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(Background: Assembly of the 26 S proteasome is a complex process involving formation of ring structures from homolo-
Results: Mutations in the Walker A and Walker B motifs and C-terminal tails of Rpt subunits differentially affect cellular

Conclusion: The cellular assembly of the regulatory particle requires nucleotide binding and the C termini of Rpt subunits.
Significance: This study provides insight into the mechanism of the cellular proteasome assembly.
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The 26 S proteasome is a large multi-subunit protein complex
that degrades ubiquitinated proteins in eukaryotic cells. Protea-
some assembly is a complex process that involves formation of six-
and seven-membered ring structures from homologous subunits.
Here we report that the assembly of hexameric Rpt ring of the 19 S
regulatory particle (RP) requires nucleotide binding but not ATP
hydrolysis. Disruption of nucleotide binding to an Rpt subunit by
mutation in the Walker A motif inhibits the assembly of the Rpt
ring without affecting heterodimer formation with its partner Rpt
subunit. Coexpression of the base assembly chaperones S5b and
PAAF1 with mutant Rpt1 and Rpt6, respectively, relieves assembly
inhibition of mutant Rpts by facilitating their interaction with adja-
cent Rpt dimers. The mutation in the Walker B motif which
impairs ATP hydrolysis does not affect Rpt ring formation. Incor-
poration of a Walker B mutant Rpt subunit abrogates the ATPase
activity of the 19 S RP, suggesting that failure of the mutant Rpt to
undergo the conformational transition from an ATP-bound to an
ADP-bound state impairs conformational changes in the other five
wild-type Rpts in the Rpt ring. In addition, we demonstrate that the
C-terminal tails of Rpt subunits possessing core particle (CP)-bind-
ing affinities facilitate the cellular assembly of the 19 S RP, implying
that the 20 S CP may function as a template for base assembly in
human cells. Taken together, these results suggest that the ATP-
bound conformational state of an Rpt subunit with the exposed
C-terminal tail is competent for cellular proteasome assembly.

The 26 S proteasome is a large proteolytic complex that func-
tions in the ATP-dependent degradation of ubiquitinated pro-
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teins in eukaryotic cells (1). The 26 S proteasome consists of a
20 S core particle (CP)? and a 19 S regulatory particle (RP, also
known as PA700) (2). The 20 S CP has a barrel-shaped structure
composed of two outer « rings and two inner 3 rings, where
each ring contains seven homologous members (3). The central
B rings possess proteolytically active sites, whereas the outer «
rings provide attachment sites for the 19 S RP and control the
access of substrates to the catalytic chamber by serving as a
gated channel (4, 5). The 19 S RP can be further divided into the
base and the lid subcomplexes. The base subcomplex contains
three non-ATPase subunits and six homologous ATPase sub-
units, Rpt1-Rpt6, which assemble into a six-membered ring
with the specific order of Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 (6).
The hexameric Rpt ring directly touches the heptameric « ring
of the 20 S CP and opens the a ring channel. ATP binding to the
Rpt subunits is required for the association of the RP to the CP
and the opening of the gated channel (7, 8). ATP hydrolysis by
the Rpt ring drives the unfolding of the substrate prior to its
passage through the « ring channel. The lid subcomplex is
located distally to the CP and contains nine non-ATPase sub-
units, where Rpnll removes ubiquitin from the substrate for
recycling of ubiquitin molecules (9, 10).

The assembly of the proteasome appears to involve chaper-
one-assisted formation of CP and ATPase ring structures as
well as self-association between specific subunits. Thus, CP
assembly is mediated by dedicated chaperones Pbal-4 and
Umpl in yeast and by PAC1-4 and UMP1/POMP in mamma-
lian cells (11, 12). Recent studies have revealed that the assem-
bly of the base subcomplex is supported by four specific chap-
erones, Hsm3, Rpnl4, Nas6, and Nas2, in yeast, and by their
respective orthologs, S5b, PAAF1, p28/gankyrin, and p27, in
mammalian cells (13-20). The assembly of the base subcom-
plex starts with the formation of ATPase heterodimers, Rptl-
Rpt2, Rpt6-Rpt3, and Rpt4-Rpt5, each of which binds at least

2 The abbreviations used are: CP, core particle; RP, regulatory particle; AMC,
7-amino-4-methylcoumarin; AMP-PNP, adenosine 5'-(3,y-imino)triphos-
phate; PAN, proteasome-activating nucleotidase; CC, coiled coil; OB,
oligonucleotide/oligosaccharide-binding.
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one specific chaperone. Structural analysis of the archaeal RP,
the hexameric ATPase ring with identical subunits called pro-
teasome-activating nucleotidase (PAN), has indicated that the
archaeal RP has a trimer of dimers structure (21). PAN and Rpt
subunits contain a coiled coil (CC) domain and an oligonucleo-
tide/oligosaccharide-binding (OB) domain in the N terminus.
Dimerization is promoted partly by a dimeric coiled coil formed
by the CC domains of two subunits. PAN and three Rpt sub-
units, Rpt2, Rpt3, and Rpt5, contain a critical proline residue
between CC and OB domains, which can assume a cis configu-
ration enabling dimer formation with a partner subunit pos-
sessing a residue in a trans configuration at the corresponding
site (21). The ATPase domain of proteasomal ATPases is com-
posed of a nucleotide-binding subdomain followed by a smaller
C-terminal helical subdomain called the C-domain, to which
RP chaperones bind (13, 14, 22, 23). How each RP chaperone
functions in the assembly of the RP ATPase ring is not fully
understood.

