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SUMMARY

The 26S proteasome is an enzymatic complex that
degrades ubiquitinated proteins in eukaryotic cells.
It is composed of the 20S core particle (CP) and the
19S regulatory particle (RP). The latter is further
divided into the lid and base subcomplexes. While
the mechanism involved in the assembly of the CP
is well investigated, that of the RP is poorly under-
stood. Here, we show that the formation of the
mammalian base subcomplex involves three distinct
modules, where specific pairs of ATPase subunits
are associated with the distinct chaperones p28,
S5b, or p27. The process of base formation starts
from association of the p28-Rpt3-Rpt6-Rpn14
complex with the S5b-Rpt1-Rpt2-Rpn1 complex,
followed by incorporation of the p27-Rpt5-Rpt4
complex and Rpn2, where p28, S5b, and p27 regu-
late the associations between the modules. These
chaperones dissociate before completion of 26S
proteasome formation. Our results demonstrate that
base assembly is facilitated by multiple proteasome-
dedicated chaperones, like CP assembly.

INTRODUCTION

The 26S proteasome is a eukaryotic ATP-dependent protease

responsible for the degradation of proteins tagged with polyubi-

quitin chains (Coux et al., 1996; Hershko and Ciechanover,

1998). The ubiquitin-dependent proteolysis by the proteasome

serves a diverse array of cellular processes including cell-cycle

regulation, DNA repair, apoptosis, signal transduction, and

protein quality control by catalyzing selective degradation of

short-lived regulatory proteins and damaged proteins (Ravid

and Hochstrasser, 2008; Schwartz and Ciechanover, 2009).
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The 26S proteasome is a large protein complex composed of

the catalytic 20S core particle (CP; also called the 20S protea-

some) and the 19S regulatory particle (RP; also called PA700

in mammals), which is attached to either or both ends of the

CP. The CP is a cylindrical shaped stack of four heptameric

rings, where the outer rings and inner rings are each composed

of seven homologous a subunits (a1–a7) and seven homologous

b subunits (b1–b7), respectively (Baumeister et al., 1998). The

proteolytic active sites reside within the central chamber en-

closed by the two inner b rings while a small channel formed

by the outer a ring, which is primarily closed, restricts access

of most native proteins to the catalytic chamber. Appending

the RP to the a rings confers ubiquitin- and ATP-dependent

protein degradation activity on the 26S proteasome.

The RP consists of 19 different subunits and can be divided

into two subcomplexes, the base and the lid (Glickman et al.,

1998). The base is composed of six different homologous

AAA-ATPase subunits, Rpt1–Rpt6, and three non-ATPase

subunits, Rpn1, Rpn2, and Rpn13, although it is also proposed

that Rpn13 is not a regular subunit and dynamically interacts

with Rpn2 (Hamazaki et al., 2006; Jorgensen et al., 2006; Qiu

et al., 2006; Wang and Huang, 2008; Yao et al., 2006). The

ATPase subunits are required not only for substrate unfolding

with energy liberated from ATP hydrolysis, but also for a ring

channel opening exerted by C-termini of Rpt2 and Rpt5 (Gillette

et al., 2008; Rabl et al., 2008; Smith et al., 2007), which are

prerequisite for threading substrates into the CP. Three of the

base subunits, Rpn1, Rpn13, and Rpt5, as well as Rpn10, which

is assumed to sit at the interface of the lid and the base, capture

ubiquitinated proteins either directly or indirectly. The lid is

composed of nine non-ATPase subunits, Rpn3, Rpn5–9,

Rpn11–12, and Rpn15 (also called Sem1 in yeast and DSS1 in

mammals), where the metalloisopeptidase Rpn11 plays an

essential role in deubiquitination of captured substrates (Verma

et al., 2002; Yao and Cohen, 2002).

The molecular mechanism involved in the assembly of such an

elaborate machine remains a mystery. Recent studies have

described in detail the mechanisms of the CP assembly,
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a process supported by multiple proteasome-dedicated chaper-

ones such as PAC1-4 and UMP1/POMP in mammals and Pba1–4

and Ump1 in yeast (Kusmierczyk and Hochstrasser, 2008; Mur-

ata et al., 2009; Ramos and Dohmen, 2008; Rosenzweig and

Glickman, 2008). In contrast to the considerable information on

the assembly mechanism and structure of the CP, little is known

about the arrangement and assembly of the RP (Murata et al.,

2009). However, some extrinsic molecules that associate with

certain subunits of the base subcomplex have been identified

in mammalian cells, including p28, S5b, and p27.

p28, also known as gankyrin, is a 25 kDa protein of 266 amino

acids with six ankyrin repeats that was originally discovered as

a subunit of the RP (Hori et al., 1998). Subsequent studies indi-

cated that p28 and its yeast homolog Nas6 are not authentic

RP subunits; rather, p28/Nas6 is one of the proteasome-interact-

ing proteins that associates with the RP transiently (Dawson et al.,

2002; Verma et al., 2000; Wang et al., 2007). p28 was reported to

interact with Rpt3 in the RP, not in the 26S proteasome (Dawson

et al., 2002; Nakamura et al., 2007). At the same time, it has been

reported that p28 binds to MDM2 ubiquitin ligase and enhances

the degradation of two important tumor suppressors, pRb and

p53, presumably by recruiting these molecules in the vicinity of

the proteasome, thus suggesting an oncogenic potential of p28

(Dawson et al., 2006; Higashitsuji et al., 2000).

