin (Nas6 in yeast)
(46), though readily detectable in UBL eluates, were not
detected on the 26S proteasomes after native gel electro-
phoresis or glycerol gradient centrifugation. Thus, there
probably are even more proteasome-associated proteins in
the UBL interactome, but their association with the protea-
some is too weak to survive this additional separation step
or may require specific conditions or cofactors. Also, some
of the 26S proteasomes seemed to fall apart during the
lengthy glycerol gradient ultracentrifugation, since some 19S
and 208 subunits were detected by mass spectrometry in p97-
containing fractions that showed no proteasome activity.
Further investigations of proteasome-associated proteins
using cross-linking reagents might reveal even more pro-
teasome- as well as p97-associated proteins.

The Proteasome-Associated DUBS Include USP5/
Isopeptidase T and USP7/ HAUSP. One unexpected DUB,
USP5/isopeptidase T, was isolated from muscle extracts by
its association with the UBL domain of Rad23. This
isopeptidase in vivo appears to disassemble free ubiquitin
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chains released by the proteasome (47). An interaction of
USP5 with Rad23 or another UBL-containing protein has
not been described before. In addition, we found USP5
associated with the proteasome. These observations suggest
at least two independent functions of USPS5, one on the
proteasome and another through a complex with Rad23 or a
similar UBL protein. In vitro, USP5 disassembles K48-linked
unanchored ubiquitin chains (48, 49). Deletion of Ubp14 (the
homologue of USPS5 in yeast) in vivo leads to accumulation
of unanchored ubiquitin chains and inhibition of the ubig-
uitin-dependent proteolysis (47), probably because the free
ubiquitin chains compete with ubiquitinated substrates for
binding to the proteasome. The association of this DUB with
the 26S probably may be important to prevent such competi-
tion and to ensure efficient proteolysis.

Surprisingly, overexpression of Ubpl4, as well as of a
catalytically inactive form of Ubpl4, inhibits ubiquitin-
mediated degradation as well (50). These observations
resemble results obtained in yeast with the proteasome-
associated DUB Ubpb6. Its association with the 19S particle
reduces the rate of degradation of ubiquitinated proteins,
independently from its catalytic activity (5/). Another
proteasome-associated DUB is Uch37 (43). RNAI of either
Uch37 or USP14 (the mammalian homologue of yeast Ubp6)
accelerates protein degradation. Thus both DUBs might
restrict protein breakdown at the proteasome in mammalian
cells (52). The deubiquitinating activity of both USP14/
Ubpb6 (6, 39) and Uch37 (6, 9, 39, 53) is activated upon
association with the proteasome. However, in Hela cell
extracts, a large pool of cellular Uch37 and USP14 is found
outside the proteasome and presumably serves other functions
in the cell (52).

A failure to maintain a high level of free ubiquitin in cells
can limit the cell’s capacity for ubiquitin-dependent protein
degradation. Ubiquitin levels are regulated at least in part
by the deubiquitinating enzymes residing at the proteasome,
although the biochemical mechanisms regulating these
processes remain unclear. The functions of the other novel
DUB we identified on the proteasome, USP7/HAUSP, are
even less clear. USP7 is localized to the nucleus and
counteracts ubiquitination of p53 by Mdm?2 (54), as well as
negatively regulates the transcriptional activity of FOXO4
upon oxidative stress (55). Thus, unlike USPS, USP14, and
Uch37, USP7 might be serving a rather specific role at
nuclear 26S proteasomes in context of transcriptional
regulation.

Ubiquitin Ligases Associated with the Proteasome. Even
more surprising is the presence of the E3 ligases ARF-BP1/
HUWEI and p600/UBR4 on the proteasome in significant,
but substoichiometric, amounts. Mule/ARF-BP1 is a HECT
domain E3 ligase also called HUWEI1 for “HECT, UBA,
and WWE domain containing 1 and reported to be critical
for the suppression of p53 in unstressed cells (56). p600 is
a huge (574 kDa) protein that interacts with retinoblastoma
(57) and the E7 protein of human papillomavirus 16 (58, 59)
and is associated with microtubules and the ER in neurons
(60). Another study identified p600 as a member of the UBR
family and found p600/UBR4 to be the major N-end rule
E3 ligase in UBR1~/~ and UBR2 ™/~ fibroblasts (67). Intrigu-
ingly, UBRI, the major N-end rule ligase in yeast has
previously been found to interact with the 26S proteasome
(62).
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Several other ubiquitin ligases have been reported to
associate with the proteasome, among them the HECT E3
Hul5, the RING E3 parkin, which contains a UBL motif,
and the multisubunit E3 ligases SCF®“4, APC, and VHL,
plus several E2s (reviewed in ref 3). In addition, the HECT
E3 ligase E3A/E6-AP was recently detected on affinity-
tagged proteasomes from 293 cells (/0). The number of E3s
detected at the proteasome is increasing, and while some
like the SCF seem to interact with the proteasome weakly
and transiently (63), others like E6-AP, ARF-BP1/HUWEI,
and p600/UBR4 seem to be associated rather stably and in
significant substoichiometric amounts. Some ubiquitin ligases
may bind to the proteasome indirectly by remaining associ-
ated with their ubiquitinated substrates or due to their
tendency to autoubiquitinate. Another possibility is that some
E3s permanently reside at the proteasome and ubiquitinate
their substrates. How these ligases bind to the proteasome
remains to be studied. Both mechanisms might help to protect
substrates from deubiquitination and ensure rapid degradation
upon ubiquitination. The proteasome by degrading the
substrate would release the substrate from its E3 ligase.

