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The 26S proteasome, composed of the 20S core and the 19S regulatory complex, plays a central role in
ubiquitin-dependent proteolysis by catalyzing degradation of polyubiquitinated proteins. In a search for pro-
teins involved in regulation of the proteasome, we affinity purified the 19S regulatory complex from HeLa cells
and identified a novel protein of 43 kDa in size as an associated protein. Immunoprecipitation analyses
suggested that this protein specifically interacted with the proteasomal ATPases. Hence the protein was named
proteasomal ATPase-associated factor 1 (PAAF1). Immunoaffinity purification of PAAF1 confirmed its inter-
action with the 19S regulatory complex and further showed that the 19S regulatory complex bound with PAAF1
was not stably associated with the 20S core. Overexpression of PAAF1 in HeLa cells decreased the level of the
20S core associated with the 19S complex in a dose-dependent fashion, suggesting that PAAF1 binding to
proteasomal ATPases inhibited the assembly of the 26S proteasome. Proteasomal degradation assays using
reporters based on green fluorescent protein revealed that overexpression of PAAF1 inhibited the proteasome
activity in vivo. Furthermore, the suppression of PAAF1 expression that is mediated by small inhibitory RNA
enhanced the proteasome activity. These results suggest that PAAF1 functions as a negative regulator of the

proteasome by controlling the assembly/disassembly of the proteasome.

The ubiquitin-dependent proteolysis regulates various phys-
iological processes, such as cell cycle progression and signal
transduction (8, 12). The 26S proteasome, the major proteo-
lytic enzyme found in eukaryotic cells, plays a key role in the
ubiquitin-dependent proteolysis by degrading proteins conju-
gated to ubiquitin. The 26S proteasome consists of a 20S pro-
teolytic core particle and 19S regulatory complexes (also
known as PA700), which bind to the ends of the 20S core (24,
33). The 20S particle has a barrel-shaped structure composed
of two outer « rings and two inner B rings, each of which
contains seven homologous subunits (10). The « subunits are
catalytically inactive, whereas three of the seven 3 subunits are
catalytically active with the active sites sequestered within the
central chamber (24, 33). The « rings provide attachment sites
for the regulatory complexes, such as 19S particle and 11S
activator, and control the access of substrates to the core par-
ticle’s catalytic chamber by functioning as a gated channel (9,
34).

The 20S core particle alone can degrade small peptides and
fully denatured small proteins in an ATP-independent fashion.
In contrast, degradation of ubiquitinated proteins is ATP de-
pendent and requires the 19S regulatory particle in addition
to the 20S core. The 19S regulatory particle is presumed to
recognize polyubiquitin-linked proteins, remove the ubig-
uitin chain from the substrate, unfold the attached substrate,
and translocate the substrate into the 20S core particle’s cat-
alytic chamber (8, 24). Recent biochemical and genetic studies
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have begun to identify specific subunits that carry out different
functions of the 19S particle. For instance, Rpnll has been
shown to be responsible for substrate deubiquitination (20, 31,
37), while S6’/Rpt5 has been reported to function in ATP-
modulated polyubiquitin recognition (17). The 19S particle
contains six proteasomal ATPases, which are thought to as-
semble into a six-membered ring that directly touches the o
ring of the 20S core particle. This proteasomal ATPase ring is
proposed to mediate both unfolding and translocation of the
substrate. Recent studies have suggested that proteasomal
ATPases also function in opening the gate of the 20S core and
that Rpt2 is particularly important in this process (15).

As expected from its central role in ubiquitin-dependent
proteolysis, the proteasome has been reported to interact with
various proteins that function in the ubiquitin-proteasome
pathway, such as ubiquitin ligases (30, 36, 38), deubiquitinating
enzymes (1, 18, 23), and delivery factors for ubiquitin conju-
gates (14, 26). Recently, affinity purification of the proteasome
coupled with mass spectrometric analysis has led to the iden-
tification of novel proteasome subunits and proteasome-asso-
ciated proteins in budding yeast (19, 32). In an effort to search
for proteins regulating the ubiquitin-proteasome pathway, we
have affinity purified the proteasome from HeLa cells and
identified specifically associated proteins. In this report, we
present identification of a novel protein that interacts with
proteasomal ATPases and demonstrate that it negatively reg-
ulates the proteasome activity in vivo by affecting the assembly/
disassembly of the 26S proteasome.