C-terminal tails of Rpt subunits have been shown to play
important roles in binding of 19 S RP to 20 S CP and gate
opening (24-26). Rpt2, Rpt3, and Rpt5 contain hydrophobic-
tyrosine-X (HbYX) motifs at their C-terminal ends (27). Recent
studies have shown that the HbYX motif-containing C-termi-
nal peptides of Rpt2 and Rpt5 bind to the 20 S proteasome and
stimulate its activity (27, 28). Deletion of the HbYX motifs in
Rpt2 and Rpt5 by carboxypeptidase A inhibited the association
of the 19 S RP to the 20 S CP and caused the loss of proteasome
activation (27, 28). In addition, the C-terminal HbYX motif of
Rpt3 was shown to be required for the association of the 19 S RP
with the 20 S CP (29). The C termini of Rpt1, Rpt4, and Rpt6 do
not possess HbYX motifs and have no appreciable binding
affinity to the 20 S CP. Although HbYX motifs have an impor-
tant function in the stable association of the RP and CP, it is not
clear whether they play any role in 19 S RP assembly in mam-
malian cells. In yeast, deletion of the last C-terminal residue
from Rpt4 or Rpt6 resulted in severe defects in proteasome
assembly (30). Recently, CP-assisted base assembly was pro-
posed based on biochemical and genetic studies in yeast and
mammalian cells (12, 30, 31, 33).

In this study, to better understand the proteasome assembly
pathway, we investigated the effects of nucleotide binding and
ATP hydrolysis of Rpt subunits on the cellular formation of the
proteasome. We also evaluated the role of the C termini of Rpt
subunits in the proteasome assembly process. We show that
inhibition of nucleotide binding to Rpts resulted in impairment
of ATPase ring assembly, which was rescued by the overexpres-
sion of base-specific chaperones in some cases. In addition, we
demonstrate that the C-terminal tails of Rpt2, Rpt3, and Rpt5
are required for the efficient cellular assembly of the 19 S RP.

EXPERIMENTAL PROCEDURES

Plasmids—The cDNAs encoding human proteasome sub-
units were obtained from MRC geneservice (Cambridge, UK).
To construct plasmids for the expression of epitope-tagged
proteins, cDNAs were amplified by PCR with appropriate
primers and ligated into pcDNA3.1 (Invitrogen, Carlsbad, CA)
or pYR vectors (34).
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Site-directed Mutagenesis—The lysine residues (K222 of
Rptl, K232 of Rpt2, K212 of Rpt3, K194 of Rpt4, K233 of Rpt5,
and K196 of Rpt6) in the Walker A motif and the glutamic acid
residues (E276 of Rptl, E286 of Rpt2, E276 of Rpt3, E248 of
Rpt4, E287 of Rpt5, and E250 of Rpt6) in the Walker B motif of
Rpt subunits were mutagenized to serine and lysine, respec-
tively. The mutations were introduced with the QuikChange
Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol using appropriate
mutagenesis primers. All constructs were sequenced to ensure
correctness.

Western Blot Analysis—Transfection was performed with
Lipofectamine 2000 (Invitrogen). After 36 h, cells were lysed in
50 mm Tris-HCI (pH 7.4) buffer containing 150 mm NaCl, 1 mm
EDTA, 1 mum dithiothreitol, 0.2 mm PMSF, and 1.0% Nonidet
P-40. Proteins were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), transferred to
nitrocellulose membranes (Whatman, Kent, UK), and visual-
ized by Western blotting with enhanced chemiluminescence
reagents (Amersham Biosciences Pharmacia, Uppsala, Swe-
den). For Western blotting, we used antibodies against FLAG
(Sigma), hemagglutinin (HA) (Roche, Basel, Switzerland), T7
(Novagen, Gibbstown, NJ), and proteasome subunits (Biomol,
Plymouth Meeting, NJ).

Affinity Purification of the Proteasome from Cell Lines
Expressing a FLAG-tagged Proteasome Subunit—Cells derived
from a HeLa Tet-Off cell line (Clontech, Mountain View, CA)
that stably expressed EBNA-1 were transfected with the epi-
somal vector pYR for expression of FLAG-tagged proteasome
subunits. These vectors contained the gene of interest under a
tetracycline-regulated promoter, oriP for episome replication,
and a selection marker for hygromycin B. The cells were
selected and maintained in Dulbecco modified Eagle’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (GIBCO BRL, Carlsbad, CA), 100 ng/ml G418 (Sigma),
300 wg/ml hygromycin B (Clontech), 100 units/ml penicillin,
100 pg/ml streptomycin, 1 mMm L-glutamine, and 2 pug/ml tetra-
cycline (Sigma). Cells were grown without tetracycline for 3
days to induce the expression of the FLAG-tagged proteins. The
cells were lysed in buffer A containing 20 mm Tris-HCI at pH
7.4, 150 mm NaCl, 1 mm EDTA, 1 mwm dithiothreitol, 0.2 mm
PMSEF, and 0.5% Nonidet P-40. The lysates were centrifuged at
20,000 X g for 15 min to remove cell debris. The supernatant
was incubated with anti-FLAG M2 agarose (Sigma) over-
night at 4 °C. After extensive washes with buffer A without
Nonidet P-40, the proteins were eluted with 0.3 mg of FLAG
peptide per ml in buffer A without Nonidet P-40.

Peptidase Activity Assay—All proteasome peptidase assays
were performed in 200 pl reaction mixtures containing 50 mm
Tris-HCI, pH 7.5, 40 mm KCl, 5 mm MgCl,, 0.5 mm ATP, 1 mm
dithiothreitol (DTT), 100 um fluorogenic substrates, and 1 ug
of proteasome. Proteasome samples were assayed for chymot-
rypsin-like activity using the 7-amino-4-methylcoumarin
(AMC)-labeled peptide Suc-LLVY-AMC as a fluorogenic sub-
strate. Peptidase activity was measured at 37 °C for 30 min by
continuously monitoring AMC production with a Gemini EM
Microplate spectrofluorometer (Molecular Devices, Sunnyvale,
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CA) using 380 nm excitation and 460 nm emission filters and
quantified with reference to an AMC calibration curve.

Native Polyacrylamide Gel Electrophoresis and Fluorescence
Substrate Overlay Assay—Non-denaturing PAGE was con-
ducted with 3.5% polyacrylamide gels as described (35). Protea-
some samples were visualized with 50 um Suc-LLVY-AMC in
developing buffer containing 50 mm Tris-Cl (pH 7.4), 5 mm
MgCl,, and 1 mm ATP for 20 min at 37 °C.

