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We have isolated the RPN9 gene by two-hybrid screening with, as bait, RPN10 (formerly SUN1), which
encodes a multiubiquitin chain receptor residing in the regulatory particle of the 26S proteasome. Rpn9 is a
nonessential subunit of the regulatory particle of the 26S proteasome, but the deletion of this gene results in
temperature-sensitive growth. At the restrictive temperature, the Drpn9 strain accumulated multiubiquitinated
proteins, indicating that the RPN9 function is needed for the 26S proteasome activity at a higher temperature.
We analyzed the proteasome fractions separated by glycerol density gradient centrifugation by native poly-
acrylamide gel electrophoresis and found that a smaller amount of the 26S proteasome was produced in the
Drpn9 cells and that the 26S proteasome was shifted to lighter fractions than expected. The incomplete
proteasome complexes were found to accumulate in the Drpn9 cells. Furthermore, Rpn10 was not detected in
the fractions containing proteasomes of the Drpn9 cells. These results indicate that Rpn9 is needed for
incorporating Rpn10 into the 26S proteasome and that Rpn9 participates in the assembly and/or stability of
the 26S proteasome.

The ubiquitin-proteasome pathway is a major proteolytic
system acting in various cellular processes (15). Proteins to be
degraded by this pathway are first tagged with ubiquitins, ex-
cept in one case so far (14), and multiubiquitin chains attached
to the proteins are recognized by the 26S proteasome, which
degrades the target proteins in an ATP-dependent manner and
releases ubiquitins for repeated use. The ubiquitination ma-
chinery is a multicomponent system in which ubiquitin is acti-
vated by E1 enzyme (ubiquitin-activating enzyme), transferred
to E2 enzymes (ubiquitin-conjugating enzymes) and then fi-
nally transferred to the target proteins (15). Depending upon
the proteins to be ubiquitinated, E3 enzyme (ubiquitin ligase)
is needed for the final step of ubiquitination. Since this prote-
olysis system resides intracellularly, the proteolytic activity
must be strictly controlled, otherwise nonspecific degradation
of cellular proteins may be hazardous to the cells. The selec-
tivity of proteolysis and the temporal control of its execution
are important for its proper function. How are the selectivity
and timing of proteolysis controlled? One level of control is
obviously at the step of ubiquitination, because the presence of
multiple E2 and E3 enzymes and combinations of them con-
tribute to the selection of a protein to be degraded.

As mentioned above, the ubiquitination step has been em-
phasized in the regulation of ubiquitin-mediated proteolysis
whereas the 26S proteasome is believed to be constitutively
active and has not attracted much attention as a regulatory
molecule. However, according to recent progress in the struc-
tural analyses of the 26S proteasome (4, 11, 12), the specificity
of proteolysis by the ubiquitin-proteasome pathway may well
be modulated by the 26S proteasome. The 26S proteasome is
a multicatalytic protease of about 2,000 kDa, and its structure
is well conserved throughout eukaryotes (2, 25, 33, 39). It

consists of two subcomplexes, the 20S proteasome and the 19S
regulatory particle, attached to one or both ends of the 20S
proteasome. In yeast, 14 genes encoding subunits, seven a and
seven b subunits, of the 20S proteasome have been elucidated
(4, 13). The structure of the yeast 20S proteasome was ana-
lyzed by X-ray crystallography (13), and it was found that the
protease activity is sequestered inside the b ring and there is no
opening on the a ring for protein substrates to get into the
lumen of the 20S proteasome. For the activity of the 26S
proteasome, the 19S regulatory particle plays crucial roles at
the ends of the 20S proteasome; it binds a multiubiquitin chain
to select the substrate and unfolds substrates so that they
become accessible to the lumen of the 20S proteasome. Ac-
cording to the biochemical analyses of the regulatory compo-
nent of the yeast 26S proteasome by Glickman et al. (12), the
19S regulatory particle is composed of 6 ATPases and 11 or
more non-ATPase subunits. Furthermore, Glickman et al.
(11) demonstrated that the 19S regulatory particle can be
subdivided into two components, the lid and the base; the
former consists of non-ATPases, and the latter consists of six
ATPases and two non-ATPase subunits, Rpn1 and Rpn2.

In cell extracts, the 26S proteasome and subcomplexes of it
are likely to be in an equilibrium. However, it is only poorly
understood how subunits assemble into each subcomplex. Re-
cently, Ramos et al. (26) found the UMP1 gene, which encodes
a protein that is needed for proper assembly of the 20S pro-
teasome. Interestingly, Ump1p becomes a substrate of the
proteasomes when assembly of the 20S proteasome is com-
pleted. It can be assumed that there are proteins functioning as
a chaperone to stimulate assembly of the lid or the base or
both. Finding and analyzing such a protein may well provide
clues to understand the regulation of the 26S proteasome-
mediated proteolysis. Fortunately, the high conservation of
components of the 26S proteasome throughout eukaryotes (5,
9, 10, 34, 38) enables us to exploit the yeast genetic system. In
this study, we attempted two-hybrid screening by using the
RPN10 gene encoding a yeast multiubiquitin receptor (21, 35)
as bait to identify the protein(s) which interacts with Rpn10.
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Here we describe the isolation and characterization of the
RPN9 gene, which encodes a nonessential component of the
26S proteasome. We found that Rpn9 exerts a novel function
in the assembly or stability of the 26S proteasome and allows
Rpn10 to be incorporated into the 26S proteasome.