MATERIALS AND METHODS

Plasmids. The cDNAs encoding human proteasomal ATPase-associated fac-
tor 1 (PAAF1)/FLJ11848 (accession no. BC006142), proteasome subunit 34/C7
(BC014488), S2/Rpnl (BC002368), S11/Rpn9 (BC001100), S7/Rptl (D11094),
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S4/Rpt2 (BC000512), S6/Rpt3 (BC014488), S10b/Rpt4 (BC005390), SUG1/S8/
Rpt6 (BE795619), CSN7 (BC011789), RuvB2 (BC000519) and mouse S6'/Rpt5
(BC005783) were obtained from the Medical Research Council (United King-
dom) gene service. Ub“7°V-GFP and Ub-R-GFP expression constructs (a kind
gift from N. P. Dantuma) were previously described (5). To construct plasmids
for the expression of epitope-tagged proteins, cDNAs were amplified by PCR
with appropriate primers and ligated into pcDNA3.1 (Invitrogen) or pYR vec-
tors (21).

Affinity purification of the proteasome. Cells derived from HeLa Tet-Off
(Clontech) cells stably expressing EBNA-1 were transfected with an episomal
expression vector, pYR-FLAG-SUG1 or pYR-FLAG-PAAF]I, that contained
the gene of interest under the tetracycline-regulated promoter, oriP for episome
replication, and the selection marker for hygromycin B. The cells were selected
and maintained in Dulbecco modified Eagle’s medium (Life Technologies, Inc.)
supplemented with 10% fetal bovine serum (Gibco BRL), 100 pg/ml G418
(Sigma), 300 pg/ml hygromycin B (Clontech), 100 units/ml penicillin, 100 pg/ml
streptomycin, 1 mM L-glutamine, and 2 pg/ml tetracycline (Sigma). To induce
the expression of FLAG-tagged proteins, cells were grown without tetracycline
for 2 days. Nuclear extracts and cytosolic S100 extracts were prepared as de-
scribed previously (6). Extracts were dialyzed against buffer BC (20 mM Tris-HCl
[pH 7.9], 15% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 0.2 mM phenylmeth-
anesulfonyl fluoride, 0.05% NP-40) containing 150 mM KCI (BC150) and rotated
with anti-FLAG M2 agarose (Sigma) at 4°C for 3 to 6 h. After extensive washes
with BC150, proteins were eluted with 0.3 mg of FLAG peptide per ml in BC150.

Protein identification by mass spectrometry. Immunopurified protein com-
plexes were resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels with
a gradient of 4 to 20% polyacrylamide (Novex). After the gels were stained first
with SYPRO Ruby (Bio-Rad) and then with colloidal Coomassie blue, protein
bands were excised and digested with trypsin as previously described (35). In-gel
tryptic digests of proteins were analyzed by nanoelectrospray liquid chromatog-
raphy tandem mass spectrometry (LC-MS-MS). High-pressure liquid chroma-
tography separation was performed on an Ultimate instrument equipped with
Famous Autosampler (LC packings) at a flow rate of 200 nl/min. The columns
were constructed from fused silica capillary tubes (outer diameter of 360 pm and
inner diameter of 75 wm) and packed with 300 A C18 beads (diameter, 5 wm)
(Grace Vydac) to a length of 15 cm. The outlet of the nanocolumn was in-line
connected to a distal coated silica PicoTip needle (New Objective). The solvent
system consisted of solvent A (0.1% formic acid, 5% acetonitrile) and solvent B
(0.1% formic acid, 90% acetonitrile). The gradient was linear from 0% to 40%
solvent B in 50 min followed by 90% solvent B in 5 min. Tandem mass spectra
were recorded on an API QSTAR Pulsar Q-TOF mass spectrometer (Applied
Biosystems) in the information-dependent acquisition mode. The MS-MS spec-
tra were used to search the National Center for Biotechnology Information
(NCBI) nonredundant and expressed sequence tag databases using the computer
algorithm proID (Applied Biosystems, Framingham, MA).