There is already some evidence for regulation of the
proteasome function by E3 ligases. Skowyra and co-workers
have argued that the SCF complex can directly deliver a
substrate to the 26S proteasome in vitro, which subsequently
leads to disassembly of the 19S complex (63). In yeast, the
ubiquitin ligase Hul5 (E3C or KIAAO0010 in mammals)
resides on the proteasome and extends ubiquitin chains on
already ubiquitinated substrates (64). This activity can be
counteracted by Ubp6, and it has been proposed that Hul5
and Ubp6 might serve as a mechanism that prevents the
release of potentially toxic partially degraded proteins from
the proteasome (65). The tight association with the 26S of
p600/URB4, an E3 with “N-end rule” specificity, could also
serve such a function since it should ubiquitinate specifically
protein fragments with unusual N-terminals.

Roles of p97—Adaptor Complexes in Ubiquitin-Mediated
Degradation. To isolate as many proteasome-associated
proteins as possible, we removed salt from our purification
buffer during these experiments. Under these conditions, the
UBL domain of hHR23B also bound the AAA ATPase p97
together with its adaptor proteins Ufd1-Npl4, p47, SAKSI,
and FAF1 (all of which contain ubiquitin-interacting motifs)
as well as ubiquitinated proteins. The direct interaction of
these complexes with the UBL domain of Rad23 has not
been described before and is most likely mediated through
their ubiquitin-binding motifs.

In addition, we detected a small amount of p97 and adaptor
proteins associated with the 26S proteasome after glycerol
gradient purification or native gel electrophoresis. The yeast
homologue of p97, CDC48, has previously been isolated with
affinity-purified 26S in yeast (7), and in human B cell lines,
p97 was reported to be immunoprecipitated with the pro-
teasome (66). In both cases the interactions might have been
indirect and mediated by binding to residual ubiquitin
conjugates not removed by the UIM domain. However, no
ubiquitin conjugates were detectable in the TCA-precipitated
fractions after glycerol gradient centrifugation or on native
gels by Western blot (data not shown).

In ER-associated degradation (ERAD), p97 in complex
with Ufd1-Npl4 extracts from the ER membrane ubiquiti-
nated substrates which are then degraded by the proteasome
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(24). p97 also plays a role in degradation of ubiquitin fusion
(UFD) and N-end rule substrates (67), and in yeast the p97
homologue CDC48 limits the length of ubiquitin chains
generated on UFD substrates by the CDC48-associated
ubiquitin ligase UFD2 (68). In addition, we recently found
that CDC48 together with UFD1 and NPL4 is required to
degrade newly synthesized proteins damaged by heat or
oxygen radicals (40).

How ubiquitinated substrates are transferred from p97 to
the proteasome is not clear. Our finding that some p97
complexes can associate with the 26S proteasome suggests
that some p97—adpator complexes might directly deliver
ubiquitin conjugates to the 26S, as previously proposed to
occur during degradation of I«B (66). Another possibility is
that Rad23 (or another UBL-UBA protein) might shuttle
proteins from CDC48/p97 to the proteasome (24). Interest-
ingly, p97 complexes were prevented from binding to the
UBL domain of Rad23 with low salt concentrations and thus
seemed to have a lower affinity for the UBL domain of
Rad23 than the proteasome. In contrast, p97 complexes
displayed a higher affinity for ubiquitin conjugates, since,
unlike the proteasomes, p97 was enriched on the UIM
domain in the last step of the purification. In a very recent
study it was found that those p97 complexes interacting with
ubiquitin conjugates also interacted with a large number of
E3 ligases, suggesting that p97 might be involved in the
turnover of various proteins (69). It is noteworthy that in
our hands binding to the UBL domain of hHR23B did not
seem to interfere with binding of ubiquitin conjugates to the
p97 complexes. These findings support a model in which
Rad23 can bind to p97, interact with ubiquitin conjugates,
and subsequently deliver them to the proteasome. However,
it remains to be proven that the ubiquitinated proteins on
p97 are precursors to those associated with the 26S, and this
affinity approach should greatly facilitate such studies.

Interestingly, the transcription of the various proteins that
we isolated as a group with the UBL method, including
proteasome subunits, USPS, p97, p47, SAKS1, NPL4, UFDI,
and several others, is coordinately upregulated together with
Rad23 upon proteasome inhibition in Drosophila (70).
Therefore, it seems likely that the proteins identified here as
the UBL interactome comprise a dynamic network of proteins
functionally linked to ubiquitin-mediated degradation. The
coisolation of p97 complexes and 26S proteasomes with
the UBL method provides a highly valuable tool to study
the properties and roles of these molecular machines in
proteolysis in cultured cells and differentiated tissues in
diverse physiological and pathological conditions.

Recently, after these studies were completed, an analogous
method was reported that used the UBL domain from
hHR23A to isolate proteasomes from HEK-293 cells (45).
In comparison, the UBL of hHR23B used in our study was
20-fold more efficient in isolating proteasome from cell
extracts (on average 40% of total proteasomal activity
compared to about 2%). Also, that article did not describe
the isolation of p97/adaptor complexes or ubiquitin conju-
gates and reported the isolation of a DNA—repair complex
that was not isolated by our approach. These differences
might be due to different buffer conditions used in the two
studies or reflect different functions of hHR23A and -B in
mammalian cells or different tissues.
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