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The 26S proteasome catalyzes the degradation of most

proteins in mammalian cells. To better define its composi-

tion and associated regulatory proteins, we developed

affinity methods to rapidly purify 26S proteasomes

from mammalian cells. By this approach, we discovered

a novel 46-kDa (407 residues) subunit of its 19S regu-

latory complex (previously termed ADRM1 or GP110). As

its N-terminal half can be incorporated into the 26S

proteasome and is homologous to Rpn13, a 156-residue

subunit of the 19S complex in budding yeast, we renamed

it human Rpn13 (hRpn13). The C-terminal half of hRpn13

binds directly to the proteasome-associated deubiquitinat-

ing enzyme, UCH37, and enhances its isopeptidase

activity. Knockdown of hRpn13 in 293T cells increases

the cellular levels of ubiquitin conjugates and decreases

the degradation of short-lived proteins. Surprisingly, an

overproduction of hRpn13 also reduced their degradation.

Furthermore, transfection of the C-terminal half of hRpn13

slows proteolysis and induces cell death, probably by

acting as a dominant-negative form. Thus in human 26S

proteasomes, hRpn13 appears to be important for the

binding of UCH37 to the 19S complex and for efficient

proteolysis.
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Introduction

Degradation of proteins by the ubiquitin-proteasome pathway

is critical in regulating the levels of most cellular proteins

and in the rapid elimination of misfolded proteins (Hershko

and Ciechanover, 1998; Glickman and Ciechanover, 2002;

Goldberg, 2003). The conjugation of a polyubiquitin chain

to a protein substrate leads to its rapid binding and ATP-

dependent hydrolysis by the 26S proteasome. This 2.4-MDa

particle consists of two subcomplexes, the 20S core particle,

within which proteolysis takes place, and the 19S regulatory

particle, which binds the ubiquitinated substrate (Voges et al,

1999). The 20S proteasome is composed of two outer a-rings

and two inner b-rings, each containing seven different, but

homologous, subunits. The 19S complex, which binds to one

or both ends of the 20S particle, is composed of a base and

a lid (Glickman et al, 1998; Leggett et al, 2002). The base

contains a ring of six homologous ATPases, which mediate

the unfolding and translocation of substrates into the 20S

(Smith et al, 2005). The lid contains at least eight subunits,

including multiple isopeptidases that catalyze the rapid

disassembly of the ubiquitin (Ub) chain (Glickman and

Ciechanover, 2002).

Our current knowledge about the composition of the

mammalian 26S proteasome has emerged primarily from

studies in which this particle was purified by multiple chro-

matographic steps (Voges et al, 1999). These studies have led

to the identification of a set of subunits, whose presence

resists relatively stringent purification steps (e.g., high salt

concentrations). Recent studies using affinity purification

methods in yeast indicate that a number of additional pro-

teins are loosely or transiently bound to these particles and

can be dissociated by high salt concentration or upon ATP

hydrolysis (Verma et al, 2000; Leggett et al, 2002; Sone et al,

2004; Leggett et al, 2005; Guerrero et al, 2006). One aim of

the present study was to develop similar gentle techniques for

rapid isolation of 26S proteasomes from mammalian tissues.

Such an approach could help identify critical cofactors and

regulators of protein degradation, or even novel subunits.

Although proteasome structure and properties are highly

conserved in eukaryotes (Smith et al, 2005), a number of

differences exist between proteasomes of higher and lower

eukaryotes, and several specializations in mammalian pro-

teasomes have been identified, such as the immunoprotea-

somes that are important in antigen presentation (Rock et al,

2002). Also, the 26S particles in lower eukaryotes seem to

contain unique subunits, such as Daq1/Rpn13, a 156 amino-

acid subunit of the 19S in budding yeast that appears to be

important in the degradation of certain model substrates

(Verma et al, 2000). No similar subunit has been reported

in mammalian proteasomes, although interestingly, Rpn13 is

highly homologous to the N-terminal half of Xoom, a 404

amino-acid protein required for the embryonic development

of frogs (Hasegawa et al, 2001).
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In the present study, we describe an affinity method for

purifying mammalian 26S proteasomes, which is based upon

the approach of Leggett et al (2005) for isolating yeast

proteasomes. Using this approach, we have discovered a

novel human 19S subunit, a 407-residue protein that corre-

sponds to gene products previously termed ADRM1 or ARM1

for ‘adhesion regulating molecule 1’ (Simins et al, 1999) or

GP110 (Shimada et al, 1991) for a putative surface glycopro-

tein. However, as we show, this protein is primarily a subunit

of the 26S proteasome, and as this paper was submitted, three

other groups (Hamazaki et al, 2006; Jorgensen et al, 2006;

Yao et al, 2006) have also demonstrated, by other approaches,

its presence within the 26S proteasome. As its N-terminal

region shares 28% identity with yeast Daq1/Rpn13, we

renamed it human Rpn13 (hRpn13). We also show here

that it associates with the deubiquitinating enzyme UCH37

and anchors this enzyme to the proteasome. Disassembly of

the polyubiquitin chain is an essential step in protein degra-

dation by the 26S particle (Glickman and Ciechanover, 2002).

Among the 60 putative isopeptidases in the human genome,

three are associated with the 19S complex, POH1/Rpn11,

UCH2/UCH37, and Ubp6/Usp14 (Holzl et al, 2000; Leggett

et al, 2002; Verma et al, 2002). Interestingly, the isopeptidase

UCH37 that binds to hRpn13 is not found in budding yeast

(Guterman and Glickman, 2004). When the C-terminal half

of hRpn13 that binds to UCH37 is expressed, it can reduce

proteolysis and induce cell death, probably by acting as a

dominant-negative form of hRpn13. Thus, this novel subunit

and its interaction with UCH37 appear to play an important

role in proteasomal function.

Results

Affinity purification of human proteasomes

In yeast, attachment of a FLAG-tag to the b4 subunit of the

20S particle or a protein A domain to the RPN11 subunit in

the 19S particle has been employed successfully for the

affinity purification of 26S proteasomes (Verma et al, 2000;

Leggett et al, 2002). To rapidly purify mammalian protea-

somes, we made three different constructs encoding the

C-terminally tagged mammalian b4 or RPN11, that is,

mRPN11-protein A, mb4-protein A, and mb4-FLAG. A Tev

protease cleavage site was inserted between protein A and

mRPN11 (or mb4). Following transient transfection of human

embryonic kidney 293T cells with these constructs, tagged

26S proteasomes were immunoprecipitated with either an

IgG or an anti-FLAG antibody (Figure 1A). In extracts of the

cells transfected with mRPN11-protein A, the IgG pulled

down the 20S subunit, a2, as shown by Western blot,

suggesting that the 26S proteasomes were immunoprecipi-

tated. When the cells were transfected with either mb4-

protein A or mb4-FLAG, a2 was also immunoprecipitated.