S5b, a 56 kDa protein of 504 amino acids, was initially identi-

fied as a component of the 26S proteasome purified from human

red blood cells (Deveraux et al., 1995). It forms a tetramer with

Rpt1, Rpt2, and Rpn1 in vitro (Richmond et al., 1997), but its

function in the proteasome is totally unknown. Like p28, it is

reasonable to regard S5b as a proteasome-interacting protein

since it was not found or was detected only in small amounts

compared with the integral subunits in proteomics analyses of

mammalian 26S proteasomes (Gomes et al., 2006; Wang

et al., 2007).

p27, a 25 kDa protein of 223 amino acids, was discovered as

a component of a PA700-dependent activator with a molecular

mass of approximately 300 kDa that is also known as ‘‘the modu-

lator’’ (DeMartino et al., 1996). The modulator complex is

composed of p27, Rpt4, and Rpt5 and is considered to enhance

the association between the RP and the CP (Adams et al., 1997),

although the mechanism is unidentified.

In this study, beginning with proteomics analysis, we charac-

terized the above three proteasomal ATPase-interacting proteins

in mammalian cells. The combination of small interfering RNA

(siRNA)-mediated knockdown and biochemical approaches

uncovered their roles as molecular chaperones that regulate

the assembly of the base subcomplex of the mammalian

proteasome.

RESULTS

p28, S5b, and p27 Are Proteasome-Dedicated
Molecules in HEK293 Cells
Although originally identified as proteasome-associated

proteins, the functional relevance of p28, S5b, and p27 to the

proteasome is poorly understood. Since deletion of Nas6 and

Nas2, yeast orthologs of mammalian p28 and p27, respectively,

did not result in any obvious defect in proteasome function at
least under normal conditions (Dawson et al., 2002; Hori et al.,

1998; Watanabe et al., 1998), we wondered whether these mole-

cules are really involved in some functions of the proteasome. To

gain insights into their roles, we explored molecules that physi-

cally interact with these proteins in mammalian cells. Flag-

tagged p28, S5b, and p27 were expressed in HEK293 cells,

and anti-Flag immunoprecipitates were analyzed by liquid chro-

matography coupled with tandem mass spectrometry (Natsume

et al., 2002). Proteins that are associated with UCH37, a well-es-

tablished proteasome-interacting protein (Hamazaki et al., 2006;

Jorgensen et al., 2006; Qiu et al., 2006; Wang and Huang, 2008;

Yao et al., 2006), were also analyzed. UCH37 precipitated all

subsets of proteasome subunits, including subunits of the CP

and the RP, illustrating that it plays a role in the context of the

26S proteasome (Table S1 available online). We also found

that p28, S5b, and p27 predominantly coprecipitated protea-

some subunits, suggesting that these molecules are basically

specialized for proteasomes (Table S1). However, unlike

UCH37, they precipitated only a restricted subset of the protea-

some subunits. p28 with C-terminal Flag tag and S5b almost

exclusively coprecipitated the RP subunits but did not coprecipi-

tate any of the CP subunits. Furthermore, p28 with an N-terminal

tag pulled down only two specific ATPase subunits,Rpt3 and

Rpt6, together with PAAF1 (proteasomal ATPase-associated

factor 1), which is likely the human homolog of the yeast

Rpn14 (hereafter we refer to it as Rpn14) and has been reported

to associate with certain ATPase subunits of the base and to

inhibit RP-CP interactions when overexpressed in HeLa cells

(Park et al., 2005). p27 also precipitated specifically Rpt4 and

Rpt5, irrespective of the tag position. These findings suggest

that these three molecules play their roles in the context of the

RP, and more specifically, the base subcomplex with respect

to p28 and p27.

Three Distinct Modules Containing Specific Base
Subunits and the Associating Proteins In Vivo
To examine the size distribution of p28, S5b, and p27, we sepa-

rated extracts from HEK293T cells by 8%–32% glycerol gradient

centrifugation. None of the three molecules nor Rpn14 was

detected in the 26S proteasome fraction (Figure 1A, fraction 26),

consistent with the results of mass spectrometric analysis (Table

S1). Rather, they were distributed in the light fractions, where

small portions of the base subunits were also distributed

(Figure 1A, fractions 4–12).

To test whether p28, S5b, and p27 are associated with protea-

some subunits in these light fractions, we subjected extracts

from cells stably expressing Flag-tagged p28, S5b, or p27 to

fractionation by low-density (4%–24%) glycerol gradient centri-

fugation to better resolve the light fractions. The distribution

patterns of exogenously expressed p28, S5b, and p27 were

essentially similar to those of endogenous proteins, ranging

from fraction 4 to fraction 16 (Figures 1B–1D; see also below).

These fractions were immunoprecipitated with anti-Flag anti-

body, followed by immunoblotting for proteasome subunits

and Rpn14. p28 coprecipitated specifically with Rpt3 and Rpt6

as well as Rpn14 but neither with other base subunits nor with

lid subunits in fractions 8–12 (Figure 1B). Although we do not

know the exact stoichiometries of p28, Rpn14, Rpt3, and Rpt6
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Figure 1. p28, S5b, and p27 Form Distinct Complexes with Specific Base Subunits

(A) Extracts from HEK293T cells were fractionated by 8%–32% glycerol gradient centrifugation, followed by immunoblotting of each fraction with the indicated

antibodies. Arrowheads depict the locations of the CP (20S) and 26S proteasome (26S).

(B–D) Extracts from HEK293T cells stably expressing Flag-tagged p28 (B), S5b (C), and p27 (D) were fractionated by 4%–24% glycerol gradient centrifugation.