Immunoprecipitations and Western blotting. Transfection was performed us-
ing the polyethylenenimine methodology (2). After 36 h, cells were lysed in buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM
dithiothreitol, 0.2 mM phenylmethanesulfonyl fluoride, and 1.0% NP-40. Cell
lysates were adjusted to 0.1% NP-40 and incubated with anti-FLAG or anti-HA
antibody resin (Sigma) for 4 h at 4°C. The immune complexes were recovered by
low-speed centrifugation, and the resin was washed extensively with the binding
buffer with 0.1% NP-40 and then eluted with buffer containing 20 mM Tris-HCI
(pH 8.0) and 2% SDS. Immunoprecipitated proteins were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose
membrane (Bio-Rad) and visualized by Western blotting with the enhanced
chemiluminescence reagents (Amersham Pharmacia). For Western blotting, we
used antibodies against FLAG (Sigma), hemagglutinin (HA) (Babco), T7 (No-
vagen), SUGI (Affiniti), 20S proteasome a-core (Affiniti), 20S proteasome sub-
unit B1 (Affiniti), 20S proteasome subunit Y/B4 (Affiniti), and green fluorescent
protein (GFP) (Santa Cruz).

Flow cytometry. To measure UbS7®V-GFP and Ub-R-GFP accumulation by
flow cytometry, cells were harvested by trypsinization, and fluorescence data
were acquired with FACScan flow cytometer (Becton Dickinson) and analyzed
with the Cellquest software. Background fluorescence and autofluorescence were
determined using mock-treated cells. A total of 30,000 events per sample were
considered.

RNA interference. The target sequence for PAAF1-specific small inhibitory
RNA (siRNA) was determined by the Ambion web-based criteria. PAAF1-
specific sSiRNA was generated using the Silencer siRNA construction kit (Am-
bion). Two 29-mer DNA oligonucleotides (sense, 5'-AAA TCT TCA GCT GAC
CAT ATC CCT GTC TC-3'; antisense, 5'-AAG ATA TGG TCA GCT GAA
GAT CCT GTC TC-3") with 21 nucleotides encoding the siRNA and 8 nucle-
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otides complementary to the T7 promoter primer were synthesized. The two
siRNA templates were hybridized to a T7 promoter primer and were extended
by the Klenow DNA polymerase. The extended sense and antisense siRNA
templates were then transcribed by T7 RNA polymerase and hybridized to create
double-stranded siRNA following the manufacturer’s instructions. The control
siRNA was obtained using the two siRNA templates with a transversion at every
third position of the target sequence (sense, 5'-AAG TCA TCT GCA GAT CAC
ATT CCT GTC TC-3'; antisense, 5'-AAA ATT TCG TCT GCA GAG GAC
CCT GTC TC-3"). Twenty picomoles of siRNA was transfected to HeLa cells
grown on six-well plates with Lipofectamine (Life Technologies, Inc.). Twelve
hours later, the expression construct for Ub%7®V-GFP was transfected into HeLa
cells. After incubation for additional 48 h, reverse transcription-PCR (RT-PCR)
analysis was performed to assess the effectiveness of RNA interference.
RT-PCR. HeLa cells were lysed in Trizol reagent (Invitrogen) and total RNA
was extracted according to the manufacturer’s instructions by a modified version
of the method of Chomczynski and Sacchi (4). RNA content was calculated by
measuring A,4. First-strand cDNA synthesis was performed using Superscript 11
RNase H™ reverse transcriptase kit (Invitrogen) by the standard protocol of the
supplier. The resulting cDNA was used as a template to amplify the PAAF1 and
CSN2 transcripts with the following primers: PAAF1 forward, 5'-ATGGCGGC
GCCTTTGA-3"; PAAF1 reverse, 5'-TCAGAGGTCAGAAAGCTG-3"; CSN2
forward, 5'-CTATGTCTGACATGGAGGAT-3"; CSN2 reverse, 5'-GAGTTAA
GCCAGTTTACTGACTA-3'. PCR was subsequently performed using an opti-
mized protocol consisting of 20 cycles. Cycling parameters were as follows: 30 s
at 94°C; 30 s at 55°C; and 1 min at 72°C. The final products were separated by
0.7% agarose gel electrophoresis and visualized by ethidium bromide staining.