In order to determine whether FLAG-tagged mb4 allows the

isolation of the 26S proteasome, the cells were cotransfected

with mb4-FLAG and mRPN11-protein A. As expected,

mRPN11-protein A was co-immunoprecipitated with the

anti-FLAG antibody. These results suggest that all three

constructs can be used for the affinity purification of

mammalian 26S particles.

To further characterize the affinity-purified proteasomes,

we transfected 293T cells with mRPN11-protein A, isolated

the affinity-tagged proteasomes using IgG beads, and released

the proteasomes from the beads by incubating them with the

Tev protease. Then, we analyzed the peptidase activity of the

affinity-purified proteasomes following native PAGE. As in

the case of the proteasomes purified by conventional proce-

dures, the affinity-purified proteasomes were able to cleave

the standard fluorogenic substrate of the 20S’s chymotrypsin-

like activity, suc-LLVY-7-amino-4-methylcoumarin (amc)

(Figure 1B, left). As shown by Coomassie blue staining, the

affinity-purified proteasomes were predominantly in the form

of 26S particles (band I, Figure 1B). Upon SDS–PAGE, the

affinity-purified proteasomes displayed almost all the known
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Figure 1 Affinity purification of mammalian proteasomes. (A)
Immunoprecipitation of the affinity-tagged human proteasomes.
293T cells were transfected with mRPN11-protein-A, mb4-protein
A, mb4-FLAG, or both mRPN11-protein-A and mb4-FLAG. Follow-
ing immunoprecipitation using an IgG or an anti-FLAG antibody, the
subunits of both the 19S and 20S particles were detected by Western
blot. Input represents 1% of the cell lysates for immunoprecipita-
tion. (B) In-gel peptidase activity of the affinity purified protea-
somes. Both the conventionally-purified (Con) and the affinity-
purified (Affi) proteasomes were separated by native PAGE. Left,
the peptidase activities of the proteasomes were assayed in the
gel using suc-LLVY-amc as a substrate. Right, proteasomes were
stained with Coomassie blue. (C) Analysis of affinity-purified
proteasomes by SDS–PAGE. Both the conventionally purified
(Con) and the affinity-purified (Affi) proteasomes were separated
by SDS–PAGE and stained with Coomassie blue. (D) Mass spectro-
metric analysis of the proteins copurified with mammalian
proteasomes. Protein samples for mass spectrometry were analyzed
by MALDI-TOF using an Applied Biosystems Voyager DE-STR.
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subunit bands found in 19S and 20S, purified by conventional

methods (Figure 1C). One clear difference was that the band

II migrated more slowly, probably because of the insertion of

the Tev cleavage site (15 amino acids) between mRPN11 and

protein A. It is noteworthy that there were two unexpected

lightly stained bands at about 200 kDa (band III) and 75 kDa

(band IV) in both preparations and a novel band (band V) in

the affinity-purified proteasomes. These results suggested

that certain unidentified proteins were copurified with the

affinity-purified proteasomes.

Mass spectrometric analysis of affinity-purified

proteasomes

To identify these additional proteins, we excised the affinity-

purified 26S proteasomes from the native gel (band I,

Figure 1B) and performed mass spectrometric (MALD1-

TOF) analysis. All the known proteasome subunits (including

UCH37) were identified in the sample (Supplementary Table

I) (as shown by repeated identification of tryptic peptides).

In addition, two microtubule components, tubulin a-1 and

tubulin b-1, were detected in these samples (Figure 1D and

Supplementary Table II), as well as a protein of 407 amino

acids of unknown function (Figure 1D and Supplementary

Table II), which we named hRpn13 as discussed below. None

of the additional proteins corresponded in molecular weight

to the bands III–V in Figure 1C. Therefore, we analyzed these

bands individually by mass spectrometry and found that

band III represented the recently discovered proteasome

activator, PA200 (Leggett et al, 2002; Ustrell et al, 2002),

and bands IV and V presented a mixture of four heat-shock

proteins, Hsc71, Hsp70-1, Hsp70-2, and Grp78 (Figure 1D and

Supplementary Table II), all of which tend to bind to unfolded

proteins and may be nonspecific contaminants, although an

Hsp70 family member has been identified as a component

interacting with the yeast 26S particles (Guerrero et al, 2006).

The N-terminal half of hRpn13 is conserved in

eukaryotes

The novel proteasome-associated protein, which we termed

hRpn13, contains a Ser/Thr-rich region and surprisingly, a

putative transmembrane domain in its C-terminal half. This

polypeptide was first reported to be an interferon-g-inducible

110-kDa cell surface glycoprotein, GP110 (Shimada et al, 1991,

1994), and was also proposed to be an adhesion-related

protein, ADRM1/ARM-1 (Simins et al, 1999). However,

recent work has suggested that it is an intracellular protein

(Lamerant and Kieda, 2005). This sequence is highly con-

served in the multicellular organisms (Figure 2A). For exam-

ple, its homolog in frogs, Xoom, is a 404-amino-acid protein

with an 87% identity to hRpn13. A less conserved homolog

is found in single-cell eukaryotes. Fission yeast contains a

protein with 24% identity and homologies to both the N- and

C-terminal halves of hRpn13, whereas budding yeast con-

tains a homologous proteasomal subunit, Daq1/Rpn13, of

only 156 amino acids. However, it is homologous only to the

N-terminal half of hRpn13 (with 28% identity). Because of

this homology to a known 19S subunit and the functional

similarities shown below, we termed this polypeptide

hRpn13.