The indicated fractions were immunoprecipitated with M2 agarose and analyzed by SDS-PAGE and immunoblotting. The locations of size markers are depicted.
in this complex or whether some other nonproteasomal factors

are associated with this complex, the sedimentation rate

matches the deduced size of 160 kDa of the tetrameric complex

of p28, Rpn14, Rpt3, and Rpt6, which is supported by the peak

location of a 158 kDa size marker at fraction 10. Likewise, S5b

formed a complex with Rpt1, Rpt2, and Rpn1 at fractions

12–16, consistent with the heterotetrameric complex of these

proteins with its deduced size of 250 kDa as revealed by the

peak location of a 232 kDa marker at fraction 13 (Figure 1C).

p27 also specifically associated with Rpt4 and Rpt5 with its

peak at fraction 8, which is consistent with the trimeric complex

formation of p27, Rpt4, and Rpt5, whose deduced size is

approximately 120 kDa (Figure 1D). Accordingly, Rpn2 is the

only base subunit not included in any of these complexes.

These data indicate that each ATPase subunit of the base sub-

complex is paired with a particular ATPase subunit in a combina-

tion of Rpt3 and Rpt6, Rpt1 and Rpt2, or Rpt4 and Rpt5, which is

further associated with a specific proteasome-dedicated mole-

cule as well as a non-ATPase subunit, p28 and Rpn14, S5b

and Rpn1, or p27, respectively. Thus, the base subunits with

the exception of Rpn2 form distinct small modules before the

formation of the base subcomplexes.

Specific Subunit Interactions within the Modules
To examine protein-protein interactions within the modules, we

cotranslated molecules of interest in the presence of [35S] methi-

onine and used the resulting radiolabeled proteins in binding

assays. p28 was associated strongly with Rpt3 among the

ATPase subunits (Figure 2A, left), while Rpt3 was specifically

associated with Rpt6 and vice versa (Figure 2A, two middle
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panels). Rpn14 interacted most notably with Rpt6 (Figure 2A,

right), thus enabling the formation of the p28-Rpt3-Rpt6-Rpn14

complex (the p28 module).

S5b was bound strongly to Rpt1 among the ATPase subunits

(Figure 2B, left). Rpt2 appeared to bridge between the Rpt1 and

Rpn1 because Rpt2 was directly associated with both Rpt1 and

Rpn1 while Rpt1 interacted with Rpt2 (Figure 2B, middle and

right), which accounts for the formation of the S5b-Rpt1-Rpt2-

Rpn1 complex (the S5b module). On the other hand, p27 directly

associated with Rpt5 while Rpt4 and Rpt5 specifically interacted

with each other (Figure 2C), resulting in the formation of the p27-

Rpt5-Rpt4 complex (the p27 module).

Although we detected several other weak interactions not

mentioned above, which may or may not be significant, the

above in vitro analyses essentially verify the specific complex

formation of the base subunits observed in mammalian cells

(Figure 1) and illustrate the basis for the organization of the three

modules.

Module Formation Is Important for the Stability
of the Base Subunits
To explore the rationale for such specific pair or trio formations of

the base subunits, we knocked down each base subunit as well

as the lid subunit Rpn3, and the cell extracts were subjected to

immunoblot analysis (Figure 3A).

Knockdown of Rpt1, Rpt2, or Rpn1 resulted in reduction in the

two other base subunits of the S5b module, although the

decrease in Rpn1 was modest compared to those in Rpt1 and

Rpt2 in Rpt2- and Rpt1-knockdown cells, respectively. Likewise,

knockdown of Rpt3 and Rpt6 led to a decrease in Rpt6 and Rpt3,



respectively; knockdown of Rpt4 and Rpt5 caused a decrease in

Rpt5 and Rpt4, respectively. In these cells, expression levels of

mRNA transcripts for the base subunits were not decreased,

but rather increased (Figure S1), consistent with the previous

observation that proteasome dysfunction activates proteasomal

gene expression (Meiners et al., 2003). This suggests decreased

protein stabilities of unpaired base subunits.

In contrast, knockdown of Rpn2, which is not included in any

of the three modules, did not significantly affect the expression

levels of the other base subunits. Knockdown of Rpn3 did not

influence the base subunits, including Rpn2, supporting the

previous notion that the lid and the base are assembled indepen-

dently (Isono et al., 2007).

Intriguingly, Rpn10 was decreased in the absence of either

base subunits or a lid subunit, suggesting that Rpn10 is stabi-

lized only when both the base and the lid are integral. p28,

S5b, and p27 were not affected by loss of the base subunits

(Figure 3A).

These data demonstrate that knockdown of a base subunit

causes reduction in its partner subunit within the module and

A

B

C

Figure 2. Direct Interaction of p28, S5b, and

p27 with Base Subunits

(A) Flag-tagged p28, Rpt3, Rpt6, and Rpn14 were

cotranslated and radiolabeled with Rpt subunits,

immunoprecipitated with M2 agarose, and

analyzed by SDS–PAGE and autoradiography.

(B) Associations of Flag-S5b, -Rpt1, and -Rpt2

with base subunits were analyzed as in (A).

(C) Associations of Flag-p27, -Rpt4, and -Rpt5

with Rpt subunits were analyzed as in (A). Arrow-

heads indicate Flag-tagged proteins, and other

bands are from nontagged or GFP-tagged

proteins.

suggest that the formation of the modules

is necessary for stable expression of the

base subunits before the assembly of

the base subcomplex, where the pres-

ence of the proteasome-dedicated mole-

cules p28, S5b, and p27 is not sufficient

for the stability of the base subunits.

Modules Are Assembled En Bloc
to Form the Base Subcomplex
To examine the influence of loss of each

base subunit in detail, we separated the

knockdown lysates shown in Figure 3A

by native-PAGE, followed by immuno-

blotting (Figures 3B–3J).