RESULTS

Affinity purification of the proteasome. To isolate the pro-
teasome, we established a HelLa-derived cell line that condi-
tionally expressed FLAG-SUG1, a FLAG-tagged version of
SUGT1 (also known as S8 and Rpt6), an ATPase subunit of the
19S regulatory complex. FLAG-SUGTI and its associated pro-
teins were then purified from extracts of induced and unin-
duced cells by an immunoaffinity purification procedure using
beads immobilized by anti-FLAG antibody (21). Since ATP is
required for stable interaction between the 20S core and the
19S regulatory complex, preparation of cell extracts and sub-
sequent affinity purification were performed in the presence or
absence of 2 mM ATP to obtain the 26S proteasome or the 19S
complex, respectively. SDS-PAGE analysis of purified proteins
and Western blotting with antibodies to 19S and 20S subunits
revealed that subunits of the 19S regulatory complex were
obtained with or without ATP, while 20S core subunits copu-
rified with 19S subunits only in the presence of ATP (Fig. 1).
These data indicated that depending on the ATP level, the 19S
regulatory complex or the 26S proteasome could be purified
from FLAG-SUG1-expressing cells.

Identification of PAAF1 in the 19S regulatory complex. To
identify proteins that copurified with FLAG-SUG1, FLAG-
SUGT1 preparations obtained in the presence or the absence of
ATP were digested with trypsin. Peptide mixtures were then
subjected to reversed-phase high-performance liquid chroma-
tography coupled with electrospray tandem mass (MS-MS)
spectrometry. Database searches with MS-MS spectra identi-
fied most subunits of the proteasome and confirmed that sub-
units of 19S regulatory complex were found in both prepara-
tions of FLAG-SUGI1, whereas subunits of 20S core were
present mainly in the preparation obtained with ATP (data not
shown). In addition to peptides derived from proteasomal sub-
units, those from other proteins were identified by mass spec-
trometric analyses, including heat shock proteins, cytoskeletal
proteins, proteins involved in translation, and a hypothetical
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FIG. 1. Immunoaffinity purification of FLAG-SUGI. Cells express-
ing FLAG-SUGT in a tetracycline-controlled manner were established
as described in Materials and Methods. Cells were grown in the pres-
ence (+) or absence (—) of tetracycline (Tc). Immunoaffinity purifi-
cation of FLAG-SUG1 was performed in the presence (+) or absence
(=) of 2 mM ATP. Ten microliters each of purified FLAG-SUG1
samples was separated by a SDS-polyacrylamide gel (gradient of 4 to
20% polyacrylamide) and visualized by Sypro Ruby-Coomassie blue
double staining. Protein size markers (in kDa) are indicated to the left
of the gel. The location of FLAG-SUGT1 is indicated by the arrowhead
to the right of the gel. The presence of proteasome subunits was
analyzed by immunoblotting of the purified samples with the indicated
antibodies. WB, Western blotting; a-FLAG, anti-FLAG.

protein FLJ11848 with the calculated molecular size of 43 kDa
(data not shown). We named this novel protein proteasomal
ATPase-associated factor 1 (PAAF1) for the reasons described
below. Since we obtained the sequence of only one peptide
from PAAF1 with this procedure, we repeated anti-FLAG
affinity purification and analyzed purified proteins by SDS-
PAGE. After the gel was stained, a gel slice that contained
protein bands with the size of 40 to 45 kDa was excised, and the
proteins were digested in the gel with trypsin. Subsequent
analysis of resultant tryptic peptides by LC-MS-MS identified
seven peptides derived from PAAF1 (Fig. 2), confirming that
PAAF1 copurified with FLAG-SUG1. PAAF1 was identi-
fied from both FLAG-SUG!1 preparations purified with and
without ATP (data not shown). These results suggested that
PAAF]1 interacted with the 19S regulatory particle.