To detect the protein, we generated a polyclonal antiserum

against the recombinant protein expressed in insect cells,

which on Western blot reacted with endogenous hRpn13

from 293T cells, as well as the transfected protein

(Supplementary Figure 1A). Using this antiserum, we showed

that hRpn13 is expressed in all mouse tissues examined

(Figure 2B) and in a variety of mammalian cell lines, includ-

ing ones derived from skeletal muscle (C2C12), kidney

(293, 293T, and Cos-7), breast (MCF-7, MDA-MB-453, MDA-

MB-468, and A431), adrenal (SW13), lymphocytes (Jurket),

colon (HCT116), and embryo (NIH/3T3) (Supplementary

Figure 1B). These findings confirm the earlier report that

RNA transcripts of this sequence were present in all tissues of

rats (Nakane et al, 2000). Interestingly, higher molecular

weight species were detected in several mouse tissues,

including heart, skeletal muscle, pancreas, liver, and brain,

probably because of the post-translational modifications of

Rpn13 (Figure 2B).

As per the initial report that the levels of the 110-kDa

membrane protein corresponding to hRpn13 are elevated by

treatment with interferon-g (Shimada et al, 1994), and be-

cause interferon-g induces alternative b-subunits of the 20S

proteasome (Rock et al, 2002), we repeatedly treated different

cell lines with this cytokine, and assayed for its induction.

However, the levels of hRpn13 in HeLa cells did not change

after treatment with interferon-g at concentrations that did

cause induction of the immunoproteasome subunit, Lmp7/

b5i, in these cells (Supplementary Figure 1C). Also, no

induction was observed when we used the same antibody

as used in the prior study (Shimada et al, 1994), which was

kindly provided by J Greiner. Further, that antibody failed to

react with the overexpressed or purified hRpn13/GP110.
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Figure 2 Rpn13 is evolutionally conserved in eukaryotes and is
expressed in various mouse tissues. (A) hRpn13, especially its
N-terminal half, is highly conserved through evolution. hRpn13
(GenBank accession no. NM 007002) and its homologs in several
different organisms were aligned, and identities were calculated as
indicated. A Ser/Thr-rich region (S/T) and a putative transmem-
brane (TM) domain in the C-terminal half are conserved in Rpn13
from multicellular organisms. (B) hRpn13 is expressed in various
mouse tissues. Whole-tissue extracts were prepared and analyzed
by Western blots.
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These findings (and those shown below) argue strongly that

this sequence does not correspond to an interferon-induced

glycoprotein.

hRpn13 is a subunit of the 19S particle

To confirm the association of hRpn13 with the proteasome,

lysates of 293T cells were ultracentrifuged through a 10–40%

glycerol density gradient. The presence of proteasomes in

each fraction was monitored using suc-LLVY-amc, a standard

proteasome substrate (Kisselev et al, 2002). hRpn13, like S5a

(a 19S subunit), appeared in two overlapping peaks centered

at fractions 11 and 17, respectively (Figure 3A, left), but the

peak of 26S activity was in fraction 17. The lower molecular

weight shoulder on this peak, which contained Rpn13 and

some S5a, probably represented free 19S particles. Thus,

hRpn13 cosedimented with the 26S proteasome, but also

appeared to be present within free 19S particle in these

crude extracts. However, in lysates of C2C12 cells, almost

all Rpn13 and S5a cosedimented with the 26S particles

(Figure 3A, right).

To further test whether hRpn13 is associated with protea-

somes in different cell types, crude lysates from five different

cell lines were subjected to native PAGE. The proteasomes’

peptidase activities from the extracts of 293 T, MDA-MB-468

(human breast cancer), and NT2 (human teratocarcinoma)

cells migrated together with hRpn13. However, surprisingly

in these extracts, but not those from human breast cancer

MDA-MB-453 and BT474 cells, the peptidase activity was

present primarily in very large structures (larger than

double-capped 26S proteasomes) that hardly entered the

SDS gel (structure ‘X’ in Figure 3B). hRpn13 was also found

in such large structures from all five cell lines (Figure 3B).
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Figure 3 hRpn13 is a subunit of the 19S particle that associates with it through its N-terminal region. (A) Cosedimentation of hRpn13 with
proteasomes during glycerol-gradient centrifugation. The lysates (3 mg proteins in 1 ml buffer) from 293T (left) or C2C12 (right) cells were
loaded on a 10–40% of glycerol gradient, and centrifuged at 100 000 g (24 000 r.p.m., Beckman Rotor AH628) for 12 h. Peptidase activities from
26S (circle) and 20S (square) in each fraction were monitored by measuring the production of amc from the substrate suc-LLVY-amc in the
absence and presence of 0.02% SDS, respectively. Distribution of S5a/Rpn10 (a 19S subunit) and hRpn13 was assayed in each fraction by
Western blot. (B) hRpn13 associates with certain forms of proteasomes. Cell extracts (40 mg protein/well) were separated by native PAGE. In-gel
peptidase activity was determined by incubating the gel with suc-LLVY-amc and then visualizing the active proteasomes under UV lights.
(C) hRpn13 is present in the 19S particle. Left, the proteasomes purified by conventional methods were separated by native PAGE. In-gel
peptidase activity was determined as in (B). Right, the proteasomes were separated by SDS–PAGE, and the a2 subunit of the 20S and hRpn13
were assayed by Western blot. (D) hRpn13 binds to proteasomes through its N-terminal region. 293T cells were cotransfected with mRPN11-
protein-A and Myc/His6-tagged hRpn13 or its truncated forms. The cell lysates were immunoprecipitated using IgG beads. *stands for
nonspecific bands ** heavy chain of IgG.
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Presumably these very large structures represent 26S parti-

cles that in vivo are associated with other components and

therefore fail to migrate into the gel under these lysis condi-

tions. Although active single-capped 26S proteasomes were

detected in the lysates from all five cell lines, hRpn13 was

surprisingly only detectable in the single-capped 26S protea-

somes from three cell lines (MDA-MB-468, BT474, and NT2

cells). These results suggest that hRpn13 associates only with

certain forms of proteasomes or that in certain complexes its

accessibility by antibodies (and therefore its detection) may

be limited.

To learn if hRpn13 was present in standard preparations of

the 26S particle, studied previously, we attempted to detect

it in the 26S proteasomes purified from rabbit muscle by

the conventional multistep chromatographic approaches.

Following native PAGE, Rpn13 was detected in the 26S, but

not in the 20S proteasome (Figure 3C, left). Similarly, after

SDS–PAGE, Rpn13 was also only detected in the 26S protea-

some (Figure 3C, right). Thus Rpn13 in mammals, like its

yeast homolog, is a subunit of the 19S particle.