Knockdown of each of Rpt1, Rpt2 or

Rpn1, which caused disruption of the

S5b module, exhibited essentially the

same phenotype; these cells showed

accumulation of complexes of similar

size that included subunits of the other

two intact modules, i.e., Rpt3, Rpt4,

Rpt5, and Rpt6 (Figures 3D–3G). Knock-

down of Rpt3 and Rpt6, subunits of the p28 module, also re-

sulted in accumulation of a complex of similar size and similar

subunit composition that included Rpt1, Rpt2, Rpn1, Rpt4, and

Rpt5, which are the subunits of the other two modules (Figures

3B, 3C, 3E, 3F, and 3H).

Knockdown of Rpt4 and Rpt5, subunits of the p27 module,

caused accumulation of a complex containing Rpt1, Rpt2,

Rpn1, Rpt3, and Rpt6, again subunits of the other two modules

(Figures 3B–3D, 3G, and 3H). In these knockdowns, Rpn2

appeared as two bands of fast-migrating species; the slower

one was likely associated with Rpn13 (Figures 3I and S2). These

results suggest that each module behaves as a group during

base formation and that preceding association of the three

modules is required for efficient incorporation of Rpn2 during

the base assembly. However, a portion of the complex that

accumulated in Rpt4- and Rpt5-knockdown cells appeared to

include Rpn2, suggesting that Rpn2 could be incorporated to

some extent in the absence of Rpt4 and Rpt5 (Figure 3I).

Loss of Rpn2 caused accumulation of a complex that included

all the ATPase subunits and Rpn1, indicating that Rpn2 is not
Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc. 917
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Figure 3. Effects of Knockdown of Base Subunits on the Proteasome Assembly

(A) Whole-cell extracts from HEK293T cells treated with siRNA against base subunits as well as Rpn3 for 48 hr were analyzed by immunoblotting for the expres-

sion levels of the indicated proteasome subunits.

(B–J) Cell extracts used in (A) were separated by native-PAGE. Accumulated complexes were detected by immunoblotting with the indicated antibodies. Bands

corresponding to the 26S proteasome are depicted by arrows.
a prerequisite for assembly involving the three modules (Figures

3B–3H), although it is also possible that Rpn2 affects the effi-

ciency of the association among the three modules. Knockdown

of Rpn3 caused accumulation of the base subcomplex as

revealed by detection of all the base subunits, although the

presence of Rpn2 was obscure in the native-PAGE analysis

(Figure 3I).

On the other hand, the amount of free lid subcomplex that was

not associated with the base subcomplex, which was already

visible in control cells, increased after knockdown of the base

subunits, suggesting that the lid subcomplex efficiently binds

to the complete base, further supporting the previous observa-

tion that the formation of the base and lid occurs independently

(Isono et al., 2007) (Figure 3J).
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Hierarchical Assembly of the Modules
Although native-PAGE analysis provides qualitative information

about the nature of the accumulated complex, it does not provide

reliable quantitative data. For example, the 26S proteasome

(observed in control cells) and the base subcomplex (observed

in Rpn3-knockdown cells) should include the base subunits

with similar stoichiometry, whereas some antibodies (anti-Rpt1,

-Rpt4, -Rpt5, and -Rpt6) detected the base complex more

strongly than the 26S proteasome and other antibodies exhibited

more intense reactivity to the 26S proteasome compared to the

base subcomplex. Furthermore, it was difficult to detect the three

modules, which were otherwise readily detected in immunoblot

analysis after SDS-PAGE of the samples fractionated by glycerol

gradient centrifugation (Figure 1A). This may be due to the
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Figure 4. Glycerol Gradient Analysis of Knockdown Cells reveals the Order of Assembly

(A–D) siRNA targeting Rpt1/Rpt2 (B), Rpt3/Rpt6 (C), Rpt4/Rpt5 (D), or control siRNA (A) was transfected into HEK293T cells, and 48 hr after transfection the cells

were lysed and subjected to 4%–24% glycerol gradient analysis. The resultant fractions were analyzed by immunoblotting with the indicated antibodies. The

positions of the modules, accumulated complexes (Accum.), the CP (20S), and the 26S proteasome are indicated at the bottom of each panel.

(E) HEK293T cells stably expressing Flag-Rpt4 or Flag-Rpt6 were treated with siRNAs targeting Rpt1/2 (in Flag-Rpt4 cells), Rpt3/6 (in Flag-Rpt4 cells), and Rpt4/5 (in

Flag-Rpt6 cells), lysed, and subjected to 4%–24% glycerol gradient analysis. The fractions with the accumulated complexes were immunoprecipitated with M2

agarose, followedby immunoblottingwith the indicated antibodies.The26Sproteasomewas immunoprecipitated from the 26Sfraction (Fr#32) of the Flag-Rpt6cells.

(F) Fractions 18 and 26 (26S fraction) in Figure 1A were immunoprecipitated with anti-Rpt6 antibody. Approximately equimolar amounts of proteasome subunits

except Rpt4 and Rpt5 were loaded and analyzed by SDS-PAGE, followed by immunoblotting with the indicated antibodies.
dependence of antibody reactivity on accessibility to the target

subunit within the native complex, which makes it difficult to

assess quantitative aspects of the complexes.

To overcome this weakness, we fractionated the knockdown

cell lysates by glycerol gradient centrifugation, followed by

SDS-PAGE and immunoblotting of each fraction. In these exper-

iments, the pairing Rpt subunits were simultaneously knocked

down to ensure that the targeted module is completely abro-

gated (Figures 4A–4D).