MATERIALS AND METHODS

Strains and microbiological methods. The principal Saccharomyces cerevisiae
strains and plasmids used in this study are listed in Table 1. To obtain J106 and
J107, we first integrated pJUN315 (see below) linearized with AflII at the RPT1
locus of W303-1A to replace the resident RPT1 gene with 6xHis-RPT1-URA3.
The resulting transformant was crossed with J44 (MATa Drpn9::LEU2), and the
heterozygous diploid was dissected. Among the progeny, a Ura1 segregant (J106;
6xHis-RPT1-URA3) and a Ura1 Leu1 segregant (J107; 6xHis-RPT1-URA3
Drpn9::LEU2) were saved for further study. Escherichia coli DH5a [endA1
gyrA96 hsdR17(rk

2 mk
1) recA1 relA1 supE44 thi-1 deoR D(lacZYA-argF)U169

f80lacZDM15 F2 l2] was used for the propagation and construction of plas-
mids. YPD contained 2% glucose, 2% polypepton (Daigo Eiyo, Tokyo, Japan),
and 1% yeast extract (Difco Laboratories, Detroit, Mich.). Synthetic medium
(SD) was prepared by the recipe described by Sherman (30). SC is fully supple-
mented SD medium. Omission media were prepared by removing an appropriate
nutrient from SC medium and designated, for example, SC 2 Ura for synthetic
medium lacking uracil. Sporulation medium contained 1% potassium acetate.
The permissive and restrictive temperatures for the temperature-sensitive mu-
tants were 25 and 35 to 37°C, respectively. Yeast transformations were done by
the method described by Ito et al. (19) and Schiestl and Gietz (29). Luria broth
LB (pH 7.0) consisting of 1% Bacto Tryptone (Difco Laboratories), 0.5% Bacto
Yeast Extract (Difco Laboratories), and 0.5% NaCl was used for growing E. coli
cells. Ampicillin (50 mg/ml) was added as appropriate. Competent cells for
bacterial transformations were prepared as described by Inoue et al. (18). Two-
hybrid screening was carried out as described by Fields and Sternglanz (7).

DNA manipulation. The methods adopted in this study for engineering DNA
were those described by Sambrook et al. (28). Yeast genomic DNA was isolated

by the glass bead method described by Hoffman and Winston (16). Restriction
endonucleases and DNA-modifying enzymes were purchased from Takara Shuzo
(Kyoto, Japan) and Toyobo Biochemicals (Kyoto, Japan). Gene Clean II was
from Bio 101, Inc. (Vista, Calif.).

Construction of plasmids. The RPN9 gene was disrupted by inserting the
LEU2 gene at the NcoI site encompassing codons 122 and 123 of the RPN9 open
reading frame (ORF) (pJUN180), and one of the chromosomal RPN9 alleles of
the diploid KA31D was replaced with the disrupted rpn9::LEU2 gene by one-step
gene replacement (27). The correct disruption was confirmed by Southern hy-
bridization. Tetrad dissection of this diploid gave rise to four viable spore clones,
and the Leu1 phenotype segregated 21:22 in every ascus, indicating that the
RPN9 gene is not an essential gene. However, the disruptants showed temper-
ature-sensitive growth. The disruptant with a complete deletion of the ORF of
YDR427w was reported to be temperature sensitive for its growth (12, 17).

pJUN217, containing the GST-RPN9 fusion gene, was constructed and used
for production of glutathione S-transferase (GST)-Rpn9 fusion protein, which
was used as the antigen to immunize rabbits. The RPN9 ORF (codons 1 to 393)
was amplified by PCR with a pair of primers, 59-gggggggatccaccacattatatttcgc-39
(a forward primer) and 59-gggggagatctacaacccagatggattggc-39 (a reverse primer).
Amplified DNA was cut with BamHI and BglII and ligated at the BamHI site of
pBluescript KS2, and a plasmid whose BglII-BamHI junction is situated nearer
to the EcoRI site was selected. The BamHI-EcoRI fragment containing the
RPN9 ORF was excised from this plasmid and ligated into the gap of BamHI-
EcoRI of pGEX-5x-3 (Pharmacia Biotech, Uppsala, Sweden), resulting in
pJUN217, containing the GST-RPN9 gene.

pJUN238 expressing the Caenorhabditis elegans TO6D8.8 ORF in yeast was
constructed as follows. Two l cosmid clones containing cDNA of C. elegans,
yk116a10 and yk242c5, were donated by Y. Kohara (National Institute of Ge-
netics, Mishima, Japan). SK plasmid clones, SK-116a10 (pJUN227) and SK-
242c5 (pJUN228), were recovered from each of the cosmids. The complete ORF
was successfully reconstructed from these two incomplete but complementary
clones. In brief, the 59 portion of the ORF was excised from pJUN228 as the
XbaI (in SK sequence)-ClaI (in the ORF) fragment and inserted into the XbaI-
ClaI gap of pJUN227, resulting in pJUN235, which contains the full length of the
TO6D8.8 ORF. The SmaI-XhoI fragment excised from pJUN235, which contains
the full ORF, was inserted in the PvuII-XhoI gap of vector TOp59 to be ex-
pressed under the TDH3 promoter.

To construct pJUN315, 39-terminally truncated 6xHis-RPT1 excised as a
HindIII-BglII fragment from DP1 was inserted at the HindIII-BamHI gap of
pRS306.

Detection of multiubiquitinated proteins. The heat block method was used to
prepare yeast lysate (21). In brief, cells were cultured in YPD medium at 25°C to
an optical density at 600 nm (OD600) of 1.0, and then transferred to 37°C. Cells
corresponding to 5.0 OD600 units were periodically harvested and washed with
deionized water once. The pellet was suspended in 100 ml of lysis buffer A
(phosphate-buffered saline with 1 mg each of leupeptin, pepstatin A, antipain,
and aprotinin per ml and 1 mM phenylmethylsulfonyl fluoride), heated at 97°C
for 10 min, and then vortexed and heated for 30 s each. The vortexing and
heating were repeated six times. A 25-ml volume of 5x Laemmli sampling buffer
(22) was added to the lysate, and the resultant mixture was heated for 10 min at
97°C and centrifuged for 15 min at 15,000 rpm (TOMY MR-150 centrifuge) at
4°C. A 15-ml volume of supernatant was loaded onto a sodium dodecyl sulfate
(SDS)–7.5% polyacrylamide gel. FK1 monoclonal antibody against multiubiq-
uitin (8) was used as the primary antibody.