To determine which region of hRpn13 associates with the

proteasome, we constructed the following three plasmids

encoding full-length or truncated hRpn13 with C-terminal

Myc/His6 double tags: the full-length protein, the N-terminal

region (hRpn13-D201–407), and the C-terminal region

(hRpn13-D1–200). Following cotransfection of 293T cells

with the plasmid for mRPN11-protein A and each of these

plasmids, proteasomes were immunoprecipitated from the

cell lysates with IgG beads (Figure 3D). Both the full-length

and the N-terminal half of hRpn13, but not its C-terminal

half, were co-immunoprecipitated with mRPN11-protein A

(Figure 3D). Thus hRpn13 binds to the 19S subcomplex

through its N-terminal region.

The C-terminal half of hRpn13 associates directly with

that of UCH37

In order to define the possible functions of hRpn13, we

studied whether it associates with other proteins in the cell

in addition to being a part of the 26S proteasome. We

transfected 293T cells with Myc/His6-tagged hRpn13 and

then carried out immunoprecipitation experiments using an

anti-Myc antibody. Following SDS–PAGE of the immunopre-

cipitate, the Coomassie staining revealed about 11 bands

(Figure 4A). As the distribution pattern of these bands was
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Figure 4 hRpn13 directly associates with UCH37. (A) hRpn13 co-immunoprecipitates with UCH37. 293T cells were transfected with hRpn13-
Myc/His6, and incubated for 2 days. Following immunoprecipitation with an anti-Myc antibody, hRpn13-Myc and associated proteins were
separated by SDS–PAGE, and stained with Coomassie blue. Conventionally purified 26S proteasomes were included in the gel as a reference.
(B) hRpn13 directly binds to UCH37. Purified His-tagged hRpn13 and GST-fused UCH37 or Rpn12 were incubated for 1 h, and a pull-down
assay was performed using GSH-beads. (C) UCH37 colocalizes with hRpn13. HeLa cells were transfected with Myc/His6-tagged UCH37, and
the localization of the tagged UCH37 and endogenous hRpn13 was determined by immunostaining. (D) hRpn13 binds to UCH37 through its
C-terminal region. 293Tcells were either transfected with Myc-tagged hRpn13 (labeled as F) or with a similar construct encoding its N-terminal
(N) or C-terminal half (C), and incubated for 2 days. Purified GST-UCH37 was incubated with the three cell lysates, and a pull-down assay was
carried out using GSH-beads. (E) UCH37 binds to hRpn13 in vitro through its C-terminal half. Purified GST or GST-fused to the full-length (F),
the N-terminal (N) or the C-terminal half (C) of UCH37 was incubated with purified recombinant His-tagged hRpn13. Pull-down assays using
GSH-beads were then performed, and proteins were analyzed by Western blot.
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quite different from that of proteasomes, hRpn13 probably

forms additional complexes following overexpression. Mass

spectrometric analysis showed that the isopeptidase UCH37,

tubulin a-1, and tubulin b-1 were among the hRpn13-asso-

ciated proteins. As UCH37 was the only known proteasome

component in this complex, we examined whether hRpn13

could directly bind to UCH37. We expressed His-tagged

hRpn13 in insect cells and GST-UCH37 in Escherichia coli

and purified the recombinant proteins. After they were

incubated together for 1 h, the His6-hRpn13 could be pulled

down together with GST-UCH37 (Figure 4B). In contrast,

when RPN12 (another 19S subunit) was incubated with

hRpn13 in place of UCH37, hRpn13 could not be pulled

down with Rpn12.

hRpn13 possesses a putative transmembrane domain, and

conflicting conclusions about its subcellular localization have

been published (Shimada et al, 1994; Lamerant and Kieda,

2005). To determine the localization of hRpn13, we performed

immunostaining of HeLa cells. As observed under a confocal

microscope, hRpn13 was present in punctuated particles

in both the nucleus and the cytosol, but its levels in the

nucleus were higher than those in the cytosol (Figure 4C).

Transiently transfected UCH37 partially colocalized with the

endogenous hRpn13 in both the cytosol and the nucleus

(Figure 4C). Thus, hRpn13 can directly and specifically

associate with UCH37 in vivo and after purification in vitro.

To define further this association of hRpn13 and UCH37,

we attempted to determine which parts of these proteins bind

to each other. As noted previously, Rpn13 in Saccharomyces

cerevisiae is homologous to the N-terminal half of hRpn13,

which binds to the proteasome. Its C-terminal half, which

contains both a Ser/Thr-rich region and a putative transmem-

brane motif, is not conserved in budding yeast, which also

does not contain a homolog of UCH37. To test the possibility

that the C-terminal half of hRpn13 binds to UCH37, we

incubated GST-UCH37 with the lysates from cells that were

transfected with either the full-length, N-terminal half (D201–

407) or C-terminal half (D1–200) of hRpn13. The GSH-beads

could pull down the GST-UCH37 together with the full-length

and the C-terminal half of hRpn13, but not its N-terminal half

(Figure 4D). Thus, hRpn13 binds to UCH37 through its

C-terminal half and probably thereby anchors UCH37 to the

proteasome.

The N-terminal half of UCH37 harbors its ubiquitin (Ub)

hydrolase domain, but the role of its C-terminal half still

remains unknown. To examine whether the C-terminal half

of UCH37 may bind to hRpn13, we constructed and expressed

in E. coli two truncated GST-fusion proteins: GST-UCH37-

N-terminal half (D227–329) and GST-UCH37-C-terminal half

(D1–226). When purified, His6-hRpn13 was incubated with

either truncated or the full-length GST-UCH37; both the full-

length and the C-terminal half, but not the N-terminal half of

UCH37, could pull down hRpn13 (Figure 4E). Thus UCH37,

through its C-terminal half, binds to the C-terminal half

of hRpn13.

hRpn13 increases the isopeptidase activity of UCH37

As shown above, UCH37 binds to a site in the C-terminal

region of hRpn13, although UCH37 may also bind to other

proteasome subunits. In fact, the homolog of UCH37 in

fission yeast, UCH2, can bind to Rpn10/S5a, another 19S

subunit (Stone et al, 2004). To determine whether UCH37

also binds to S5a in mammalian proteasomes, purified GST-

UCH37 was incubated with purified His-tagged S5a. As

shown in Figure 5A, S5a could be pulled down by GST-

UCH37, but not GST, suggesting that UCH37 binds to S5a.