In Rpt1/2 knockdown cells, although the accumulated complex

observed in native-PAGE analysis was found around fractions
12–16 (Figure 4B), which was a complex between the p28 and

p27 modules as revealed by immunoprecipitation analysis

(Figure 4E), the most notable change compared to control cells

was accumulation of Rpt3, Rpt4, Rpt5, and Rpt6, which are

subunits of the p28 module and the p27 module, in the light frac-

tions (fractions 6–8). This finding suggests that the association

between the p28 and p27 modules is not efficient in the absence

of the S5b module. Rpn1 also accumulated in these light frac-

tions, presumably as a free subunit (Figure 4B), in agreement

with the previous finding that Rpn1 was relatively retained even

in the absence of Rpt1 and Rpt2 (Figure 3A).
Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc. 919
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Figure 5. Regulation of Interaction between Various Modules by Base Chaperones

The indicated combinations of siRNAs were transfected into HEK293T cells, where knockdown of p28, S5b, and p27 preceded those of Rpts by 48 hr. Forty-eight

hours after transfection of siRNAs against Rpt subunits, cells were lysed and subjected to 4%–24% glycerol gradient centrifugation. Fractions were immunoblot-

ted as indicated. The positions of the accumulated complexes are indicated (Accum.).
Similarly, in Rpt3/6-knockdown cells, although the accumu-

lated complex resulting from association between the S5b and

the p27 modules, as revealed by immunoprecipitation analysis

(Figure 4E), was detected around fractions 14–16, they exhibited

obvious accumulation of free S5b and p27 modules, suggesting

that the association between the S5b and p27 modules is ineffi-

cient without the p28 module (Figure 4C).

In contrast to Rpt1/2- and Rpt3/6-knockdown cells, Rpt4/5-

knockdown cells showed much less accumulation of free p28

and S5b modules. Instead, they showed accumulation of

a complex formed by the assembly of the p28 and the S5b

modules around fractions 14–20, which was confirmed by

immunoprecipitation analysis (Figures 4D and 4E). Rpn2 was

substantially incorporated in this complex (Figures 4D and 4E),

supporting the notion that Rpn2 could be incorporated before

incorporation of Rpt4 and Rpt5, as suggested in Figure 3I.

However, this is inconsistent with native-PAGE analysis in that

increase in free Rpn2 was not obvious in glycerol gradient anal-

ysis, which may be due to differences in the experimental proce-

dure. p28 and Rpn14 were also included in this complex, but not

S5b, indicating that S5b, if not all, dissociate upon binding to the

p28 module while p28 and Rpn14 continue to be associated

throughout the base formation (Figures 4D and 4E). p28 was

also retained upon association of the p28 module with the p27

module observed in Rpt1/2-knockdown cells (Figures 4B and

4E). Both S5b and p27 were hardly observed in any of the

complexes formed by either two of the modules (Figures 4B–

4E). Despite the lack of two or three base subunits, the accumu-

lated complexes in Rpt-knockdown cells were comparable in

size with or even larger than the purified base subcomplex in

case of Rpt4/5 knockdown cells (see Figure S3 for the position

of the purified base in the similar glycerol gradient analysis;

also compare complexes accumulated in Rpn3 RNAi with those

in Rpts RNAi in native-PAGE analyses shown in Figure 3). Inter-

estingly, general chaperones such as Hsp90 and Hsc70 were

associated with the complex accumulated in Rpt4/5 knockdown

cells, possibly because of the unstable nature of this complex

(Figure 4E), which may at least in part account for unexpectedly

large size of the complex. It is also possible that they were
920 Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc.
associated with some unidentified molecules, constituted in

abnormal stoichiometries, or prone to form aggregates.

These results suggest that the base formation starts with an

association between the p28 module and the S5b module and

that the p27 module is the last module incorporated during the

base assembly.

19S RP-like Complex Lacking Rpt4 and Rpt5
in Mammalian Cells
We noticed that fractions 18–20 in Figure 1A, which correspond

to the size of the CP as revealed by immunoblot for the a6

subunit, seemed to contain both the base and lid subunits,

except for Rpt4 and Rpt5 (Figure 1A). To verify the composition

of this complex, we immunoprecipitated fraction 18 and fraction

26 (26S proteasome fraction) in Figure 1A with anti-Rpt6 anti-

body, and then immunoblotted for all the base subunits as well

as some of the lid subunits. While the 26S proteasome contained

all the subunits examined, the precipitated complex of fraction

18 included other base subunits as well as lid subunits but was

specifically deficient in Rpt4 and Rpt5 (Figure 4F). This is the first

identification of the presence of 19S RP-like complex lacking two

of the ATPase subunits in mammalian cells.

Importantly, p28 was found abundantly in this RP-like complex

(Figure 4F), suggesting that it possibly represents a complex

before incorporation of the p27 module on the maturation

pathway of the RP. These findings further support the model in

which the p27 module is the last to incorporate during the

base formation and suggests that the lid can associate with

the base without Rpt4 and Rpt5.

Roles of p28, S5b, and p27 during Base Assembly
As shown in Figure 4, the association of the p28 module with the

S5b module is likely the initial step of the base formation. To

clarify the role of p28 and S5b in this association, we knocked

down either of the two concurrently with Rpt4 and Rpt5. Notably,

the complex that accumulated in Rpt4/5-knockdown cells

around fraction 18 was markedly deficient either by p28 or S5b

knockdown (Figure 5A). Loss of the accumulated complex was

reproduced in native-PAGE analysis of Rpt4/5/p28-knockdown



cells, but the effect of S5b knockdown was not as apparent as in

glycerol gradient analysis (Figure S4A). These results suggest

that p28, and possibly S5b, facilitates or stabilizes the associa-

tion between the p28 module and S5b module, although free

forms of Rpt2 and Rpt3 or aggregated forms of the accumulated

complex, which would be expected to increase, were not

observed (Figure 5A).