Density gradient centrifugation. Cells harvested from a 1-liter culture when it
attained an OD600 of 1.0 were washed with deionized water and resuspended in
1.0 ml of lysis buffer B (25 mM Tris-HCl [pH 7.5], 2 mM ATP, 1 mM dithio-
threitol [DTT], 1 mg each of leupeptin, pepstatin A, antipain, and aprotinin per
ml, 1 mM phenylmethylsulfonyl fluoride). The cells were disrupted by vortexing
with glass beads for 10 min at 4°C. Insoluble material was removed by centrif-
ugation at 8,000 rpm for 30 min at 4°C. Supernatant (5 mg of protein/ml of
extract) was divided in half; one half was incubated with 5 mM MgCl2 and the
other half was incubated without MgCl2 for 30 min at the indicated temperature.
Then, 1 ml of extract was loaded on 35 ml of 10 to 40% glycerol density gradient
that had been made by Gradient Mate (Towakagaku, Tokyo, Japan) and cen-
trifuged at 25,000 rpm in a SW28 rotor with the L8-55 Ultracentrifuge (Beck-
man) for 22 h at 4°C. Fractions (1 ml) were collected by puncturing the bottom
of the tube. In some experiments, cell extract was prepared with buffer C (buffer
B containing 5 mM MgCl2) and preincubation of extract before glycerol density
gradient was omitted.

Biochemical methods. The protein concentration was determined by the meth-
od described by Bradford (3). Peptidase activity was assayed by using fluorogenic
succinyl-Leu-Leu-Val-Tyr-4-methyl-coumaryl-7-amide (Suc-LLVY-MCA) as a
substrate. Suc-LLVY-MCA (0.1 mM) was incubated with an enzyme source for
60 min at 37°C in the presence or absence of 0.05% SDS in 100 mM Tris-HCl
(pH 8.0) as described previously (32). The reaction was stopped by adding 100 ml
of 10% SDS and 2 ml of 100 mM Tris-HCl (pH 9.0), and the fluorescence at 460
nm of the reaction products was measured with excitation at 380 nm.

Pull-down experiments with the 6xHis-RPT1 strains. 6xHis-Rpt1 was pulled
down from high-speed supernatant (see below) with Ni-nitrilotriacetic acid
(NTA) agarose beads (Qiagen, Valencia, Calif.) as specified by the manufac-
turer.

TABLE 1. Yeast strains and plasmids

Strain or
plasmid Genotype or description Source or

reference

Strains
L40 MATa his3 leu2 trp1 URA3::lexA-lacZ

LYS2::lexA-HIS3 gal80 ade
36

YK109 MATa rpn12-1 leu2 his3 trp1 ura3 ade1 20
KA31a MATa leu2 his3 trp1 ura3 Our stock
KA31D MATa/MATa leu2/leu2 his3/his3 trp1/

trp1 ura3/ura3
Our stock

W303D MATa/MATa leu2/leu2 his3/his3 trp1/
trp1 ura3/ura3 ade2/ade2 can1/can1

Our stock

W303-1A MATa leu2 his3 trp1 ura3 ade2 can1 Our stock
J33 MATa Drpn9::LEU2 leu2 his3 trp1 ura3 This study
J38 MATa Drpn10::HIS3 leu2 his3 trp1 ura3 This study
J44 MATa Drpn9::LEU2 leu2 his3 trp1 ura3

ade2 can1
This study

J106 MATa 6xHis-RPT1-URA3 leu2 his3 trp1
ura3 ade2 can1

This study

J107 MATa Drpn9::LEU2 6xHis-RPT1-URA3
leu2 his3 trp1 ura3 ade2 can1

This study

Plasmids
pACTII PADH AD 2mm ori TRP1 7
pBTM116 PADH lexA 2mm ori LEU2 7
pBTM-RPN10 pBTM116-RPN10 This study
pRS306 URA3 31a
pKT10 PTDH3 2mm ori URA3 Our stock
TOp59 PTDH3 2mm ori URA3 This study
YCUp4 CEN4 URA3 ARS1 A. Fujita
pJUN180 KS2-Drpn9::LEU2 This study
pJUN197 YCUp4-RPN9 This study
pJUN217 GST-RPN9 fusion This study
pJUN227 pBluescript SK2-116a10 This study
pJUN228 pBluescript SK2-242c5 This study
pJUN235 pBluescript SK2-TO6D8.8 ORF This study
pJUN238 PTDH3-TO6D8.8 ORF 2mm ori URA3 This study
pJUN315 6xHis-RPT1 (39 truncated)-URA3 This study
DP1 6xHis-RPT1 TRP1 CEN4 D. Finley
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Immunological methods. Anti-Rpn9 antibody was raised as follows. GST-
Rpn9 fusion protein was induced in E. coli DH5a (pJUN217) by incubation with
2 mM isopropylthiogalactoside for 4 h at 37°C. Gst-Rpn9 fusion protein pro-
duced as insoluble protein was separated from soluble proteins and purified by
SDS-polyacrylamide gel electrophoresis (PAGE). The band containing GST-
Rpn9 fusion protein was excised, and the fusion protein was eluted by electro-
phoresis. Purified GST-Rpn9 fusion protein was injected into rabbits to raise
anti-GST-Rpn9 antibody. Antiserum containing anti-Rpn9 antibody was passed
through a GST-Sepharose column to remove anti-GST antibody. Anti-Rpn9
antibody in the pass-through fraction was further purified on a protein A column
(Pharmacia Biotech). The following antibodies were described previously: anti-
Rpn12 antibody (20), anti-Rpn10 antibody (21), anti-20S proteasome antibody
(32), anti-Rpt1 peptide antibody (31), anti-rabbit immunoglobulin G (IgG) goat
antibody conjugated with alkaline phosphatase or horseradish peroxidase (Pro-
mega Corp., Madison, Wis.), anti-actin C4 monoclonal antibody (Boehringer
Mannheim), anti-mouse IgG goat antibody conjugated with horseradish perox-
idase (Promega) and anti-multiubiquitin chain monoclonal antibody (FK1) (8).
The chemiluminescence reagent for Western blot was from DuPont NEN (Bos-
ton, Mass.).