Thus, there are two, probably complementary, mechanisms

by which UCH37 can be recruited to the proteasome.

To determine whether this association with hRpn13 or

S5a may influence the activity of UCH37, we first expressed

recombinant His-tagged hRpn13 in bacteria. When the pur-

ified full-length hRpn13 was incubated with purified UCH37,

the hydrolysis of Ub-amc (a model fluorogenic substrate for

isopeptidases) by UCH37 increased by 69% (Figure 5B). In

contrast, under similar conditions, the C-terminal half of

hRpn13 had no effect on the activity of UCH37. To confirm

this result, we expressed His-tagged hRpn13 in insect cells and

found that hRpn13 from insect cells could also significantly

promote the activity of UCH37 (Figure 5B and C). The

detected Ub-amc hydrolysis was due to the isopeptidase

activity of UCH37, as the inhibitor of isopeptidases, Ub-

aldehyde, greatly reduced this activity (Figure 5C). Also in

similar experiments, hRpn13 was not found to affect the

activity of a typical deubiquitinating enzyme, UCHL3

(Figure 5D). On the other hand, although S5a also bound to

UCH37, it did not increase its capacity to digest Ub-amc

(Figure 5C). Also, when hRpn13 was incubated with 26S

proteasomes, no change in their isopeptidase activity was

observed, presumably because proteasomes already contain

sufficient endogenous Rpn13 to stimulate Ub-amc hydrolysis

by UCH37 maximally (Figure 5D). Thus, the novel 19S sub-

unit hRpn13, perhaps together with Rpn10/S5a, appears to

recruit UCH37 to the proteasome by binding to its C-terminal

domain and stimulates its deubiquitinating activity.

hRpn13 influences the degradation of short-lived

proteins in cells

To examine the role of hRpn13 in cells, we transfected 293T

cells with Myc-tagged hRpn13 and found that overexpression

of hRpn13 decreased the cell content of Ub conjugates

(Figure 5E). To examine the effects of reducing hRpn13

expression, a RNA interference (RNAi) vector was prepared.

It reduced, though only partially, the endogenous content of

hRpn13 but nevertheless increased the total levels of Ub

conjugates in the cells. No such effect was seen with a control

vector expressing siRNA for GFP. Thus, hRpn13 can regulate

the cellular levels of high molecular weight Ub conjugates,

presumably by promoting protein deubiquitination.

Changes in the overall content of ubiquitinated proteins

would be expected to alter rates of protein degradation by the

proteasome. To determine whether rates of protein degrada-

tion are altered, we transfected 293T cells with hRpn13 or its

C-terminal half (hRpn13-D1–200), and then analyzed the

degradation of proteins in these cells by a pulse-chase proto-

col. As shown in Figure 6A, overexpression of hRpn13

decreased the degradation of the most short-lived proteins

(those hydrolyzed in 20 min), but subsequently degradative

rates were similar to those in control cells. These effects are

consistent with the reduction in the content of Ub conjugates.

Interestingly, transfection of hRpn13-D1–200, which can bind

to UCH37, but not the proteasome, also reduced degradation

of these short-lived cell components (Figure 6A). This reduc-

tion in proteolysis by the C-terminal half of hRpn13 is most

likely because it acts as a dominant-negative form of hRpn13
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that reduces the binding of UCH37 to the proteasome (also

see below).

In an attempt to further clarify the role of hRpn13, we

employed RNAi to knockdown hRpn13 levels. Transfection

of the plasmids expressing siRNA for hRpn13 in 293T

cells slightly (but consistently) reduced the degradation of

short-lived proteins (Figure 6B). No such effect was seen

with a control vector expressing siRNA against GFP. This

result and those shown below are consistent with a defect

in the proteasome’s capacity to degrade Ub conjugates

(Figure 5E), but is surprising as it suggests that both increas-

ing and decreasing the levels of hRpn13 reduce proteolysis.

To further confirm the above results, we employed a

model proteasome substrate, Ub-R-GFP. Ub-R-GFP is rapidly
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Figure 5 hRpn13 promotes isopeptidase activity of UCH37. (A) UCH37 binds to S5a in vitro. Purified GST or GST-fused UCH37 was incubated
with purified recombinant His-tagged S5a for 1 h. Pull-down assays using GSH beads were then performed. The protein levels were analyzed by
Western blot. (B) Recombinant hRpn13 stimulates the ubiquitin-amc (Ub-amc) hydrolysis by UCH37. In the presence of 0.5 mM of Ub-amc,
0.1 nM of UCH37 was incubated with 0 or 10 nM of the full-length hRpn13 (FL, from bacteria), the C-terminal half of hRpn13 (D1–200, from
bacteria), or the full-length hRpn13 expressed in insect cells (FL-ins). Ub-amc hydrolysis (in arbitrary units) was determined during incubation
for 30 min by monitoring the release of amc. (C) Unlike hRpn13, pure S5a/Rpn10 cannot promote the isopeptidase activity of UCH37 in vitro.
UCH37 at indicated concentrations, was incubated with 0 (circle) or 10 nM of hRpn13 (square, expressed in insect cells), S5a (cross), or hRpn13
plus 10 nM of Ub-aldehyde (triangle). Ub-amc hydrolysis (in arbitrary units) was determined as in (B). (D) hRpn13 does not increase the
isopeptidase activity of the 26S proteasome or UCHL3. Ub-amc was incubated (as in 5B) without (control) or with 10 nM of purified hRpn13 in
the presence of UCH37 (0.1 nM), the 26S proteasome (0.24mg/ml, about 0.1 nM), or UCHL3 (0.01 nM). Ub-amc hydrolysis (in arbitrary units)
was determined as in (B). (E) hRpn13 decreases the levels of ubiquitin conjugates in cells. Left, 293T cells were transfected with an empty
vector or Myc/His6-tagged hRpn13. Right, 293T cells were transfected with pBS/U6/GFP (GFP siRNA) or pBS/U6/hRpn13 (hRpn13 siRNA).
The cells were incubated for 2 days after transfection, and the contents of hRpn13, b-actin, and large ubiquitin conjugates (molecular weights
4191 kDa) were assayed by Western blot.
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degraded through the N-end rule pathway in which proteins

are selectively ubiquitinated and then degraded by the pro-

teasome, depending on the identity of their N-terminal resi-

duals (Varshavsky, 1997; Dantuma et al, 2000). As shown in

Figure 6C, overexpression of hRpn13 had little effect on the

levels of control protein GFP, but markedly increased the

levels of Ub-R-GFP, apparently by inhibiting the proteasomal

degradation. Similarly, transfection of the siRNA oligos for

hRpn13 also greatly enhanced the levels of Ub-R-GFP, but not

those of GFP (Figure 6C).