We also tested whether p28, S5b, and p27 affect the associa-

tion among other combinations of the modules. Intriguingly,

concurrent loss of p27 with Rpt1/2 and Rpt3/6 knockdowns

augmented the association of the Rpt4/Rpt5 with the p28

module and S5b module, respectively, as confirmed by immuno-

precipitation analysis (Figures 5B and 5C, bottom panels, and

Figure S4B). These results suggest that p27 plays an inhibitory

role in these combinations of association, which are not

supposed to occur in normal cells as suggested in Figure 4.

Increase in the accumulated complex upon p27 knockdown

was also observed in native-PAGE analysis, further confirming

the inhibitory role of p27 (Figures S4C and S4D). Loss of p28 in

the Rpt1/2-knockdown cells decreased the accumulated

complex found around fraction 16 (Figure 5B, middle, and

Figure S2C), suggesting that p28 was also involved in the asso-

ciation between the p28 module and p27 module. On the other

hand, S5b did not appear to have enhancing or inhibitory effects

on the association of the p27 module with the S5b module

(Figure 5C, middle, and Figure S4D).

In the sense that p28, S5b, and p27 associate with ‘‘immature’’

forms of subunits that are destined to formation of functional pro-

teasomes, where these three molecules regulate associations

between subunits, it is reasonable to refer to them as protea-

some assembly chaperones.

Loss of Chaperones Causes Mild but Significant Defects
in 19S RP Assembly
To clarify the importance of these chaperones in proteasome

function and assembly, we knocked each of them down alone,

not in combination with base subunits. Knockdown of p28,

S5b, or p27 reduced the peptidase activity of the 26S protea-

some by approximately 20%–35% compared to the control

RNAi (Figure 6A) and caused accumulation of ubiquitinated

proteins (Figure 6B, bottom), confirming that these chaperones

are truly involved in the integrity of the 26S proteasome.

However, the cells continued to grow at a rate comparable

with control cells, at least during 6 day knockdown (data not

shown), suggesting that mammalian cells can produce 26S pro-

teasomes sufficient to survive without these chaperones at least

under normal conditions.

To determine whether loss of these chaperones affects the

stability of the base subunits, we examined the expression levels

of proteasome subunits in these cells. While knockdown of p28

and S5b did not significantly affect the expression of base

subunits, including their partner subunits within the modules,

loss of p27 caused reduction in Rpt4 and Rpt5 (Figure 6B).

Subsequent analysis revealed that p27 is necessary for stable

expression of a free form of the p27 module (Figure 6E) and not

for all the Rpt4 and Rpt5 expressions since continuous knock-

down of p27 did not cause cell death while Rpt4 and Rpt5 are

essential for cell growth (data not shown).
We also explored the type of assembly defect in these knock-

down cells by subjecting the cell lysates to glycerol gradient

analysis (Figures 6C–6E). Knockdown of p28 caused accumula-

tion of Rpt3, Rpt6 and the S5b and p27 modules in light fractions

(Figure 6D, fractions 6–12). This is consistent with the notion that

p28 promotes the initial step of the base assembly, i.e., the asso-

ciation between the p28 module and S5b module. In addition,

p28-knockdown cells showed accumulation of a complex of

a size between the 20S and 26S around fraction 22, which

seemed to contain only base subunits. To confirm the composi-

tion of this complex, we immunoprecipitated fraction 22 with

anti-Rpt6 antibody and compared its contents with those of

the 26S proteasome. As expected, this complex contained

a full set of the base subunits but not lid subunits nor the CP

subunits (Figure 6F). Since it was larger than the purified base

(Figure S3), it is likely aggregates of the base subcomplex. This

suggests that p28 has another role in preventing aggregation

of the assembled base subcomplex. In contrast, we could not

find evidence for assembly defect in S5b-knockdown cells

(Figure S5), which were expected to show similar phenotypes

as p28 knockdown, considering the result shown in Figure 5A.

As suggested by the low degree of reduction in proteasome

activity compared to p28 knkockdown (Figure 6A), the contribu-

tion of S5b might be so small that we could not detect specific

defects in the base assembly.

p27 knockdown caused loss of Rpt4 and Rpt5 in the light frac-

tions, which was readily observed in control cells (Figure 6E), thus

accounting for the reduced Rpt4 and Rpt5 levels in whole-cell

lysates (Figure 6B). p27-knockdown cells exhibited phenotypes

similar to those of Rpt4/5-knockdown cells (Figure 4D). They

showed no accumulation of the p28 module or the S5b module

and instead showed accumulation of the complex comprising

the p28 and S5b modules and lacking Rpt4 and Rpt5 (Figure 6E,

fraction 18), which was further confirmed by comparison of its

composition with the 26S proteasome (Figure 6G).

Rpn14 knockdown did not alter the activity of the 26S protea-

some or the distribution of the base subunits (Figure S6), sug-

gesting that Rpn14 does not play an important role in the RP

assembly, at least in mammalian cells.

We next examined the effect of simultaneous knockdown

of the assembly chaperones. However, no additive effect was

obtained, with p28 single knockdown showing the highest

reduction in the 26S activity (Figure S7), consistent with the

notion that p28 catalyzes an initial step of the base assembly.

Finally, we examined protein stabilities of p28, S5b, p27, and

Rpn14 by a cycloheximide-chase assay. These were rather

stable proteins, compared to hUmp1, which is a CP assembly

chaperone know to be degraded concurrently with CP formation

(Figure S8). This suggests that the base assembly chaperones

dissociate during the RP formation and are recycled.