Human PAAF1 cDNA contains a gene or open reading
frame encoding 392 amino acid residues (accession number
BC006142). To identify functionally important regions of
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PAAF1, we performed a BLAST search using the amino acid
sequence for human PAAF1 as a query. Figure 3A shows
alignment of the human PAAFI1 sequence with those from
other species. There is a significant similarity between the
human PAAF1 sequence and the homologous protein from
Saccharomyces cerevisiae, which have 21% amino acid identity
and 34% similarity. NCBI conserved domain search revealed
that human PAAF1 contains seven WD repeats (Fig. 3A),
which are found in a number of eukaryotic proteins involved in
a variety of cellular processes. Structural studies have shown
that WD repeats form a series of four-stranded antiparallel
sheets, which fold into a higher-order structure termed a
B-propeller (27). WD repeats in PAAF1 are expected to func-
tion as a site for protein-protein interaction, as those in other
proteins are known to do.

We determined the expression profile of PAAF1 in various
human tissues by Northern analysis, in which a multiple tissue
Northern blot was hybridized to human PAAF1 probe. These
analyses reveal one major PAAF1 transcript of approximately
1.75 kb in human tissues. PAAF1 is ubiquitously expressed; it
is expressed highly in kidney, brain, and testis; moderately in
pancreas, skeletal muscle, liver, placenta, and heart; and at a
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FIG. 2. Identification of PAAF1 in the purified FLAG-SUGI prep-

aration. (A) MS-MS spectrum of a peptide derived from PAAFI.
MS-MS analyses were performed as described in Materials and Meth-
ods. The b and y ions detected are marked with arrows on the spectra.
The precursor ion is indicated by the asterisk. (B) Sequences deter-

mined by MS-MS analyses of tryptic peptides obtained from PAAF1.
All peptides were identical to sequences in human PAAF1.
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FIG. 3. Sequence alignment and expression pattern of PAAF1. (A) Sequence alignment of human PAAF1 with homologous proteins from
other species. Amino acid sequences of PAAF1-related proteins from different species were aligned using ClustalW. Identical residues are shaded
gray. WD40 motifs are indicated. Abbreviations and accession numbers of homologous proteins are as follows: Homo sapiens (H.s.), AAH21541;
Gallus gallus (G.g.), CAG31874; Xenopus laevis (X.1.), AAH70729; Dictyostelium discoideum (D.d.), AAMA43783; Saccharomyces cerevisiae (S.c.),
AAT92618. (B) Northern blot analysis of human PAAF1. The blots containing mRNA from the indicated tissues were probed with **P-labeled
PAAF1 cDNA (top blots), stripped, and reprobed with *?P-labeled actin cDNA (bottom blots).
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FIG. 4. Immunoaffinity purification of FLAG-PAAF1. (A) SDS-
PAGE analysis of purified FLAG-PAAF1. Ten microliters each of
FLAG-PAAF1 samples purified in the presence (+) or absence (—) of
2 mM ATP was separated by electrophoresis on an SDS-polyacryl-
amide gel (gradient of 4 to 20% polyacrylamide) and visualized by
Sypro Ruby-Coomassie blue double staining. Protein size markers (in
kDa) are indicated to the left of the gel. The location of FLAG-PAAF1
is shown by the arrowhead to the right of the gel. (B) Western blotting
(WB) analysis of purified FLAG-PAAF1. FLAG-PAAF1 and FLAG-
SUGT1 samples purified in the presence (+) or absence (—) of ATP
were analyzed by immunoblotting with indicated antibodies. a-FLAG,
anti-FLAG.

| WB : @-20S core

low level in lung, thymus, colon, small intestine, and peripheral
blood leukocytes (Fig. 3B).