Immunoprecipitation experiments. Polyclonal antibody against the 20S pro-
teasome and nonimmune rabbit IgG (60 mg each in 40 ml of buffer H containing
100 mM Tris-HCl [pH 7.6], 2 mM ATP, 2 mM MgCl2, 0.5 mM EDTA, and 2%
glycerol) were mixed with protein A-Sepharose beads and mixtures were rotated
at 4°C for 2 h. The beads were then treated with skim milk in buffer H, washed
three times with buffer H, and added to the indicated sample. After the mixtures
were rotated at 4°C for 2 h, supernatant (40 ml) was recovered by centrifugation
and mixed with sample buffer (20 ml) for SDS-PAGE, while the resulting beads
were washed three times with buffer H and suspended in sample buffer (60 ml).
A 20-ml volume each of supernatant and bead suspension were subjected to
SDS-PAGE in a slab gel containing 12.5% polyacrylamide followed by Western
analysis. For Western blot analysis, the separated proteins were electrically
transferred to a polyvinylidene difluoride filter (Millipore, Bedford, Mass.).
Then, the filter was processed for Western blotting as recommended by the
manufacturer.

Native PAGE. The procedures for preparation of a native acrylamide gel
and for electrophoresis were described by Glickman et al. (12). All proce-
dures were performed at 4°C. A native gel contained 0.18 M Tris-borate (pH
8.3), 5 mM MgCl2, 1 mM ATP, 1 mM DTT, and 4% acrylamide-bisacrylamide
(at a ratio of 37.5:1) polymerized with 0.1% N,N,N9,N9-tetramethylethylene-
diamine (TEMED)–0.2% ammonium persulfate. Running buffer contained
0.18 M Tris-borate (pH 8.3), 5 mM MgCl2, 1 mM ATP, and 1 mM DTT. A
20-ml volume of alternate fraction from fractions 15 to 25 was loaded on the
native gel. To carry out Western blotting analysis, 100 ml of sample was concen-
trated with a Millipore spin column (Ultrafree-MC) to one-fifth of the original
volume and loaded. Electrophoresis was performed at 15 mA for 3.6 h. The
overlay assay of peptidase activity of proteasomes was described by Glickman et
al. (12). In brief, a native polyacrylamide gel, after electrophoresis, was overlaid
with 2 ml of reaction mixture containing Suc-LLVY-MCA with or without 0.05%
SDS and incubated at room temperature for 10 min. Peptidase activity was
visualized by irradiating the gel with 380-nm UV light.

RESULTS

Isolation and characterization of the RPN9 gene. To identify
protein interacting with a component of the 26S proteasome,
we have been attempting two-hybrid screening with a lexA-RPN
gene fusion as bait. Here, we performed two-hybrid screening
with the lexA-RPN10 gene as bait. By surveying approximately
30,000 colonies, each carrying the bait pBTM-RPN10 and plas-
mid of a library, we found one positive clone, pACTII-RPN9
(Fig. 1A). Partial sequencing at the cloning junction revealed
the RPN9 gene, which encodes a protein consisting of 393
amino acid residues and shows homology to the C. elegans gene
encoding the hypothetical protein TO6D8.8 (Fig. 1B) and to a
gene, p40.5, encoding a subunit of the human 26S proteasome
(17) (Fig. 1B). We confirmed that the RPN9 gene is a nones-
sential gene and that the null mutant showed temperature-
sensitive growth. To examine whether the homology between
Rpn9 and TO6D8.8 is biologically significant, the complete
ORF encoding TO6D8.8 was regenerated by using two cDNA
clones, yk116a10 and yk242c5, and expressed in the Drpn9 cells
(see below) under a strong promoter of yeast, the TDH3 pro-
moter. Expression of the C. elegans gene partially comple-
mented temperature-sensitive growth of the Drpn9 strain (Fig.
1C), indicating that the C. elegans ORF TO6D8.8 encodes a
functionally homologous gene to the RPN9 gene.

Rpn9 is a component of the yeast 26S proteasome. Since
RPN9 was identified as a gene whose product interacts with
Rpn10, a component of the 26S proteasome, we anticipated
some roles of Rpn9 in ubiquitin-mediated proteolysis. This
consideration prompted us to examine whether Rpn9 partici-
pates in degradation of multiubiquitinated proteins. Wild-type
strain KA31a, Drpn9 strain J33, and the rpn12-1 (formerly
nin1-1) strain YK109 (20) were grown at 25°C to the mid-log-
arithmic phase and then shifted to 37°C. At the indicated time
points, a portion of each culture was harvested and subjected
to detection of multiubiquitinated proteins as described previ-
ously (20). As shown in Fig. 2A, the Drpn9 strain accumulated
a large amount of multiubiquitinated proteins at the restrictive
temperature, as did the rpn12-1 strain, indicating that the 26S
proteasome function is defective in the Drpn9 cells at the re-
strictive temperature. Accumulation of a small amount of mul-
tiubiquitinated proteins was seen in the wild-type strain after
2 h of incubation at 37°C; however, these proteins disappeared
during further incubation.

Next, we examined whether Rpn9 is a component of the 26S
proteasome by glycerol density gradient centrifugation fol-
lowed by Western blotting with antibodies against several com-
ponents of the 26S proteasome. Extract prepared from the
wild-type strain was preincubated at 30°C for 30 min with or
without ATP-Mg21, under conditions which should promote
either assembly or disassembly, respectively, of the 26S pro-
teasome, followed by glycerol density gradient centrifugation.
Preincubation without ATP-Mg21 promotes dissociation of the
26S proteasome into the 20S proteasome and the 19S regula-
tory particle in vitro (Fig. 2C). Under these conditions, Rpn9
cosedimented around the 20S region with Rpt1, an authentic
subunit of the base component of the 19S regulatory particle.
On the other hand, when extract was preincubated with ATP-
Mg21 (Fig. 2B), Rpn9 and Rpt1 moved to the 26S proteasome
fractions. The behavior of Rpn10 in the gradient was quite
different from that of other subunits, in that some Rpn10 did
exist in the 19S regulatory complex (Fig. 2C) and in the 26S
proteasome (Fig. 2B) but the majority was detected in lighter
fractions, as had been described by van Nocker et al. (35).