ATPase Assay—ATPase activity was assayed by a modified
Malachite Green method (36). Proteasome samples were incu-
bated in 80 wl of reaction buffer (20 mm HEPES, pH 7.2, 1 mm
DTT, and 5 mm MgCl,) containing 200 um ATP for 30 min at
37 °C. After incubation, the reactions were quenched with 20 ul
of Malachite Green reagent (0.034% Malachite Green oxalate,
1.1% ammonium molybdate, 1 M HCI, and 0.04% Tween 20).
The quenched reaction mixtures were incubated for 5 min at
room temperature, and samples were measured at 655 nm with
a Benchmark microplate reader (Bio-Rad).

In Vitro Ubiquitination and Degradation Assay— Auto-ubiq-
uitination of the BIR domain-deleted C-terminal half of cIAP2
(cIAP2-C) was performed in a reaction buffer containing 25 mm
Tris-HCI, pH 7.5, 50 mm NaCl, 5 mm ATP, 10 mm MgCl,, 1 mm
DTT, 1 ug of ubiquitin, 250 ng of Ubal, 500 ng of UbcH5a, and
100 ng of T7-cIAP2-C (37). After incubation at 25 °C for 1 h, the
reaction was terminated by the addition of SDS sample buffer
and analyzed by Western blotting analysis with anti-T7 anti-
body. The in vitro degradation assay was performed using
polyubiquitinated cIAP2-C as a substrate. Polyubiquitinated
cIAP2-C was incubated with the purified proteasome in a reac-
tion buffer containing 50 mm Tris-HCI, pH 7.5, 100 mm NaCl, 1
mM DTT, 2 mm ATP, and 5 mm MgCl, at 37 °C. The reaction
was terminated by adding SDS sample buffer and analyzed by
Western blotting with anti-T7 antibody to assess the degree of
degradation.

RESULTS

Rpt Ring Formation Requires Nucleotide Binding but Not
ATP Hydrolysis—To examine the effects of nucleotide binding
and ATP hydrolysis of Rpt subunits on the cellular formation of
the proteasome, we have generated point mutants of Rpt sub-
units that are incapable of nucleotide binding or ATP hydroly-
sis. Because the invariable lysine residue of the Walker A motif
and the conserved glutamate residue of the Walker B motif are
crucial in nucleotide binding and ATP hydrolysis in other
ATPases, respectively, we replaced the Walker A lysine and
Walker B glutamate in Rpt subunits with serine and lysine by
site-directed mutagenesis. We then tested whether the Walker
A and B mutations have the expected effect on nucleotide bind-
ing and ATP hydrolysis by analyzing purified recombinant
wild-type and mutant Rpt6 proteins. As shown in supplemental
Fig. S1, wild-type and Walker B mutant Rpt6 were capable of
binding radiolabeled ATP, whereas Walker A mutant Rpt6 was
not. Recombinant wild-type Rpt6 as well as two mutant forms
of Rpt6 did not display any ATPase activities (supplemental Fig.
S1B), indicating that the isolated Rpt subunit by itself does not
function as an ATPase. This finding is consistent with the
recent study from DeMartino group showing that RP subcom-
plexes containing two different Rpt subunits does not show any
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ATPase activity although the reconstituted RP from the
three subcomplexes possesses ATPase activity (38).
Although we were not able to directly show the effect of
Walker B mutation on ATPase activity of the isolated Rpt
subunit, the data obtained with the RP containing a Walker B
mutant Rpt strongly suggested that Walker B mutation ren-
ders the Rpt subunit nonfunctional in ATP hydrolysis as
described below (Fig. 3).

To investigate the incorporation of Rpt subunits into 26 S
proteasome, FLAG-tagged versions of wild-type or Walker A
mutant Rpt subunits were transiently expressed in HeLa cells
and immunoprecipitated with anti-FLAG antibody. Western
blotting analysis of immunoprecipitated samples revealed that
the 20 S proteasome and lid subunits Rpn7 and Rpnl2 were
copurified with wild-type Rpt subunits but not with the Walker
A mutant subunits (Fig. 1A4), suggesting that the lysine to serine
mutation in the Walker A motif impaired the incorporation of
the mutant Rpts into the intact 26 S proteasome. To further
study defects of Walker A mutant Rpts in the assembly of the
proteasome, HeLa-derived cell lines were established which
conditionally expressed FLAG-tagged wild-type or Walker A
mutant Rpt subunits, and the proteasome was affinity purified
from these cells. SDS-PAGE and immunoblotting analysis of
purified FLAG-Rpt3 and FLAG-Rpt5 samples confirmed that
the assembly of mutant Rpts into the proteasome was impaired
(Fig. 1, B-E). Although mutant Rpt3 and Rpt5 were readily
associated with their dimer partner subunits Rpt6 and Rpt4,
respectively, they did not interact with other Rpt subunits as
efficiently as wild-type ones, indicating that the hexameric Rpt
ring was not formed properly. Taken together, these results
suggest that nucleotide binding to Rpt subunits is a prerequisite
for stable assembly of the proteasomal ATPase ring.

We next investigated the influence of ATP hydrolysis by Rpt
subunits on the assembly of the proteasome. Walker B motif
mutants of Rpt subunits were tested for their incorporation into
the 26 S proteasome by transient transfection and immunopre-
cipitation of FLAG-tagged mutants. As shown in Fig. 24, West-
ern blotting analysis revealed that both the wild-type and the
Walker B mutant Rpt subunits bound to the 20 S proteasome
and lid subunits Rpn7 and Rpn12 to a similar extent, suggesting
that Walker B mutations did not cause any negative effect on
the assembly. To confirm the proper assembly of Walker B
mutants into 26 S proteasome, we established tetracycline-in-
ducible cell lines expressing FLAG-tagged Walker B mutant
Rpts and analyzed purified FLAG-Rpt3 and FLAG-Rpt6 sam-
ples by SDS-PAGE and immunoblotting. The protein patterns
of wild-type and Walker B mutant Rpt3 and Rpt6 were basically
identical, showing that the mutant Rpts were readily incorpo-
rated into the intact 26 S proteasome (Fig. 2, B-E). These results
indicated that ATP hydrolysis by Rpt subunits was not required
for 26 S proteasome assembly.