DISCUSSION

Our results allow us to design a model for the assembly pathway

of the base subcomplex of the mammalian proteasome

(Figure 7). Individual base subunits, with the exception of

Rpn2, cannot stand alone and need to be paired with a particular

subunit(s) (Figure 3A). The paired subunits are associated with
Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc. 921
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Figure 6. Knockdown of Base Chaperones Causes Defective Assembly of the RP

(A) Cell extracts from HEK293T cells treated with siRNAs against p28, p27, and S5b for 72 hr were fractionated by 8%–32% glycerol gradient centrifugation and

assayed for Suc-LLVY-MCA hydrolyzing activity. Immunoblots for a CP subunit (a6) and an RP subunit (Rpn6) were shown to indicate the position of the 26S

proteaosme.

(B) Immunoblot analysis of whole-cell extracts used in (A).

(C–E) siRNA targeting p28 (D), p27 (E), or control siRNA (C) was transfected into HEK293T cells, and the cell lysates were fractionated by 4%–24% glycerol

gradient centrifugation. The resultant fractions were analyzed by immunoblotting with the indicated antibodies. The positions of the modules, accumulated

complexes (Accum.), the CP (20S), and the 26S proteasome are indicated at the bottom of each panel.

(F) Fractions 22 and 32 (26S) in (D) were immunoprecipitated with anti-Rpt6 antibody. The resultant samples were loaded so that approximately equimolar

amounts of Rpt subunits were included and analyzed by SDS-PAGE, followed by immunoblotting with the indicated antibodies.

(G) Fractions 18 and 32 (26S) in (E) were immunoprecipitated with anti-Rpt6 antibody and analyzed as in (F).
proteasome-dedicated chaperones that directly interact with

specific ATPase subunits, thus shaping three distinct modules

(Figures 1 and 2). These three modules serve as parts for the

base assembly (Figures 3B–3H), where the chaperones are

involved in the association between the modules (Figures 5

and S4). While p28, and possibly S5b, positively regulates

the association between the Rpt3-Rpt6 complex and the
922 Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc.
Rpt1-Rpt2-Rpn1 complex, p27 inhibits the association of the

Rpt4-Rpt5 complex with the other two complexes (Figures 5

and S4). Consequently, the assembly of the base subcomplex

begins with the association between the p28 module and S5b

module (Figure 4).

While p28 and S5b are not required for the stability of the asso-

ciating subunits, p27 plays a key role in the expression of a free



Figure 7. A schematic Model of the 19S RP Assembly and Roles of Base-Specific Chaperones

Base subunits, with the exception of Rpn2, form a complex in specific combinations, where proteasome-dedicated chaperones directly interact with specific

ATPase subunits, thus shaping three distinct modules. While p28 and S5b positively regulate the association between the Rpt3-Rpt6 complex and the Rpt1-

Rpt2-Rpn1 complex, p27 inhibits the association of the Rpt4-Rpt5 complex with the other two complexes. Accordingly, the assembly of the base subcomplex

begins with the association between the p28 module and S5b module, followed by incorporation of the p27 module and Rpn2. See the Discussion for details.
form of the p27-Rpt5-Rpt4 complex (Figures 6B and 6E). The

complex formation of Rpt4-Rpt5 with p27 is important for orderly

assembly of the base subcomplex. Loss of p27 causes uncon-

trolled incorporation of Rpt4-Rpt5, resulting in premature associ-

ation of Rpt4-Rpt5 with the p28 and S5b modules (Figures 5B,

5C, S4C, and S4D). After the legitimate complex formation

between the p28 module and S5b module, p27, in turn, promotes

the incorporation of Rpt4-Rpt5 into the complex (Figure 6E). The

association between the p28 module and S5b module seems to

be more efficient than the association of uncontrolled Rpt4-Rpt5

with the p28 module or the S5b module since p27-knockdown

cells did not accumulate a complex containing Rpt4 and Rpt5

(Figure 6E).

It is still ambiguous which is incorporated earlier to the

complex made of p28 and S5b modules, Rpn2 or the p27

module. It is reasonable that the p27 module precedes Rpn2

since lack of Rpt4 and Rpt5 was associated with accumulation

of free Rpn2 in native-PAGE analysis (Figure 3I), but there seems

to be at least some fractions of the assembly process where

incorporation of the p27 module is the final step of the RP

assembly, as suggested by the presence of 19S RP-like complex

lacking Rpt4 and Rpt5 in intact cells (Figure 4E).

p28 is likely associated with the base throughout the assembly

of the RP, as suggested by the data displayed in Table S1 and

Figure 4E. With regard to S5b, mass spectrometric analysis

suggests that it is also associated with the base subunit until

completion of the 19S RP assembly, but we could not verify

this by biochemical analysis (Figures 4C–4E). This may be simply

due to the sensitivity of antibody detection. p27 is likely to be

detached upon incorporation of the p27 module, which is indi-

cated by both mass spectrometry and biochemical experiments
(Table S1 and Figures 4B–4E). The complete base (or semicom-

plete base lacking Rpt4 and Rpt5) is assembled with Rpn10 and

the lid subcomplex, which is formed independently of the base

subcomplex, thus building the RP (Figure 7).

Despite the elaborate mechanism, p28, S5b, and p27, as well

as Rpn14, are not prerequisite for cell viability, at least in our

experiment. This suggests that a large portion of the proteasome

can be correctly assembled in the absence of these chaperones

and that they are probably required under certain unconventional

situations where more efficient proteasome assembly is needed.

In this sense, it is intriguing that one of these chaperones, p28,

is designated as an oncogene. p28 was rediscovered during

a search for genes overexpressed in hepatocellular carcinoma

(HCC), independently of the relevance to the proteasome, and

therefore it was referred to as ‘‘gankyrin’’ (gann stands for cancer

in Japanese) (Higashitsuji et al., 2000). PAC2, a proteasome

assembly chaperone for the CP formation, was also initially iden-

tified as a gene overexpressed in HCC (Wang et al., 2001), and

PAC1, another CP assembly chaperone, has been reported to

be upregulated in growing cells (Vidal-Taboada et al., 2000).