The 26S proteasome in the Drpn9 cells. As mentioned above,
Drpn9 cells show temperature-sensitive growth. The logarith-
mic-phase culture of the Drpn9 cells stopped growing 4 h after
a shift to 37°C. Since it is well established that the 26S protea-
some function is indispensable for yeast growth, the functional
26S proteasome is likely to be produced in the absence of
Rpn9. To test this possibility, extracts were prepared from the
Drpn9 cells grown at 25 and 37°C, preincubated with ATP-
Mg21 for 30 min at 30°C to stimulate reconstruction of the 26S
proteasome, and then subjected to analysis by glycerol density
gradient centrifugation (Fig. 3A and B). Unexpectedly, the
profiles of proteasomes and of peptidase activity in the gradi-
ents were similar irrespective of the growth temperature. The
26S proteasome peak was not clearly seen in either centrifu-
gation profile. Furthermore, Rpt1 was found in a large protein
complex, and the peak of the 20S proteasome was distributed
in the gradient at a denser position than that of Rpt1. This
profile is in clear contrast to that shown in Fig. 2B, where peaks
of Rpt1 and the 20S proteasome are superimposed. Further-
more, Western blot analysis with anti-Rpn10 antibody gave rise
to a surprising result; Rpn10 was not detected in the protea-
some fractions, whereas Rpt1 was. In contrast, extract pre-
pared from the rpn12-1 cells grown at 37°C for 4 h did have
Rpn10 in the regulatory complex and the 26S proteasome (Fig.
3C).

To further examine whether the 26S proteasome is present
in the Drpn9 cells, extracts were prepared from wild-type cells
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and Drpn9 cells grown in YPD at 25°C for 24 h. Each extract
was treated with anti-20S proteasome antibody, and the result-
ing immunoprecipitates were analyzed by Western blotting
with anti-Rpn10 and anti-Rpn12 antibodies. As shown in Fig.
4, a smaller amount of Rpn12 was detected in the immuno-
precipitates from the Drpn9 cells than from the wild-type cells
whereas comparable amounts of the 20S proteasome were
detected in the two extracts. Furthermore, Rpn10 was not
detected in the immunoprecipitates of the Drpn9 cells.

To confirm the above result that Rpn10 is missing from
proteasomes produced in the Drpn9 cells, we examined wheth-
er Rpn10 is coprecipitated with 6xHis-Rpt1 by Ni-NTA aga-

rose beads. High-speed supernatant was prepared from a log-
phase culture of each of J106, J107, and W303-1A. The same
amount of high-speed supernatant (4 mg of protein) was sub-
jected to the pull-down experiment with Ni-NTA agarose as
described in Materials and Methods. High-speed supernatant
and eluate from Ni-NTA agarose was analyzed by SDS-PAGE
followed by Western blotting with anti-Rpt1, anti-Rpn10, anti-
20S proteasome, anti-Rpn9, and anti-Rpn12 antibodies (Fig.
5). All the subunits detected in this experiment were present in
similar amounts in extract (lanes labeled Input). A comparable
amount of the 20S proteasome was coprecipitated with 6xHis-
Rpt1 from J106 and J107 extracts prepared in the presence of

FIG. 1. Characterization of the RPN9 gene. (A) Two-hybrid interaction. The extent of the two-hybrid interaction between the bait (pBTM-RPN10) and the fish
(pACTII-RPN9) was estimated by assaying b-galactosidase activity, which was expressed as Miller units (24). Each transformant was grown in SC 2 (Trp 1 Leu) medium
at 25°C overnight, and cells were harvested at OD600 5 1 and subjected to an enzyme assay as described by Miller (24). Dashes indicate the empty vectors. (B) Alignment
of the amino acid sequences of Rpn9, the p40.5 subunit of the human 26S proteasome, and the C. elegans ORF TO6D8.8 (LG2). Identical amino acids are highlighted.
Gaps were introduced to attain the highest matching. (C) Complementation. The C. elegans ORF TO6D8.8 was reconstructed from two cDNAs (yk116a10 and yk242c5)
as described in Materials and Methods and was fused to the TDH3 promoter (pJUN238). pJUN238 containing PTDH3-TO6D8.8 ORF [a section labeled
TO6D8.8(LG2)], pJUN197 containing the RPN9 gene (a section labeled RPN9), and the vector (a section labeled pKT10) were separately introduced into the Drpn9
strain (J33). One representative transformant from each transformation experiment was streaked across a YPD plate. The plate was incubated at 35.5°C for 7 days.
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FIG. 2. Rpn9 is a component of the 26S proteasome. (A) Accumulation of
multiubiquitinated proteins. KA31a (wild type), J33 (Drpn9), and YK109
(rpn12-1) cells were grown in YPD at 25°C to the mid-logarithmic phase and then
shifted to 37°C. At the indicated time after the shift, cells corresponding to 5
OD600 units were harvested and disintegrated by vortexing with glass beads (20).
Proteins were separated by electrophoresis in an SDS–7.5% polyacrylamide gel,
and the multiubiquitin chain was detected by Western blotting with a anti-
multiubiquitin chain (Anti-multi Ub)-specific monoclonal antibody, FK1 (8).
Actin was detected with C4 monoclonal antibody as an internal reference. The
positions of the size markers are shown on the right. (B and C) Glycerol density
gradient centrifugation. The wild-type yeast KA31a cells grown exponentially in
YPD at 25°C were collected from a 1-liter culture. Extract was prepared as
described by Kominami et al. (20) and preincubated at 30°C for 30 min with (B)
and without (C) ATP-MgCl2. Peptidase activity assayed in the presence (circles)
or absence (squares) of 0.05% SDS is shown at the top; Western blotting with
anti-Rpt1, anti-Rpn10, anti-Rpn9, and anti-20S proteasome antibodies is shown
at the bottom. Fractions are numbered from the bottom to the top.

FIG. 3. The proteasomes in the Drpn9 cells. J33 (Drpn9) cells were grown at
25°C in 1 liter of YPD to mid-logarithmic phase, and half of the culture was
shifted to 37°C (B) and the other half was incubated at 25°C (A) for 4 h. Cell
extracts prepared with buffer B from each culture were incubated at 30°C for 30
min in the presence of 5 mM MgCl2–2 mM ATP and analyzed by glycerol density
gradient centrifugation as described in the text. Peptidase assay and immuno-
blotting were done as described in the legend to Fig. 2. (C) The rpn12-1 strain
grown at 25°C was shifted to 37°C and incubated for 4 h. Then, extract prepared
as described above was treated with 5 mM MgCl2–2 mM ATP at 30°C for 30 min
and subjected to glycerol density gradient centrifugation.
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ATP plus MgCl2 but not from extracts prepared in the absence
of ATP plus MgCl2. On the other hand, comparable amounts
of components of the regulatory particle, such as Rpn9, Rpn10,
and Rpn12, were coprecipitated with the His tag irrespective of
the presence of ATP and MgCl2 in the extract of J106. Rpn10
was not detected in the eluate from Ni-NTA agarose beads
incubated with J107 extract. The results shown in Fig. 4 and 5
are consistent with those obtained by the glycerol density gra-
dient centrifugation experiments (Fig. 3).