To further verify these results, we used another proteaso-

mal substrate, ErbB3 (a member of the epidermal growth

factor receptor family), which is known to be rapidly de-

graded by the proteasome after its Nrdp1-mediated ubiquiti-

nation (Diamonti et al, 2002; Qiu and Goldberg, 2002).

Transfection of either hRpn13 or its dominant-negative form

(the C-terminal half of hRpn13) dramatically increased

the levels of cotransfected ErbB3, but not EGFR/ErbB1

(Figure 6D), a known substrate of lysosomes (Waterman

et al, 1999). Taken together, these results argue that the levels

of hRpn13 have to be precisely regulated in vivo to maintain

the rate of protein degradation by the proteasome.

Expression of the C-terminal half of hRpn13 induces

cell death

Many proteasome subunits are essential for cell viability, but

most isopeptidases are disposable for cells (Guterman and

Glickman, 2004). The homolog of UCH37 in Drosophila,

dUCH37, does not seem to be required for proteasome

activity in S2 cells (Wojcik and DeMartino, 2002), but the

homolog of hRpn13 in frogs, Xoom, is required for embryonic

development (Hasegawa et al, 2001). To determine the im-

portance of hRpn13 in survival of mammalian cells, HeLa

cells were transiently transfected with the Myc/His6-tagged

full-length, the N-terminal half, or the C-terminal half of

hRpn13 and were then analyzed by immunostaining

(Figure 7A). Unlike endogenous hRpn13, transiently trans-

fected hRpn13 and its fragments were primarily localized in

the cytosol. The full-length protein, which was widely dis-

tributed in the cytosol, seemed to cause slight aggregation of

mitochondria near the nuclei. In contrast, its N-terminal half

formed punctuated perinuclear patterns, but had no clear

effect on cell morphology, including the shapes of mitochon-

dria and nuclei. However, the expression of the C-terminal

half of hRpn13 led to the condensation of nuclei and a
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region reduces the degradation of short-lived proteins. 293T cells were transfected with an empty vector, hRpn13 or its C-terminal region
(hRpn13-D1–200). After 2 days, the rate of degradation of cellular proteins was determined by pulse-chase analysis using [3H]tyrosine.
A similar small reduction in degradation was seen in at least three experiments. (B) Decreasing the levels of hRpn13 also slows the degradation
of short-lived proteins. 293T cells were transfected with pBS/U6/GFP (GFP siRNA) or pBS/U6/hRpn13 (hRpn13 siRNA). Then, degradation of
short-lived proteins was determined as in (A). (C) Overexpression or knockdown of hRpn13 reduces the degradation of the model N-end rule
substrate, Ub-R-GFP. Left, 293T cells were cotransfected with Ub-R-GFP, GFP, and hRpn13 (or empty vector). Right, 293T cells were
cotransfected with Ub-R-GFP, GFP, and siRNA oligos (100 nM) for hRpn13 (or nontargeting siRNA oligos). The cells were incubated for 3
days after transfection, and the protein levels were analyzed by Western blot. (D) Degradation of the natural proteasomal substrate, ErbB3, is
reduced by overexpression of hRpn13 or its C-terminal half. 293Tcells were cotransfected with ErbB3, EGFR, and hRpn13 (or hRpn13-D1–200
or empty vector), and incubated for 2 days after transfection. Protein levels were analyzed by Western blot.
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marked aggregation of mitochondria, as were also observed

during apoptosis induced by TNFa and cycloheximide. Thus,

at high levels, the C-terminal half of hRpn13 appears to

induce cell death. In order to clarify the mechanism of this

effect, we asked whether the C-terminal half of hRpn13

(which itself does not bind to the proteasome) might interact

with full-length hRpn13. GST pull-down assays demonstrated

that unlike UCH37, hRpn13 did not bind to its C-terminal half

in vitro (Figure 7B). Thus, the C-terminal half of hRpn13

induces cell death, probably by preventing UCH37, but not

hRpn13, from binding to the proteasome.

Discussion

Affinity purification of mammalian proteasomes

The new affinity methods described here allowed rapid and

gentle purification of 26S proteasomes from cultured cells.

The particles obtained exhibit the characteristic peptidase

activities and known subunits of the 26S proteasome, but it

remains to be determined whether these gentle isolation

methods yield particles that differ in other functional proper-

ties from proteasomes isolated by conventional methods. In

addition to the known subunits and hRpn13, these prepara-

tions contained tubulins-a and -b and several heat-shock

proteins of the Hsp70 family, which have not been previously

reported as proteins associated with mammalian protea-

somes. Homologous heat-shock proteins have been found

to be associated with yeast proteasomes purified by analo-

gous methods (Verma et al, 2000; Guerrero et al, 2006),

but tubulins-a and -b themselves have not been previously

found to be associated with proteasomes, although PAC2, a

tubulin-specific chaperone, has been detected in the affinity-

purified yeast proteasome (Verma et al, 2000). As tubulins

can play a role in protein translocation, their isolation with

the proteasomes raises the possibility that they may function

in transporting proteasomes or even in substrate delivery.

A number of observations presented here indicate that

hRpn13 is in fact an integral subunit of the human 26S

proteasome. This sequence initially identified in mammalian

cells as GP110 was proposed to be an interferon-g-regulated

surface membrane protein (Shimada et al, 1991) containing a

putative transmembrane sequence. However, we showed that

like other proteasome subunits, hRpn13 is localized in both

the cytosol and the nucleus, that it cosediments with protea-

somes upon glycerol-density gradient centrifugation, and that

it is also present in the proteasomes purified by conventional

chromatographic approaches. Also, hRpn13 directly associ-

ates with UCH37, a known proteasome constituent. After our

paper was submitted for publication, three other groups have

also reported that hRpn13 is a component of the 19S regula-

tory complex, where it serves to bind UCH37 (Hamazaki et al,

2006; Jorgensen et al, 2006; Yao et al, 2006). Finally, the

homolog of hRpn13 in budding yeast, Daq1/Rpn13, has been

identified as a subunit of the 19S particle (Verma et al, 2000;

Sone et al, 2004).