PAAF1 stably interacts with the 19S regulatory complex but
not with the 26S proteasome. To confirm the association of
PAAF1 with the 19S regulatory complex, we generated a cell
line conditionally expressing FLAG-PAAF1 and immunopuri-
fied the epitope-tagged protein using anti-FLAG antibodies
in the presence or absence of ATP. SDS-PAGE of purified
proteins revealed that a group of proteins copurified with
FLAG-PAAF1 (Fig. 4A). Mass spectrometric analyses of pu-
rified proteins and Western blotting with antibodies against
19S subunits, SUG1 and S14/Rpn12, showed that PAAF1 was
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stably associated with the 19S regulatory complex (Fig. 4B and
data not shown). To our surprise, however, subunits of the 20S
core complex were not found by Western blotting and by mass
spectrometric analyses in FLAG-PAAF1 preparations ob-
tained with or without ATP (Fig. 4B and data not shown).
Since immunoaffinity purification of FLAG-SUG1 under sim-
ilar experimental conditions revealed that subunits of the 20S
core copurified with FLAG-SUG1 and other subunits of the
19S regulatory complex in the presence of ATP, these data
suggested that the association of PAAF1 with the 19S regula-
tory complex might interfere with the stable interaction be-
tween the 19S complex and the 20S core. Interestingly, com-
pared to the FLAG-PAAF1 preparations obtained in the
absence of ATP, the preparations obtained in the presence of
ATP consistently contained more proteins, such as the trans-
lation initiation factor eIF3 complex (Fig. 4A and data not
shown). The significance of this finding was not further studied.

PAAF1 interacts with the proteasomal ATPases. To identify
the proteasome subunit that directly interacts with PAAFI,
HeLa cells were cotransfected with expression constructs of
T7-PAAF1 and a FLAG-tagged proteasome subunit 34/C7,
S2/Rpnl, S11/Rpn9, or SUGI, which is a component of the 20S
core, the base of the 19S complex, the lid of the 19S complex,
or the proteasomal ATPase ring, respectively. FLAG-CSN7A,
a subunit of COP9 signalosome, was included in the coim-
munoprecipitation experiments as a negative control. FLAG-
tagged proteins were then immunoprecipitated with anti-
FLAG antibodies, and coprecipitation of T7-PAAF1 was
monitored by immunoblotting with anti-T7 antibodies. As shown
in Fig. 5A, PAAF1 coimmunoprecipitated with SUG1, but not
with CSN7A or with the other proteasome subunits tested.
Since S2/Rpnl and S11/Rpn9 subunits of thel9S regulatory
complex did not interact with PAAF1, these data suggested
that the association between overexpressed SUG1 and PAAF1
was direct and was not mediated by the incorporation of SUG1
into the 19S regulatory complex.

In addition to SUGI, the 19S regulatory complex contains
five other highly related ATPases, which form a subfamily
among the AAA ATPase superfamily of proteins (22). To
assess the specificity of the interaction between SUGI1 and
PAAF1, HelLa cells were cotransfected with expression con-
structs of T7-PAAF1 and each FLAG-tagged proteasomal
ATPase subunit. The immunoprecipitation experiments were
performed with anti-FLAG antibodies. Western blotting of the
immunoprecipitates with anti-T7 antibodies revealed that all
the proteasomal ATPases interacted appreciably with PAAF1
with the interaction of SUG1 appearing the strongest (Fig.
5B). In contrast, RuvB2, a member of the AAA ATPase super-
family, did not coprecipitate with PAAF1, indicating that the
interaction of proteasomal ATPases with PAAF1 was specific.