Proteasome species separated by native PAGE. Intracellular
proteasomes most probably exist in a mixture of molecular
species including the 20S proteasome, the 26S proteasome,
and proteasomes with intermediate sizes, which can hardly be
separated by glycerol density gradient centrifugation. To sep-
arate molecular species of proteasomes, we adopted nondena-
turing PAGE (native PAGE) to analyze fractions separated by
glycerol density gradient centrifugation (Fig. 6). In the follow-
ing experiments, the preincubation of extracts before glycerol
density gradient centrifugation was omitted to avoid possible
artifacts which might be caused by preincubation at 30°C. Sep-
arated proteins were blotted to a nitrocellulose filter and then
subjected to Western blotting with anti-20S proteasome, anti-
Rpn12, and anti-Rpt1 antibodies. When the sample of the
wild-type cell lysate (Fig. 6A) which was prepared with buffer
containing ATP and MgCl2 was analyzed with anti-20S protea-
some antibody, five major bands were obtained. The band with
the highest mobility (band V) corresponds to the 20S protea-
some, and the two bands with the lowest mobilities, I and II,
correspond to the symmetric and asymmetric forms of the 26S
proteasome, respectively, because they were detected by anti-
Rpt1 antibody as well as by anti-Rpn12 antibody. Two bands,
III and IV, which react with anti-20S proteasome and anti-
Rpt1 antibodies appeared between the bands of 20S and the
26S proteasomes. Because these two molecular species were
not detected by anti-Rpn12 antibody, it is likely that they do
not contain the lid and that they are asymmetric (band IV) and
symmetric (band III) forms of the 20S proteasome with one
base and two bases, respectively. Extract prepared from the
wild-type cells in buffer without MgCl2 buffer gave rise to a
similar result described above (data not shown). We used these
five bands, which were detected in the wild-type sample, as
references of molecular species of the proteasomes. It should
be noted that there is no band which reacts with both anti-Rpt1

antibody and anti-Rpn12 antibody but does not react with
anti-20S proteasome antibody.

To analyze the proteasome species produced in the Drpn9
cells, extract was prepared from the Drpn9 cells and fractionat-
ed without preincubation by glycerol density gradient centrif-
ugation. Fractions containing the proteasomes were subjected
to native PAGE followed by Western blotting with anti-20S
proteasome antibody. As in the previous experiment with wild-
type extract, five major bands were detected; however, the
band pattern was quite different from that seen in Fig. 6A. In
the Drpn9 extract (Fig. 6B), the amount of a symmetric form
containing the base (band III) increased (see the blot with
anti-20S proteasome antibody and the blot with anti-Rpt1
antibody). Figure 6B also shows that the amount of the 26S
proteasome decreased in the Drpn9 extract. The change in the
26S proteasome of the Drpn9 cells became more evident when
the blotting was performed with anti-Rpn12 antibody; the top
two bands corresponding to the 26S proteasome were detected
weakly, and they shifted to slightly lighter fraction (fraction
19), whereas the 26S proteasome of the wild-type cells was
found in fractions 19, 21, 23, and 25. These are the reasons
why the 26S proteasome peak was not seen at 26S in glycerol

FIG. 4. Estimation of the quantity of the 26S proteasome in cell extract. The
KA31a (wild type) and J33 (Drpn9) strains were each grown in 40 ml of YPD at
25°C for 24 h with shaking. Cells were harvested, resuspended in homogenization
buffer H (100 mM Tris-HCl [pH 7.6], 2 mM ATP, 2 mM MgCl2, 0.5 mM EDTA,
100 mM NaCl, 2% glycerol, 0.5 mM diisoprppylfluorophosphate, 1.5 mg of
pepstatin A per ml), and disrupted with glass beads for 15 min at 4°C. Extract was
centrifuged at 20,000 3 g for 15 min at 4°C followed by high-speed centrifugation
at 100,000 3 g for 20 min at 4°C. The resulting supernatant, equivalent to 5 mg
of protein, was immunoprecipitated with 20 ml (6.5 mg of IgG/ml) of anti-20S
proteasome antibody conjugated to protein A-Sepharose beads (designated 20S)
or with nonimmune rabbit IgG conjugated to protein A-Sepharose beads as
control (designated C at the description of the immunoprecipitation experi-
ments). The resulting immunoprecipitates were subjected to SDS-PAGE fol-
lowed by Western blot analysis with anti-Rpn12 antibody (A), anti-Rpn10 anti-
body (B), or anti-20S proteasome antibody (C). IP, immunoprecipitate; Blot,
Western blotting. The positions of the size markers are shown on the right.