Incorporation of a Single Walker B Mutant Rpt Subunit Com-
pletely Abrogates ATPase Activity of the 19 S RP—To study the
effect of incorporation of a Walker B mutant Rpt subunit on
proteasome function, we analyzed activities of purified protea-
some samples containing wild-type or Walker B mutant FLAG-
Rpt3 shown in Fig. 2C. Peptidase activities of proteasome
samples were assessed by solution assays using Suc-Leu-Leu-
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FIGURE 1. Nucleotide binding to Rpt subunits is required for the assembly
of proteasome. A, impaired incorporation of Walker A mutant Rpt subunits
into proteasome. Hela cells were transiently transfected with the expression
constructs of FLAG-tagged wild-type or Walker A mutant Rpt subunits as
indicated. Aliquots of FLAG-Rpt samples purified in the presence of 5 mm ATP
were separated by SDS-PAGE and analyzed by immunoblotting with indi-
cated antibodies. B-C, immunoblotting (B) and SDS-PAGE (C) analyses of
affinity-purified FLAG-tagged wild-type or Walker A mutant Rpt3. Hela cell
lines that conditionally expressed FLAG-tagged wild-type or Walker A mutant
Rpt3 were established, and the proteasome was affinity purified as described
under “Experimental Procedures.” Ten microliters each of Rpt3 samples puri-
fied in the presence of 5 mm ATP were analyzed by immunoblotting with the
indicated antibodies and by SDS-PAGE followed by Coomassie staining. D
and E, immunoblotting (D) and SDS-PAGE (E) analyses of affinity-purified
FLAG-tagged wild-type or Walker A mutant Rpt5.
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Val-Tyr-AMC as a substrate. The magnitudes of peptidase
activities of wild-type and mutant proteasomes were compara-
ble to each other when measured in the presence of 0.5 mm ATP
(Fig. 3A). Native gel electrophoresis of the purified proteasomes
revealed that both wild-type and mutant proteasome prepara-
tions contained similar amounts of singly and doubly capped 26
S proteasome and 19 S RP (Fig. 3B, right panel). Substrate over-
lay assays confirmed that the peptidase activity of wild-type
proteasome was similar to that of mutant proteasome (Fig. 3B,
left panel), showing that the Walker B mutation in Rpt3 did not
impair the gate opening and peptidase activities of the 26 S
proteasome. Since the major function of the proteasome is the
degradation of polyubiquitinated proteins, we prepared a
polyubiquitinated form of cIAP2-C as a proteasome substrate
and measured protein degradation activities of wild-type and
mutant proteasomes. As shown in Fig. 3C, whereas the wild-
type proteasome completely digested the polyubiquitinated
protein within 20 min, the proteasome containing the Walker B
mutant Rpt3 failed to efficiently digest the substrate. To exam-
ine whether the impaired degradation of the polyubiquitinated
substrate by the mutant proteasome was caused by its de-
creased ATPase activity, we analyzed the ATPase activities of
the wild-type and Walker B mutant proteasome. The ATPase
activity of the proteasome containing the Walker B mutant
Rpt3 was 13% of that of wild-type proteasome (Fig. 3D).
Because the affinity-purified proteasome samples prepared in
the presence of 2 mm ATP contained the doubly capped 26 S
proteasome (Fig. 3B), it was likely that some of the purified
proteasome complex possessed endogenous untagged Rpt3 in
addition to the FLAG-tagged mutant Rpt3. To prevent the co-
purification of 19 S RP containing endogenous Rpt3, we puri-
fied FLAG-Rpt3 and its associated proteins in the absence of
ATP and determined the ATPase activity. Remarkably, while
the 19 S RP preparation containing wild-type Rpt3 was active in
ATPase assays, the sample containing the Walker B mutant
FLAG-Rpt3 did not show any ATPase activity (Fig. 3D), indi-
cating that a Walker B mutation in a single Rpt subunit resulted
in a complete loss of ATPase activity of the hexameric Rpt ring.

Interestingly, when we measured the peptidase activities of
the purified 26 S proteasome samples in reaction buffer con-
taining 2 uMm ATP, the peptidase activity of wild-type protea-
some was reduced to ~40% of the activity obtained in buffer
containing 0.5 mm ATP, whereas the peptidase activity of pro-
teasome containing Walker B mutant Rpt3 was reduced only
slightly (Fig. 3E). Given that the activation of peptidase activity
by ATP is closely related to association of the 19 S RP with the
20 S CP, the higher activity of the mutant proteasome might
reflect a more stable association of the CP with the mutant RP
than with wild-type RP under low-ATP conditions. To test this
possibility, we purified the proteasome containing either wild-
type or Walker B mutant FLAG-Rpt3 in the presence and
absence of ATP, and examined the peptidase activity (Fig. 3E)
and the presence of the 20 S CP by Western blot analysis (Fig.
3F). In the presence of 2 mm ATP, the 20 S CP as well as the 19
S RP was efficiently co-purified with wild-type and mutant
FLAG-Rpt3. When purified in the absence of ATP, the wild-
type FLAG-Rpt3 sample possessed practically no peptidase
activity and very little 20 S CP. In contrast, the mutant FLAG-
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FIGURE 2. ATP hydrolysis by Rpt subunits is not essential for proteasome
assembly. A, comparable incorporation of wild-type and Walker B mutant
Rpt subunits into proteasome. Hela cells were transiently transfected with
the expression constructs of FLAG-tagged wild-type or Walker B mutant Rpt
subunits as indicated. Aliquots of FLAG-Rpt samples purified in the presence
of 5 mm ATP were separated by SDS-PAGE and analyzed by immunoblotting
with the indicated antibodies. Band C,immunoblotting (B) and SDS-PAGE (C)
analyses of affinity-purified FLAG-tagged wild-type or Walker B mutant Rpt3.
HelLa cell lines that conditionally expressed FLAG-tagged wild-type or Walker
B mutant Rpt3 were established, and the proteasome was affinity purified as
described under “Experimental Procedures.” Ten microliters each of Rpt3
samples purified in the presence of 5 mm ATP was analyzed by immunoblot-
ting with indicated antibodies and by SDS-PAGE followed by Coomassie
staining. D and E, immunoblotting (D) and SDS-PAGE (E) analyses of affinity-
purified FLAG-tagged wild-type or Walker B mutant Rpt6.
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Rpt3 sample had ~60% of peptidase activity even without ATP
in the reaction buffer and more than 60% of the amount of 20 S
CP obtained with 2 mm ATP in the purification buffer (Fig. 3, E
and F). Similar results were obtained with the mutant FLAG-
Rpt6 sample (data not shown). To test whether impairment of
ATP hydrolysis by Walker B mutation is the main cause of
enhanced stability of 26 S proteasome during purification, we
investigated the effect of a non-hydrolyzable ATP analog,
AMP-PNP, on stability of 26 S proteasome. As shown in Fig.
3G, addition of AMP-PNP to the cell lysate resulted in more
stable 26 S proteasome which survived extensive washing and
elution steps during purification with the washing/elution
buffer lacking ATP or AMP-PMP. In contrast, when the lysate
was supplemented with ATP instead of AMP-PNP, ATP-con-
taining buffers were required in washing and elution steps to
maintain the CP-RP interaction. These results suggested that
when purified in the absence of ATP, the association between
the RP and the CP is more stable in the mutant 26 S proteasome
bearing the Walker B mutation than in the wild-type 26 S pro-
teasome because of the inability of the mutant RP to hydrolyze
ATPD.