These results suggest that such proteasome assembly chaper-

ones are needed for production of sufficient proteasomes in

rapidly proliferating cells such as malignant cells, although

whether the oncogenicity of p28/gankyrin is related to the pro-

teasome assembly is not clear at present.

Our data may also explain at least part of the curious ‘‘modu-

lator’’ effect exerted by the p27-Rpt5-Rpt4 complex (Adams

et al., 1997; DeMartino et al., 1996). We demonstrated that there

is a pool of the RP-like complex that is deficient specifically in

Rpt4 and Rpt5 (Figure 4F). Since Rpt5 is a key subunit in binding

of the RP to the a ring of the CP via its C-terminal motif (Gillette
Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc. 923



et al., 2008; Smith et al., 2007), the addition of the p27-Rpt5-Rpt4

complex to the purified RP, which probably contains such

RP-like complex, makes up complete RP that can fully associate

with and activate the CP. We were able to recapitulate the modu-

lator effect by mixing the fractions corresponding to the RP-like

complex and the p27 module together with purified CPs

(data not shown), although it was difficult to verify that the p27-

Rpt5-Rpt4 complex exogenously added to the RP-like complex

in vitro is indeed incorporated in the correct positions of the

ATPase hexameric ring.

During the preparation of this manuscript, Le Tallec et al.

reported Hsm3, a yeast homolog of mammalian S5b, as a chap-

erone for the base assembly (Le Tallec et al., 2009). Hsm3 forms

a complex with Rpt1, Rpt2, and Rpn1 in yeast, which is identical

to our result in mammalian cells. Hsm3 is required for the asso-

ciation of Rpt1 with Rpt2 and Rpn1, but the same role does not

seem to be applied to S5b in mammalian cells since loss of S5b

did not affect the expression level of Rpt2 (Figure 6B), which

should be reduced in the absence of Rpt1 if S5b were required

for association of Rpt2 with Rpt1. Moreover, although Rpn14 is

a component of the p28 module, knockdown of human Rpn14

in HEK293T cells did not show any obvious effect (Figure S5);

rather, it was reported to enhance the proteasome activity in

HeLa cells (Park et al., 2005). In contrast, yeast Rpn14 is appar-

ently involved in the base assembly (Saeki et al., 2009). There-

fore, the role of Rpn14 also appears to be different between

yeast and mammals.

In sum, our present study provides evidence that base specific

chaperones coordinate the association among the base

subunits, hence facilitating the assembly of the base subcom-

plex. Further studies are needed to clarify the mechanisms

involved in the recognition and regulation of subunit interactions

by the individual chaperones.

EXPERIMENTAL PROCEDURES

DNA Constructs

The cDNAs encoding p28, S5b, and p27 were isolated from HEK293T cells by

RT-PCR using total RNA and were subcloned into pIRESpuro3 (Clontech). All

constructs were confirmed by sequencing.

Protein Extraction and Biochemical Analysis

Cells were lysed in an ice-cold lysis buffer (50 mM Tris-HCl [pH 7.5], 0.5% [v/v]

NP-40, 1 mM dithiothreitol, 2 mM ATP, and 5 mM MgCl2), and the extracts

were clarified by centrifugation at 20,000 3 g for 15 min at 4�C. The superna-

tants were subjected to glycerol gradient or native-PAGE analysis. The

methods used for glycerol gradient centrifugation and assay of proteasome

activity with succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-

LLVY-MCA) were described previously (Murata et al., 2001). In vitro transcrip-

tion and translation followed by binding assay was described previously

(Hirano et al., 2005). Native-PAGE (3%–8% Tris-Acetate gel [Invitrogen]) was

performed according to the instructions provided by the manufacturer.

Immunological Analysis and Antibodies

The separated proteins were transferred onto polyvinylidene difluoride

membrane and subjected to immunoblot analysis. For immunoprecipitation,

we used anti-Rpt6 monoclonal antibody crosslinked to NHS-activated Sephar-

ose (GE) or M2 agarose (Sigma). These beads were added to the extracts,

mixed under constant rotation for 2 hr at 4�C, washed with lysis buffer, and

boiled in SDS sample buffer. Otherwise, the washed samples were eluted

with 100 mg/ml Flag peptides (Sigma) or with 0.2 M glycine-HCl (pH 2.8). Poly-
924 Cell 137, 914–925, May 29, 2009 ª2009 Elsevier Inc.
clonal antibodies against human p28, p27, S5b, Rpn14, Rpn6, and Rpn8 were

raised in rabbits with the following recombinant proteins expressed in and puri-

fied from BL21RIL strain (Novagen) as His-tag fusion proteins: p28 (full length),

p27 (full length), S5b (full length), Rpn14 (residues 209–392), Rpn6 (residues

172–422), and Rpn8 (full length). Antibodies against hUmp1, Rpt1–6, Rpn1–3,

Rpn10, and Rpn13 were described previously (Hamazaki et al., 2006; Hirano

et al., 2005; Tanahashi et al., 2000). The antibodies for polyubiquitin, Hsp90,

and Hsc70 were purchased (MBL).

RNA Interference

The siRNAs were from Invitrogen (sequences are shown in Table S2). They

were transfected into HEK293T cells with Lipofectamine RNAi MAX (Invitro-

gen) at a final concentration of 50 nM in 10 cm dishes.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, eight

figures, and two tables and can be found with this article online at http://
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