FIG. 5. Pull-down experiment with 6xHis-Rpt1. J106 (6xHis-RPT1-URA3),
J107 (6xHis-RPT1-URA3 Drpn9::LEU2), and W303-1A (no His tag) were grown
in 100 ml of YPD at 25°C. Cells were harvested from a 50-ml culture at OD600 5
1.0, resuspended in 300 ml of buffer D (100 mM Tris [pH 7.5], 10% glycerol, 1
mM DTT, 5 mM MgCl2, 2 mM ATP) or buffer E (buffer D without both MgCl2
and ATP) and disrupted by vortexing with glass beads for 10 min at 4°C. Ho-
mogenates were centrifuged at 15,000 rpm for 15 min (TOMY MR-150). Super-
natant was collected and centrifuged at 100,000 3 g for 20 min in a Beckman
TLA-100.2 rotor. Then 4 mg of protein from each sample was gently mixed with
60 ml of slurry of 50% Ni-NTA agarose beads at 4°C. After 2 h of mixing,
Ni-NTA agarose beads incubated with high-speed supernatants prepared in the
presence (1) or absence (2) of ATP and MgCl2 were washed with buffer F
(buffer D containing 100 mM NaCl and 10 mM imidazole) or buffer G (buffer E
containing 100 mM NaCl and 10 mM imidazole), respectively. Then 40 ml of
phosphate-buffered saline containing 1 M imidazole was added to elute proteins
bound with the Ni-NTA agarose beads. The resulting eluate (Eluate), along with
high-speed supernatant (Input), was analyzed by SDS-PAGE followed by West-
ern blotting with antibody against the subunit shown on the right side. Lanes: C,
W303-1A; wt, J106; D9, J107.
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density gradient centrifugation of the Drpn9 extract. In Fig. 6B,
a new complex which reacts with anti-Rpt1 antibody but not
with anti-Rpn12 or anti-20S proteasome antibody was detected
in fraction 15. This complex migrates to a similar position to
band II but is clearly different from it, because this complex
does not react with anti-20S proteasome antibody but band II
does. Fraction 15 in Fig. 6A to C also contains a protein
complex containing Rpn12 but not Rpt1, most probably the lid.

The fact that the proteasomes produced in the Drpn9 cells
are missing Rpn10 prompted us to examine molecular species
of the proteasomes in the Drpn10 strain. Extract was prepared
from the Drpn10 cells and fractionated by glycerol density
gradient centrifugation, and then fractions containing the pro-
teasomes were subjected to native PAGE. As shown in Fig. 6C,
the molecular species of the proteasomes in the Drpn10 cells
are similar to those seen in the wild-type cells.

To provide a better comparison between patterns of sepa-

ration of proteasome species on native PAGE, peak fractions
of each extract separated by glycerol density gradient centrif-
ugation were analyzed in the same gel followed by Western
blotting with anti-20S proteasome antibody (Fig. 6D). Molec-
ular species of proteasomes produced by the wild-type strain
were identical to those produced by the Drpn10 strain, where-
as fast-moving species were accumulated in the Drpn9 strain.
Differences in proteasome species between the wild-type and
Drpn9 strains were also demonstrated by an in-gel assay of
peptidase (Fig. 7). The indicated fractions of the glycerol den-
sity gradient centrifugation were separated by native PAGE,
and peptidase activity was assayed by the gel overlay method
with a reaction mixture without 0.05% SDS (Fig. 7A). The
peptidase activities of the wild-type and Drpn10 strains were
seen at the position of the 26S proteasome, peaking at fraction

FIG. 6. Molecular species of the proteasomes separated by native PAGE. (A
to C) Cell extracts were prepared in buffer C from the wild-type strain (KA31a)
(A), the Drpn9 strain (J33) (B), and the Drpn10 strain (J38) (C), as described in
Materials and Methods. Each extract was fractionated by glycerol density gradi-
ent centrifugation, and fractions 15 to 25 were loaded onto native PAGE and
analyzed by immunoblotting with anti-20S proteasome antibody (top row), anti-
Rpt1 antibody (middle row), or anti-Rpn12 antibody (bottom row). (D) Com-
parison of proteasome species in peak fractions separated by glycerol density
gradient centrifugation. Fractions 19 and 21 from each gradient shown in panels
A to C were separated by native PAGE followed by Western blotting with
anti-20S proteasome antibody. Fractions are numbered from the top to the
bottom of the gradient. The categories of molecular species of proteasomes are
shown on the right (see the text for details).
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21, whereas the peak displayed by the Drpn9 strain moved to a
lighter fraction, peaking at fraction 19. The peak fractions were
loaded on two native polyacrylamide gels. After electrophore-
sis, peptidase activity was assayed in the reaction mixture with
or without 0.05% SDS. In the reaction mixture without SDS,
the peptidase activity of the wild-type and Drpn10 strains was
seen at the position of the 26S proteasome whereas the pep-
tidase activity of the Drpn9 strain was seen at the position of a
fast-moving species of proteasomes. When peptidase was as-
sayed in the presence of SDS, peptidase activity of the wild-
type and Drpn10 strains was again seen at the position of the
26S proteasome but peptidase was activated at the fast-moving
species of proteasomes in the sample of the Drpn9 strain.

Altogether, there are four remarkable features of protea-
somes produced in the Drpn9 cells: (i) proteasomes with an
intermediate size and the 20S proteasome are accumulated,
(ii) the amount of the 26S proteasome was decreased, (iii) the
26S proteasome migrated slightly slowly in glycerol density
gradient centrifugation, and (iv) Rpn10 was not incorporated
into the 26S proteasome.

DISCUSSION

The YDR427w ORF was found to encode a component of
the yeast 26S proteasome by two groups independently (12,
17). We obtained the YDR427w gene, now designated RPN9,
by two-hybrid screening with the RPN10 gene as bait and found
that the Drpn9 mutant accumulated multiubiquitinated pro-
teins at a restrictive temperature. Since it is well established
that the 26S proteasome is necessary for yeast growth, we
expected that the 26S proteasome would be present in the
Drpn9 cell extract. To test this idea, Drpn9 extract was analyzed
by glycerol density gradient centrifugation, and it was found

that the 26S proteasome was not clearly seen in the gradient
(Fig. 3). Since glycerol density gradient analysis may not be
sensitive enough to detect a small amount of the 26S protea-
some, we used the immunological method to detect the 26S
proteasome in the Drpn9 extract. As shown in Fig. 4, a com-
ponent of the lid, Rpn12, was coprecipitated with the 20S
proteasome from the Drpn9 extract, although a smaller amount
of Rpn12 was precipitated from Drpn9 cell extract than that
from wild-type cell extract, implying that the Drpn9 cells pos-
sess the 26S proteasome in a reduced amount.