Overexpression of S5b and PAAF1 Can Overcome the Assem-
bly Defect of Walker A Mutant Rptl and Rpt6, Respectively, by
Facilitating the Interaction between Rpt Dimers—Because the
defect in the proteasome assembly pathway due to Walker A
mutations in Rpt subunits appeared to be at steps downstream
of Rpt heterodimer formation, at which RP assembly chaper-
ones may function, we investigated whether co-expression of
RP assembly chaperones with Walker A mutant Rpts could
overcome the assembly defect of mutant Rpts. Each of the RP
assembly chaperones was co-expressed with the cognate wild-
type or mutant Rpt subunit in HeLa cells and the immunopu-
rified Rpt samples prepared in the presence of ATP were
analyzed for proteasome assembly by Western blotting with
antibodies against proteasome subunits. S5b, PAAF1, and
gankyrin bound as efficiently to their cognate mutant Rpt sub-
units as to wild-type (Fig. 4, A-C), whereas p27 interacted less
strongly with the mutant Rpt5 than with wild-type Rpt5 (Fig.
4D). Although a Walker A mutation in Rpts did not impair their
association with their specific partner Rpt subunits, the inter-
actions of the mutant Rpts with 20 S CP and 19 S RP subunits
were greatly reduced. Remarkably, co-expression of S5b and
PAAF1 with the mutant Rptl and Rpt6, respectively, enhanced
the association of these Rpt mutants with the 20 S CPand 19 S
RP subunits, almost to levels obtained with wild-type Rpt sub-
units (Fig. 4, A and B). In contrast, gankyrin and p27 did not
increase the interaction of their cognate mutant Rpts with the
proteasome subunits (Fig. 4, C and D). Rather, the binding of 20
S CP to 19 S RP containing the wild-type Rpt3 appeared to be
reduced by gankyrin (Fig. 4C). These results suggested that the
binding of S5b and PAAF1 to the Walker A mutant Rptl and
Rpt6, respectively, led to efficient incorporation of the mutants
into proteasome.

To test whether suppression of the assembly defects of the
Walker A mutants in Rptl and Rpt6 by cognate chaperones
could be due to the increased stability of Rpts by the chaper-
ones, we investigated the stability of the wild-type or mutant
Rptl and Rpt6 with or without co-expression of S5b and

JOURNAL OF BIOLOGICAL CHEMISTRY 9273



Requirements for 19 S RP Assembly

A < Chymotrypsin-like Activity > B ™ «
g £
120
- RN T O
& 100 b m ™ ) ™
A T - - -
z 5x 5 B
= 8
©
< 60}
H <«— 26SD
T 401
k-4 <«+— 26S S
& 207 <— PA700
Rpt3 Rpt3 Native PAGE
wt E276K
C Rpt3 wt Rpt3 E276K D -
Time 0 10 20 0 10 20 £ 100
- > ERpt3 wt
£ s 807 ORpt3 E276K
L LLIE :
IB: a-T7 A R E < 60+
Lo ¢
R S 40 T
>¢ [
&E < 20+
o B
1 23 456 Purified in Purified in

presence of ATP absence of ATP

E F 2
S
120 L
(2]
9 BRpt3 wt £ 2
<. 100 O Rpt3 E276K = =
2 -ATP  +ATP
g 80 % % 170 o
130
~ ~ i -
% 60 E th E o 100 = RS S
w0 22 2%
oy o o 70
a 20 . -
o= oo || e == | IB : x-Rpn7 ——
55+ e—— —
0 == = ||== =] IB: a-Rpnl2 .
ATP concentration 2 pM 0.5 mM 0 pM 0.5 mM - e . o — -
¥ S IB : -FLAG
in reaction buffer 354
Purified in presence  Purified in absence = ||®m®|18: «a-205 =
of ATP of ATP 5] -
G Rpt3 wt Rpt3 E276K Purified in
absence of ATP
ATP = e om o= o B = R B o
Resin Binding Buffer
AMP-PNP 2 HE B S S B 44 = B
ATP -+ - -+ - -+ - -+ -
Washing/Elution Buffer
AMPPNP = = % = = = = = $ &= = =
- e e o |- &= e=| |B : a-FLAG
= e @ ez il D D «=| IB : a-Rpnl2
ESEE EBE&=| 18 : «-205