PAAF1 inhibits the association of 19S regulatory complex
with the 20S core. Since PAAF1 appeared to interact with
SUGT1 and other proteasomal ATPases, which are in direct
contact with the « ring of the 20S core in the 26S proteasome,
and since PAAF1 immunopurified in the presence of ATP did
not contain an appreciable amount of the 20S core, we rea-
soned that PAAF1 might affect the binding of the proteasomal
ATPases to the 20S core. To test this possibility, HeLa cells
were transfected with expression constructs of T7-PAAF1 and
FLAG-S2/Rpnl, a subunit of 19S regulatory particle that did
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FIG. 5. PAAF]I interacts with proteasomal ATPases. (A) Immuno-
precipitations of proteasome subunits. HeLa cells were transiently
transfected with plasmid vectors expressing T7-PAAF1 and a FLAG-
tagged proteasome subunit or CSN7A as indicated. Cell lysates were
immunoprecipitated (IP) with beads coupled to anti-FLAG antibody
(a-FLAG). The immunoprecipitates were subjected to SDS-PAGE
and analyzed by Western blotting with indicated antibodies. IB, im-
munoblotting. (B) Immunoprecipitations of proteasomal ATPases.
HeLa cells were transiently transfected with expression constructs for
T7-PAAF1 and a FLAG-tagged proteasomal ATPase subunit or
RuvB2 as indicated. Lysates were prepared 36 h after transfection and
immunoprecipitated (IP) with anti-FLAG (a-FLAG) antibodies. The
precipitates were separated by SDS-PAGE and immunoblotted (IB)
with the indicated antibodies.

not directly interact with PAAF1. FLAG-S2/Rpnl was then
immunoprecipitated with anti-FLAG antibodies in the pres-
ence of ATP, and copurified proteins were probed by immu-
noblotting with suitable antibodies (Fig. 6A). Overexpression
of T7-PAAF1 did not affect coprecipitation of SUG1 with
FLAG-S2/Rpnl. In contrast, subunits of the 20S core copre-
cipitated with S2/Rpnl were reduced by the expression of
exogenous PAAFI in a dose-dependent manner, suggesting
that T7-PAAF1 inhibited the association of the 19S regulatory
complex with the 20S core. To exclude the possibility that this
inhibition was due to the N-terminal tag of PAAF1, we re-
peated experiments with the expression construct of PAAF1
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with no tag. As shown in Fig. 6B, overexpression of PAAF1
without any tag also reduced subunits of the 20S core in the
FLAG-S2/Rpnl immunoprecipitates. Collectively, theses data
suggested that PAAF1 binding to proteasomal ATPases inter-
fered with their association with the « ring of the 20S core,
leading to inhibition of the 26S proteasome assembly.
PAAF1 inhibits the proteasome activity in vivo. To assess
the functional consequence of association of PAAF1 with pro-
teasomal ATPases, we examined the effect of PAAF1 on the
proteasome activity in vivo. Recently characterized GFP-based
reporters (5), the ubiquitin fusion degradation pathway sub-
strate (Ub“7®Y-GFP) and the N-end rule substrate (Ub-R-
GFP), were used to monitor the proteasome-dependent deg-
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FIG. 6. PAAF1 interferes with the binding of 19S regulatory com-
plex to 20S core. HeLa cells were transiently transfected with FLAG-
S2/Rpnl and T7-tagged (A) or untagged (B) PAAFI1. Lysates were
prepared 36 h after transfection and immunoprecipitated (IP) with
anti-FLAG (a-FLAG) antibodies. The precipitates were separated by
SDS-PAGE and immunoblotted with the indicated antibodies. Copre-
cipitated 20S a-core bands were quantified by Las-3000 luminescent
image analyzer (Fuji film). WB, Western blotting; IgG, immunoglob-
ulin G.
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FIG. 7. PAAF1 inhibits the proteasome activity. (A) Flow cytometric analysis of Ub®’®V-GFP. HeLa Tet-off cells (Clontech) were transfected
with the expression construct of Ub’V-GFP and with the expression vector for PAAF1 under the control of a tetracycline-inducible promoter
as indicated. Cells were incubated in the presence (+) or absence (—) of tetracycline (TC) for 48 h. The GFP fluorescence (fl) was then analyzed
by flow cytometry. WT, wild type. (B) Immunoblotting analyses of Ub%7*V-GFP and GFP. HeLa Tet-off cells were transfected with the expression
construct of Ub®7¢V-GFP (top blots) or GFP (bottom blots) and with the expression vector for PAAF1 under the control of a tetracycline-inducible
promoter as indicated. After induction of PAAF1 derivatives for 48 h, the expression levels of Ub%7®V-GFP and GFP were determined by im-
munoblotting with anti-GFP (a-GFP) antibodies. WB, Western blotting; Tc, tetracycline. (C) Immunoblotting analysis of Ub-R-GFP. HeLa Tet-
off cells were transfected with the expression construct of Ub-R-GFP and with the expression vector for PAAF1 under the control of a
tetracycline-inducible promoter as indicated. After induction of PAAF1 derivatives for 48 h, the expression levels of Ub-R-GFP were determined
by immunoblotting with anti-GFP («-GFP) antibodies. WB, Western blotting; Tc, tetracycline. (D) Immunoblotting analysis of polyubiquitinated
proteins. HeLa cells were transfected with the expression constructs of HA-Ub and FLAG-PAAF]1 as indicated. Polyubigitinated proteins were
analyzed by immunoblotting with anti-HA antibodies. The asterisk indicates a nonspecific band detected in whole-cell lysates by anti-HA
antibodies. (E) Comparison of the inhibition of proteasome activity by PAAF1 overexpression with that by the proteasome inhibitor MG132. HeLa
cells were transfected with the expression construct of UbS7®Y-GFP and with the expression vector for PAAF1 or the empty vector as indicated.
Thirty-six hours after transfection, cells transfected with the empty vector were treated for 10 h with 0, 10, 25, or 50 pM MG132 as indicated. The
expression level of UbS7®V-GFP was then analyzed by flow cytometry and by immunoblotting with anti-GFP (a-GFP) antibodies. fl, fluorescence;
WB, Western blotting.
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radation. HeLa Tet-off cells (Clontech) were transiently
cotransfected with the expression construct of Ub%7°V-GFP
and with the expression vector for FLAG-PAAF1 under the
control of a tetracycline-induced promoter. The expression
level of Ub®’®Y-GFP was then analyzed by the GFP fluores-
cence.