The role of hRpn13 in deubiquitination

An intriguing finding likely to be of mechanistic importance

was that purified hRpn13 binds to UCH37 and enhances its

isopeptidase activity. Presumably, this activation is important

in the disassembling of Ub conjugates during proteasomal

degradation. Two other isopeptidases, the cysteine peptidase,

hRpn13 hRpn13-∆201–407 hRpn13-∆1–200 TNFα+cycloheximide

Green: His-tagged hRpn13 or its fragments; red: mitochondria; blue: nuclei
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Figure 7 Expression of the C-terminal half (but not the N-terminal half) of hRpn13 induces cell death. (A) HeLa cells were transfected with
Myc/His6-tagged hRpn13, hRpn13-D201–407, or hRpn13-D1–200. After 1 day, hRpn13 and its fragments were visualized by immunofluor-
escence staining with an anti-His6 antibody, mitochondria with MitroTracker Red, and nuclei with DAPI. The apoptosis-like features, the
condensation of nuclei and the severe aggregation of mitochondria, were observed in more than 90% cells (about 50 cells examined) that were
transfected with hRpn13-D1–200. For comparison with apoptotic cell death, the cells were treated with 20 ng/ml of TNFa and 1mM of
cycloheximide for 4 h. (B) The C-terminal half of hRpn13 does not bind to full-length hRpn13, though it binds to UCH37. The purified His-
hRpn13-D1–200 was incubated with GST, GST-hRpn13 or GST-UCH37 for 1 h. Pull-down assays were performed using glutathione beads, and
the protein levels were determined by Western blot. Thus, the C-terminal half of hRpn13 causes cell death, probably by blocking UCH37
binding to the proteasome.
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Ubp6/USP14, which is structurally related to UCH37, and the

metallopeptidase, POH1/Rpn11, are also located in the 26S

proteasome (Leggett et al, 2002; Yao and Cohen, 2002). Rpn11

is a highly conserved Jab1/MPN isopeptidase of the Jabl/

MPN family that is important in yeast in cleaving the polyUb

chain from the substrate (Verma et al, 2002; Yao and Cohen,

2002). In contrast, UCH37 and USP14/Ubp6 release sequen-

tially the most distal Ubs of a polyUb chain. However, the

exact roles of UCH37 and the other proteasome-associated

isopeptidases in degrading Ub conjugates are uncertain.

Budding yeast do not have a homolog of UCH37, and Ubp6

plays the predominant role in regulating the disassembly of

the polyubiquitin chain and protein degradation by their 26S

proteasomes (Leggett et al, 2002). Nevertheless, budding

yeast lacking Ubp6 are viable. In fission yeast, the homolog

of UCH37, UCH2, seems to be responsible for the majority

of proteasomal isopeptidase activity (Stone et al, 2004). But,

UCH2-deficient fission yeast also survived, and thus, other

deubiquitinating enzymes, such as Rpn11, can support pro-

teasomal degradation.

It is noteworthy that the C-terminal region of hRpn13

(residues 201–407), which binds to UCH37, is partially

conserved in fission yeast, but not in budding yeast.

Interestingly, UCH37 can also bind to the proteasome through

Rpn10/S5a (Figure 5B) (Stone et al, 2004), which is located at

the hinge between the lid and the base of the 19S complex

(Glickman et al, 1998), close to where UCH37 has been

localized (Holzl et al, 2000). Although the Rpn10/S5a subunit

thus appears to interact with UCH37 in the 19S complex, this

interaction fails to activate UCH37, unlike the binding of its

C-termini to that of Rpn13. Presumably both interactions

function within the 19S complex, but the C-terminal region

of hRpn13 evolved specifically to activate UCH37. Although

this activation by free hRpn13 was only two-fold against Ub-

amc, the stimulation of UCH37 activity against natural

polyUb chains or by proteasomally bound hRpn13 are

important questions for future study.

The role of hRpn13 in addition to regulation of

deubiquitination

Although there is no homolog of UCH37/UCH2 in budding

yeast, Daq1/Rpn13 is still required for degradation of certain

ubiquitinated proteins (e.g., substrates of the UFD pathway)

(Verma et al, 2000). Therefore, hRpn13 also seems to be

important in assembly of the 19S complex or its function at

some UCH37/UCH2-independent steps. In frogs, the homolog

of hRpn13, Xoom, is required for embryonic development

(Hasegawa et al, 2001), which presumably reflects a critical

role for protein degradation or for UCH37 during frog devel-

opment. Knockdown of hRpn13 in 293T cells, though incom-

plete, reduced overall degradation of short-lived proteins

reproducibly, and this two-fold inhibition caused a large

accumulation of the rapidly degraded model substrate Ub-R-

GFP, which is degraded by the proteasome after ubiquitina-

tion by the ‘N-end rule’ ligase E3a/Ubr1 (Varshavsky, 1997).

Furthermore, similar decreases in proteolysis were seen upon

expression of high amounts of the C-terminal half of hRpn13,

which probably acts as a dominant-negative form that

inhibits UCH37 binding, but allows 19S assembly. As this

construct eventually induced cell death, hRpn13 appears to

be critical for proteolysis. Moreover, because overproduc-

tion of hRpn13 also reduced degradation and Ub conjugate

accumulation, the precise level of hRpn13 appears important,

as would be expected for a key subunit of this critical

structure.

Materials and methods

Cell culture and transfections
293T adenovirus-transformed human embryonic kidney cells and
HeLa human epitheloid carcinoma cells, and all other cell lines
were maintained in DMEM (Cellgro), supplemented with 10%
fetal bovine serum and antibiotics in 5% CO2. All cell lines and
serum were obtained from the American Type Culture Collection.
Except where noted, transfection was carried out using Trans-IT
transfection kit (Mirus Inc.).