Since the peak of the 26S proteasome of the Drpn9 cells was
not well separated in glycerol density gradient centrifugation, it
was necessary to characterize the molecular species of the
proteasomes in a more sensitive way. We analyzed the frac-
tions obtained by glycerol density gradient centrifugation by
native PAGE followed by immunoblotting with three different
antibodies, i.e., anti-20S proteasome antibody, anti-Rpt1 anti-
body, and anti-Rpn12 antibody, to detect the 20S proteasome,
the base, and the lid, respectively. Proteasomes with an inter-
mediate size, which correspond to the 20S proteasome with
two bases, are abundant in the Drpn9 cells (Fig. 6A and B).
From this result, we suggest that Rpn9 is an important subunit
to connect the lid with the base in vivo. Our claim at this point
contradicts that made by Glickman et al. (11), in that they
interpreted Rpn10 as a protein linking the lid and the base.
Furthermore, immunoblotting of the native PAGE gel with
anti-Rpn12 antibody revealed that the Drpn9 cells do have the
26S proteasome, although in a reduced amount, and that the
top two bands corresponding to the 26S proteasome were
detected in slightly lighter fractions in the Drpn9 extract. The
fact that the 26S proteasome produced in the Drpn9 cells lacks
Rpn9 and Rpn10 may explain the reduction of the molecular
weight of the 26S proteasome.

Glycerol density gradient centrifugation analysis demon-
strated, to our surprise, that Rpn10 was not incorporated into
the 19S regulatory particle and the 26S proteasome in the
Drpn9 cells (Fig. 3A and B). This result was reinforced by the
experiment in Fig. 5. 6xHis-Rpt1 in high-speed supernatant
from the Drpn9 cells coprecipitated with the lid component
Rpn12, whereas Rpn10 was not coprecipitated with 6xHis-
Rpt1 from the same high-speed supernatant. This result indi-
cates that the Rpt1 and Rpn12 form a complex, probably the
regulatory particle, in the Drpn9 extract. However, Rpn10 is
not contained in the regulatory particle of the Drpn9 cells
although it is present in the extract. This result suggests that
Rpn9 is necessary for Rpn10 to be incorporated into the 19S
regulatory particle whereas other subunits such as Rpt1 are
successfully accommodated in the regulatory particle without
Rpn9. It should be noted that the protein complex containing
Rpt1 in Drpn9 cell extracts seems smaller than that in wild-type
extracts (Fig. 2 and 3).

A difference in the spectrum of the molecular species of
proteasomes among the wild-type, Drpn9, and Drpn10 strains is
also evident by the gel overlay assay of peptidase of proteaso-
mal fractions (Fig. 7). When the peak fractions of the 26S
proteasome were compared, peptidase activity in the Drpn9
sample was detected at fast-moving bands whereas in the wild-
type and Drpn10 samples, peptidase activities were found at the
position of the 26S proteasome, suggesting that proteasomes
are unstable in the absence of Rpn9.

The absence of Rpn10 in proteasomes produced in the
Drpn9 strain is consistent with the fact that RPN9 was isolated
by a two-hybrid screening with RPN10 as bait. However, incor-
poration of Rpn10 into the 26S proteasome is not likely to be
a sole function of Rpn9, because Drpn10 cells grow like the
wild-type cells do whereas Drpn9 cells are temperature sensi-

FIG. 7. Gel overlay assay of peptidase activity of proteasomes separated by
native PAGE. (A) Fractions 15 to 25 from the experiment in Fig. 6 were
separated by native PAGE. Peptidase activity was assayed by the gel overlay
method with the reaction mixture without 0.05% SDS. Activity was visualized by
irradiating the gel with UV light (380 nm). (B) Peak fractions of peptidase
activity in the gradient (Fig. 6) were separated by native PAGE. Peptidase
activity was assayed by the gel overlay method with the reaction mixture with
0.05% SDS or without SDS (denoted SDS free). wt, KA31a (wild type); D9, J33
(Drpn9); D10, J38 (Drpn10).
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tive and because the profile of the proteasomes of Drpn10
extract in glycerol density gradient centrifugation was similar
to that of wild-type extract. This fact suggests that Rpn9 is an
important subunit of the regulatory particle or that there is a
subunit(s) of the 26S proteasome other than Rpn10 to be
accommodated in the regulatory particle with the aid of Rpn9.
Alternatively, since the 26S proteasome produced in Drpn9
cells always misses Rpn9 and Rpn10, the simultaneous loss of
these two subunits may not permit the 26S proteasome to be
active at a higher temperature. To examine this possibility, the
26S proteasome missing only Rpn9 must be produced, but this
approach is not possible at present.

The 26S proteasome produced in Drpn9 cells is clearly dif-
ferent in size and subunit composition from that produced in
the wild-type cells. In spite of such differences, the 26S pro-
teasome in Drpn9 cells retains its protease activity. For exam-
ple, Sic1p was degraded efficiently in the Drpn9 cells (our
unpublished observation).

Assembly and disassembly of the 26S proteasome are prom-
ising targets of regulation of the 26S proteasome functions.
The mammalian regulatory particle, PA700, was described as a
700-kDa multisubunit ATP-dependent proteasome activator
(23), which corresponds to the 19S regulatory particle. It forms
a complex with the 20S proteasome to produce a larger pro-
teasome complex resembling the purified 26S proteasome in
vitro. Furthermore, DeMartino et al. (6) found a new protein
complex, a modulator (1), that functions as a PA700-depen-
dent activator of the 20S proteasome. They found that the
modulator was effective only in the presence of PA700 and the
20S proteasome and that a larger complex, probably the 26S
proteasome, was produced only in the presence of three com-
ponents, PA700, the 20S proteasome, and the modulator. The
modulator consists of three subunits, p27, p42, and p50, the
last two of which are ATPase components of PA700, and their
yeast counterparts are known as Rpt4 and Rpt5, respectively.
Recently, a yeast homologue of p27 was reported as Nas2p
(37). However, a protein complex corresponding to such a
modulator has not been described in yeast.

In vitro reconstruction of the 26S proteasome occurs in yeast
extract in an ATP-dependent manner (20). This fact strongly
suggests that yeast proteasomes undergo assembly and disas-
sembly as in animal cells. The facts that the quantity of the 26S
proteasome in the Drpn9 cells is reduced and that a larger
amount of proteasome species with an intermediate size was
found in the Drpn9 cells led us to believe that Rpn9 plays a key
role in facilitating the assembly of the 26S proteasome or in
stabilizing the structure of the 26S proteasome.
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