FIGURE 3. Incorporation of a single Walker B mutant Rpt subunit abrogates the ATPase activity of 19 S RP. A, comparable chymotrysin-like activities of
purified proteasome samples containing the wild-type or Walker B mutant Rpt3. One microgram each of the wild-type and Walker B mutant Rpt3 samples
shown in Fig. 2C was assayed for chymotrypsin-like peptidase activity using the Suc-LLVY-AMC peptide as a fluorogenic substrate. B, native PAGE analysis and
substrate overlay assay of proteasome samples containing wild-type or Walker B mutant Rpt3. Affinity-purified samples were subjected to native PAGE
followed by Coomassie staining or by substrate overlay assay as described under “Experimental Procedures.” C, impaired degradation of a polyubiquitinated
protein substrate by proteasome containing Walker B mutant Rpt3. Polyubiquitinated T7-clAP2-C (C2-C) was prepared as described under “Experimental
Procedures.” The polyubiquitinated substrate was incubated with indicated proteasome preparations and protein degradation was analyzed by Western
blotting with anti-T7 antibody. D, impaired ATPase activity of proteasome containing Walker B mutant Rpt3. FLAG-Rpt3 samples purified in the presence or
absence of ATP were assayed for ATPase activity as described under “Experimental Procedures.” E, chymotrysin-like activities of proteasome samples purified
with or without ATP. Wild-type and Walker B mutant FLAG-Rpt3 samples purified in the presence or absence of ATP were assayed for chymotrypsin-like
peptidase activity using Suc-LLVY-AMC as a fluorogenic substrate in buffers containing the indicated concentrations of ATP. Data are presented as the mean *
S.D. from three independent experiments. F, immunoblotting and SDS-PAGE analyses of proteasome samples purified with or without ATP. Wild-type and
Walker B mutant FLAG-Rpt3 samples purified in the presence or absence of ATP were analyzed by immunoblotting with indicated antibodies. SDS-PAGE
analysis of proteasome samples purified in the absence of ATP is shown in the right panel. G, increased stability of 26 S proteasome during purification by
AMP-PNP. Wild-type and Walker B mutant FLAG-Rpt3 samples were purified using resin binding and washing/elution buffers with or without 2 mm ATP or
AMP-PNP as indicated. Samples were analyzed by immunoblotting with indicated antibodies.

PAAF]I, respectively. As shown in supplemental Fig. S2, the co-expression of S5b and PAAF1 did not noticeably affect the
mutation of the Walker A motif in Rptl or Rpt6 did not appre-  stability of the wild-type or mutant Rptl and Rpt6, respectively.
ciably change the stability of the mutant proteins. Moreover, These data suggested that suppression of the assembly defects
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FIGURE 4. Differential effects of base-specific chaperones on proteasome
assembly with Walker A mutant Rpts. A-D, immunoblotting analysis of
FLAG-Rpt samples following coexpression of base-specific chaperones. HelLa
cells expressing wild-type or Walker A mutant FLAG-Rpt1 (A), Rpt6 (B), Rpt3
(0), and Rpt5 (D) were transfected with the expression constructs of
HA-tagged S5b, PAAF1, Gankyrin, and p27, respectively. After affinity purifi-
cation of FLAG-tagged proteins in the presence of 5 mm ATP, the samples
were analyzed by immunoblotting with indicated antibodies.

of Walker A mutants by the cognate chaperones did not come
from the increased stability of the Walker A mutants by the
chaperones. We next examined whether PAAF1 and S5b
enhanced the incorporation of the Walker A mutant Rpts into
the proteasome by facilitating the interaction between the
appropriate Rpt dimers. To test the effect of PAAF1 on mutant
Rpt6, FLAG-tagged wild-type or mutant Rpt6, and HA-tagged
Rptl, Rpt2, and Rpt3 were transiently expressed in HeLa cells
with or without HA-PAAF1. FLAG-Rpt6 immunoprecipitates
were analyzed for the binding of the Rpt6-Rpt3 dimer to the
Rptl-Rpt2 dimer by Western blotting. As shown in Fig. 54, the
Walker A mutation in Rpt6 did not affect its interaction with
Rpt3 but impaired its binding to Rptl and Rpt2. Expression of
PAAF1 greatly enhanced the interaction of mutant Rpt6 with
Rptl and Rpt2, while it had a minimal effect on wild-type Rpt6.
Similarly, S5b caused augmentation in the interaction of
mutant Rptl with Rpt4 and Rpt5 (Fig. 5B). A significant
increase caused by S5b was also observed in the binding of
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FIGURE 5. Increased interaction of an Rpt dimer containing a Walker A
mutant with the adjacent dimer by S5b and PAAF1. A, immunoblotting
analysis of wild-type and Walker A mutant FLAG-Rpt1 samples following
expression of S5. HeLa cells were transfected with the expression constructs
of wild-type or Walker A mutant FLAG-Rpt1 along with HA-tagged Rpt2, Rpt4,
Rpt5, and S5B. Immunopurified FLAG-Rpt1 samples were analyzed by immu-
noblotting with indicated antibodies. B, immunoblotting analysis of wild-
type and Walker A mutant FLAG-Rpt6 samples following the expression of
PAAF1. Hela cells were transfected with the expression constructs of wild-
type or Walker A mutant FLAG-Rpt6 along with HA-tagged Rpt1, Rpt2, Rpt3,
and PAAF1. Immunopurified FLAG-Rpt6 samples were analyzed by immuno-
blotting with the indicated antibodies.

wild-type Rptl to Rpt4 and Rpt5. Taken together, these results
suggested that the binding of the RP specific chaperones
PAAF1 and S5b to Rpt6 and Rptl, respectively, facilitates pro-
teasome assembly by enhancing the interaction between adja-
cent Rpt dimers.

Deletion of HbYX Motifs Negatively Affects 19 S RP Assembly—
To investigate whether the C-terminal tails of Rpt subunits
have any role in 19 S RP assembly in mammalian cells, we gen-
erated deletion mutants of Rpt subunits with three C-terminal
residues truncated. Tetracycline-inducible cell lines were
established expressing FLAG-tagged wild-type and mutant
Rpts, from which FLAG-tagged proteins were affinity purified.
The copurification of the 20 S CP and the lid subunit Rpn7 with
FLAG-tagged proteins were examined by immunoblotting
analysis with appropriate antibodies. As shown in Fig. 64, the
20 S CP was not detected in Rpt3 or Rpt5 samples with the
C-terminal deletion and was decreased in the mutant Rpt2