DNA or RNA oligos and expression vectors
For mammalian expression, the C-terminus of mouse Rpn11 or b4
was fused with protein A (kindly provided by Dr D Finley) or FLAG
tag (DYDDDDK), and a Tev protease cleavage site was inserted
between the proteasome subunit and protein A. These expression
cassettes were subcloned at NheI/XhoI sites of pcDNA3.1 (Invitro-
gen). UCH37, UCHL3, and the full-length (residues 1–407), the
N-terminal region (D201–407), or the C-terminal region (D1–200) of
hRpn13 with Myc-His6 tags at the C-termini were subcloned at the
HindIII/EcoRI sites of pcDNA6 (Invitrogen). For expression in insect
cells, hRpn13 with a C-terminal His6 tag was subcloned into the
baculoviral vector pAcHLT-A (BD Biosciences) at EcoRI/NotI sites.
For bacterial expression, GST-fused UCH37 and RPN12 were
constructed at the EcoRI/XhoI sites of pGEX-4T-2 (Pharmacia),
and the full-length or the C-terminal half (D1–200) of hRpn13 was
subcloned into the EcoR1/XhoI sites of pET28b (Novagen). The
plasmid for Ub-R-GFP was kindly provided by Dr MG Masucci. For
siRNA expression, BS/U6/hRpn13 was constructed using specific
DNA oligos based on the 21-nt sequence in the coding region of the
hRpn13 cDNA (50-GGGTCTACGTGCTGAAGTTCA-30), and BS/U6/
GFP was obtained as described previously (Qiu et al, 2004). The
sequences of all constructs were verified by DNA sequencing.
In addition, a pool of four siRNA oligos specific for hRpn13
(Smartpool) and a nontargeting siRNA oligo were purchased
(Dharmacon Inc.) and transfected using trans-IT-TKO transfection
kit (Mirus Inc.).

Co-immunoprecipitation and Western blot analysis
Proteins were extracted and immunoprecipitated in the buffer
containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl2,
1 mM ATP, 1 mM EDTA, 1 mM DTT, and 0.1 mM Phenylmethyl-
sulfonyl fluoride (PMSF). Except where noted, the levels of proteins
were analyzed by Western blot using horseradish peroxidase-
conjugated or alkaline-phosphatase-conjugated secondary anti-
bodies. Antibodies against a2 and RPN12 were purchased from
Affiniti, b-actin and FLAG from Sigma, Myc from Oncogene,
and IgG-resin from ICN. The polyclonal antiserum against hRpn13
was raised from rabbits using full-length hRpn13 as an antigen
(Rockland).

Peptidase and isopeptidase assays
The proteasome’s chymotrypsin-like activity was assayed using the
fluorogenic substrate succinyl LLVY-7amc as described (Holzl et al,
2000; Kisselev et al, 2002). To stimulate the 20S peptidase activity,
0.02% SDS was added. The Ub C-terminal hydrolase activity of the
purified isopeptidases and the 26S proteasome were assayed using
Ub-amc as a substrate. The release of amc from the substrate was
monitored continuously at 380/460 nm (excitation/emission).

Affinity purification of mammalian proteasomes
Each of the 20 plates (100 mm) of 293T cells was transfected with
6 mg pcDNA3.1-mRPN11-protein-A, and incubated for 24 h. Then,
the cells were split onto 20 large plates (150 mm), and incubated for
2 more days. The cells were harvested by scrapping, suspended in
the lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol,
5 mM MgCl2, 1 mM PMSF, and 5 mM ATP), and broken by
sonication. The 16 000 g supernatants of the cell lysates were
incubated with 1 ml of IgG resins (ICN) for 1 h. The resins were
washed three times with 2 ml of lysis buffer, and once with Tev
buffer (50 mM Tris, pH 8.0, 1 mM EDTA, and 1 mM DTT). The
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proteasomes were released from the resins by incubating with 100
units of His-tagged Tev protease (Gibco BRL) in 1.5 ml of the Tev
buffer for 1 h. The His-tagged Tev protease in the proteasome
solution was removed by incubating with 50 ml of Ni-resins (Qiagen)
for 15 min. To concentrate the proteasome and to remove the free
form of RPN11, an ultrafiltration through a 5 kDa filter (Bio-Rad)
was performed.

Purification of proteasomes from rabbit skeletal muscle by
conventional methods
Purification of 20S and 26S proteasomes was carried out as
described by Kisselev et al (2002) with a few modifications. Briefly,
the 100 000 g supernatant from homogenized rabbit muscle (100 g)
was incubated with DE52 DEAE cellulose (100 ml). The resin was
then washed on a glass filter with buffer A (20 mM Tris–HCl, pH7.5,
10% glycerol, 5 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, and 2 mM
ATP) containing 50 mM NaCl, and then packed in a column.
Proteasomes were eluted with 250 ml of buffer A with a 50–300 mM
NaCl gradient. The pooled fractions with proteasome peptidase
activity were loaded on a Uno Q column (6 ml, Bio-Rad), and then
eluted with 25 ml of buffer A, with a 100–350 mM NaCl gradient.
20S and 26S proteasomes were separated into two pools. The 20S
pool was further dialyzed against buffer B (20 mM Na-HEPES, pH
7.5, 0.5 mM EDTA, 1 mM DTT, and 10% glycerol), loaded on a
Heparin HiTrap column (5 ml, Amersham/Pharmacia), and eluted
with 50 ml of buffer B containing a 0–250 mM NaCl gradient. The
26S proteasome pool from the Uno Q step was finally purified
by ultracentrifugation (100 000 g for 24 h) on a 20–40% glycerol
gradient.

Pulse-chase analysis of protein degradation
Degradation of short-lived proteins was detected by pulse-chase
analysis as described previously (Gronostajski et al, 1985) with a
few modifications. Briefly, 293T cells were incubated with DMEM
containing 10% dialysed FBS and 5mCi ml�1 of [3H]tyrosine for 2 h,

and then chased in the medium with 10% FBS and 2 mM of
unlabeled tyrosine for 0–120 min. 200ml of the medium were
sampled every time, and mixed with 20ml of 100% trichloroacetic
acid. Following centrifugation, the radioactivities in supernatants
were determined by scintillation. After the final chase, the cells
were lysed in 0.2 N of NaOH, and subjected for measurement of
total radioactivity in the cells. Protein degradation in arbitrary units
was derived from the radioactivity released in the medium
normalized to the total radioactivity incorporated in cells.

Mass spectrometry
Protein samples were analyzed by MALDI-TOF using an Applied
Biosystems Voyager-DE-STR at the Tappan Mass Spectrometry
Facility (Harvard Medical School).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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