JOURNAL OF BIOLOGICAL CHEMISTRY 9275



Requirements for 19 S RP Assembly

A

Rpt2 WT
Rpt2 CA3
Rpt3 WT
Rpt3 CA3

e
'§<1
O
s
o O
&

IB:a-Rpn7

IB:a-20S

IB:a-FLAG

1 2 3456 7 8 91011 12

32}
B E 3 C E 3
S O >
2 2 2 2
o o X o
X <
I — : '
‘ IB : a-FLAG ﬁ .
3 — 130
[==] B: orpts rorz SN
- IB : a-Rptl ﬁ 70
Rpn3 e
- IB : a-Rpt2 Retz —i § s
RPt3(FLAG), Rpt5 ey
[F] mroRros
Rpt4, Rpn6, Rpn7=——p L 45
! IB: a'Rpts Rpn9,Rpn10 =P “ -
Rpn8,Rpnll = - ol L o
- IB : a-Rpnl il
Rpn12empf 1 e
ﬁ IB : a-Rpn2 zos-[z | L
: | g
‘ IB : a-Rpn7 st
-I IB : «-20S
L32]
[32]
D E 3 E E S
e g g%
s L &
= — 170
- IB : o-FLAG a C 130
Rpn2 ——p
. ffe Rpnl ——p | 100
=] oo 28
- IB : a-Rptl s s - |
- o- —>
- IB : a-Rpt2 8% "
Rpt3, anS:t
: IB : a-Rptd RPG(FLAG
Rpt4, Rpn6, Rpn7 =—p |45
- IB : a-Rpt5 RPN,RPNI0 —pf s
Rpn8Rpnll=—® .
- IB : a-Rpnl . |
Rpn12 il
IB : a-Rpn2 5
B meem >
IB : a-Rpn7 S — | 25
R ==
- IB : a-20S

FIGURE 6. Deletion of the HbYX motif negatively affects proteasome
assembly. A, immunoblotting analysis of affinity purified proteasome sam-
ples containing wild-type or mutant Rpts with the deletion of the HbYX motif.
Cell lines that conditionally expressed FLAG-tagged wild-type or C-terminal
three-residue deletion mutant Rpt subunits were established. Aliquots of
FLAG-Rpt samples purified in the presence of 5 mm ATP were separated by
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sample compared with wild-type, whereas similar levels of 20 S
CP were purified with wild-type and mutant forms of Rptl,
Rpt4, and Rpt6. Remarkably, compared with their wild-type
counterparts, mutant Rpt2, Rpt3, and Rpt5 samples contained
reduced levels of Rpn7, suggesting that the C-terminal trunca-
tion of Rpt2, Rpt3, or Rpt5 inhibited the assembly of not only
the 26 S proteasome but also the 19 S RP. To further examine
defects in RP assembly caused by C-terminal deletions in Rpts,
purified Rpt3 and Rpt6 samples were subjected to SDS-PAGE
followed by Coomassie staining or Western blotting with anti-
bodies against various proteasome subunits. The SDS-PAGE
protein patterns and the intensity of bands on Western blots of
wild-type and mutant Rpt6 preparations were basically identi-
cal (Fig. 6, D and E). In contrast, SDS-PAGE analysis of Rpt3
samples revealed that intensities of many of the RP subunits as
well as CP subunits were decreased or absent in the mutant
sample (Fig. 6B). Western blot analysis confirmed that all base
subunits tested were reduced in intensity in the mutant Rpt3
sample except FLAG-Rpt3 and its partner subunit Rpt6, which
were present at comparable levels in wild-type and mutant Rpt3
samples (Fig. 6C). These results indicated that although the
C-terminal deletion in Rpt6 did not affect proteasome assem-
bly, the deletion mutant Rpt3 failed to efficiently form the intact
19 SRP.

We next evaluated wild-type and mutant Rpt3 and Rpt6 for
their relative efficiencies of incorporation into the proteasome,
by purifying the proteasome after transient expression of Rpt
subunits. HeLa cells expressing a FLAG-tagged version of the
lid subunit Rpn12 were transfected with HA-tagged wild-type
and mutant Rpt3 or Rpt6. Following affinity purification of the
proteasome using anti-FLAG antibody resin, incorporation of
Rpt subunits were analyzed by Western blotting. As shown in
Fig. 7A, although comparable levels of wild-type and mutant
Rpt3 were expressed, much less mutant Rpt3 was associated
with FLAG-Rpnl12 than wild-type Rpt3. In contrast, mutant
Rpt6 was incorporated into the proteasome as efficiently as
wild-type (Fig. 7B). Taken together, these results demonstrate
that deletion of the HbYX motif impaired the efficient assembly
of the ATPase ring in the 19 S RP, whereas C-terminal deletions
in Rpts not possessing the HbYX motif did not have any dele-
terious effect on proteasome assembly.

DISCUSSION

Cellular assembly of the RP is a seemingly formidable task
partly due to the formation of the Rpt ring structure of a defined
sequence from six homologous ATPases. Knowledge of the
functional motifs in Rpts and the roles of Rpt-interacting pro-
teins involved in RP assembly will help understand the RP
assembly mechanism. In this study we generated various Rpt

SDS-PAGE and analyzed by immunoblotting with the indicated antibodies. B
and C, immunoblotting (B) and SDS-PAGE (C) analyses of affinity-purified
FLAG-tagged wild-type or C-terminal deletion mutant Rpt3. The proteasome
was affinity purified as described under “Experimental Procedures.” Ten
microliters each of Rpt3 samples purified in the presence of 5 mm ATP was
analyzed by immunoblotting with the indicated antibodies and by SDS-PAGE
followed by Coomassie staining. D and E, immunoblotting (D) and SDS-PAGE
(E) analyses of affinity-purified FLAG-tagged wild-type or C-terminal deletion
mutant Rpt6.
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FIGURE 7. Impaired incorporation of mutant Rpt3 with a deletion in the
HbYX motif into the proteasome. A and B, immunoblotting analysis of
the proteasome following transfection of wild-type or C-terminal three-resi-
due deletion mutant Rpt3 (A) or Rpt6 (B). Hela cells expressing FLAG-Rpn12
were transfected with the expression constructs of HA-tagged wild-type or
C-terminal deletion mutant Rpt3 or Rpt6. After affinity purification of the pro-
teasome in the presence of 5 mm ATP, the samples were analyzed by immu-
noblotting with the indicated antibodies.

mutants and analyzed their stable incorporation into protea-
some using stable and transient transfection methods and IP
techniques. We found that when compared with the wild-type
Rpts, mutant proteins differentially affected proteasome for-
mation in the in vitro analysis. The in vivo proteasome assembly
of Rpt mutants in higher eukaryotes is beyond the scope of this
report. However, because mutations at identical Rpt motifs in
yeast were shown to display severe phenotypes related to pro-
teasome assembly and function (30, 39), the results of in vitro
analysis of Rpt mutants in human cell lines could be applied to
the biology of the intact organism.

In this study, we demonstrate that the cellular assembly of
the RP requires nucleotide binding but not ATP hydrolysis by
Rpt subunits. Hexameric AAA ATPases such as the Rpt ring of
RP use chemical energy from ATP hydrolysis to generate
mechanical force through coordinated conformational changes
of ATPase monomers. Recent studies on differential suscepti-
bility to protease digestion and nucleotide binding properties of
PAN indicated that the PAN monomer adopts three different
conformations depending on nucleotide binding site occu-
pancy and the bound nucleotide (40, 41). The ATP binding site
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in PAN is strategically positioned so that ATP binding and sub-
sequent hydrolysis can induce conformational changes, espe-
cially affecting interactions between the ATPase core and the
C-domain of the PAN monomer and monomer-monomer
interfaces. The mutation in the Walker A motif of an Rpt sub-
unit renders it unable to bind a nucleotide and likely keeps its
conformation in the nucleotide-free state which appears
incompatible with Rpt ring assembly. ATP binding to an Rpt
subunit is thought to influence the relative position of the
ATPase core and C-domain to induce the transition to a con-
formation suitable for hexameric ring formation. Since base-
specific chaperones bind to the C-domains of Rpts, their
binding may affect the equilibrium between different confor-
mational states of Rpts. Indeed, our data show that overexpres-
sion of S5b and PAAF1 facilitated the assembly into the RP of
Walker A mutant Rptl and Rpt6, respectively, by increasing the
interaction of the mutants with adjacent Rpt dimers. We do not
exclude the possibility that chaperone binding enhanced the
interaction of the mutants with other RP subunits as well.
Gankyrin and p27 did not appreciably affect the extent of incor-
poration of their cognate Rpt mutants into the proteasome,
which might imply that they have a different mechanism of
action from S5b and PAAFI.

Rpt subunits with mutations in the Walker B motif are incor-
porated into the proteasome as efficiently as wild-type sub-
units, allowing the purification of the mutant proteasome and
subsequent measurement of its activity. ATPase activity of the
RP containing mutant Rpt3 or Rpt6 was undetectable. The
complete inhibition of ATPase activity of RP composed of
five wild-type and one mutant Rpt subunits was unexpected,
since the hexameric ATPase ClpX having one active and five
inactive subunits still contained substantial ATPase activity
(42). Recently, the Goldberg group proposed an elegant model
for ATP hydrolysis by the proteasomal ATPases (41). In the
model, the hexameric ring contains two ATP-bound, two ADP-
bound, and two nucleotide-free subunits, with each pair of an
identical conformational state present in para positions. In the
ATP hydrolysis cycle, the conformational change of a subunit
caused by ATP binding, ATP hydrolysis, or ADP release
induces the conformational transition of adjacent subunits in
concert. Our data imply that the six subunits of the Rpt ring are
tightly coupled so that all Rpt subunits simultaneously change
their conformations in the course of ATP hydrolysis. Failure of
the conformational transition from the ATP-bound to ADP-
bound state in the mutant subunit likely impairs conforma-
tional changes in the other five wild-type subunits, leading to
the loss of ATPase activity of the Rpt ring. When purified in the
absence of ATP, the wild-type proteasome easily dissociates
into the RP and CP, whereas the RP containing one Walker B
mutant Rpt subunit associates with CP quite stably. The RP-CP
association depends on ATP binding to Rpt subunits, which
induces exposure of the C-terminal tails for docking into CP
pockets. The proposed model for ATP hydrolysis predicts that
when there is no incoming ATP during proteasome purifica-
tion, ATPase-active RP hydrolyzes its bound ATP thereby leav-
ing no Rpts bound to ATP, which in turn leads to RP-CP disso-
ciation. In contrast, an ATPase-dead RP cannot hydrolyze
bound ATP and will stay associated with the CP until ATP
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dissociates from the Rpt subunits. Our data with Walker B
mutants are consistent with this scenario and imply that disso-
ciation of ATP from ATPase-dead RP is a slow process.

The C-terminal tails of Rpt2, Rpt3, and Rpt5 containing the
HbYX motifs bind to the 20 S CP with varying affinities (28, 29).
There appears a correlation between the CP binding affinity of
the C-terminal tails and the deleterious effect of their deletion
on RP assembly. Thus, the deletion of the Rpt3 or Rpt5 C ter-
minus with a higher CP binding affinity had a greater effect on
RP assembly than that of the Rpt2 tail, whereas the C-terminal
truncation of Rpts not possessing the HbYX motif did not affect
RP assembly. Data from the differential incorporation of wild-
type and mutant Rpts into the proteasome shown here by both
stable and transient transfections is consistent with the idea
that CP may function as a template for base assembly. We note
that although deletion of the HbYX motif inhibits RP assembly,
it does not completely impair the incorporation of mutant Rpts
into the proteasome. Therefore, CP-independent RP assembly
must be in operation as well. Kim et al. (32) very recently
reported that the HbYX motifs of Rpt3 and Rpt5 are required
for 26 S proteasome assembly, which is in agreement with our
data. However, they failed to detect the effect of the HbYX
motif deletion on RP assembly. The basis of the discrepancy is
not clear but may come from differences in experimental
design; it could be due to the fact that conditional rather than
constitutive expression of Rpt mutants was employed in our
experiments which enabled expression of the mutants only for
a short period to minimize potential cellular adaptation to the
expression of mutant proteins. Unlike their human counter-
parts, the C termini of yeast Rpt4 and Rpt6 appear to play
important roles in 26 S proteasome assembly, since deletion of
the last residue from each Rpt impaired efficient formation of
26 S proteasome (30). The proteasome assembly pathway may
have diverged between yeast and human. The data presented
here suggest that RP assembly in human cells can be driven
normally by two different pathways: the CP-assisted pathway
requiring the HbYX motifs and the CP-independent pathway.
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