As shown in Fig. 7A, the induction of FLAG-PAAF1 by re-
moval of tetracycline resulted in accumulation of the Ub7V-
GFP, suggesting that FLAG-PAAF]1 inhibited the proteasome
activity. In contrast, FLAG-PAAF1CA195, a PAAF1 mutant
with the deletion of the C-terminal 195 amino acids, which
renders it incapable of binding to SUG1 (data not shown), did
not increase GFP fluorescence after its induction, suggesting
that the binding of PAAF1 to proteasomal ATPases was re-

quired for its inhibition of proteasome activity. Importantly,
increase of GFP fluorescence was also observed with PAAF1
without any tag. These data indicated that inhibition of the pro-
teasome activity did not result from the epitope tag of PAAFI.
The expression level of Ub®7*Y-GFP was directly monitored
by Western blotting with anti-GFP antibodies, which con-
firmed that Ub“7°Y-GFP was increased by FLAG-PAAF1 or
untagged PAAF]I, but not by FLAG-PAAF1CA195 (Fig. 7B).
The effect of PAAF1 on Ub®’*Y-GFP appeared specific, since
the expression of GFP was not affected by PAAF1 (Fig. 7B,
lower panels). When the N-end rule substrate Ub-R-GFP was
used to measure the proteasome activity, FLAG-PAAF1 or
untagged PAAF1 also increased both the GFP fluorescence
(data not shown) and the expression level of R-GFP as deter-
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mined by immunoblotting analysis (Fig. 7C). Since inhibition
of proteasome activity should result in the increased level of
ubiquitinated proteins, we also analyzed the effect of PAAF1
on accumulation of ubiquitinated proteins. HeLa cells were
transfected with the expression constructs of HA-ubiquitin and
PAAF1 derivatives, and ubiqitinated proteins were measured
by immunoblotting with anti-HA antibodies. As shown in Fig.
7D, overexpression of FLAG-PAAF]1 or untagged PAAF1 in-
creased the level of ubiquitinated proteins but that of FLAG-
PAAF1CA195 did not. These data suggested that inhibition by
PAAF1 was not restricted to degradation of GFP-based pro-
teasome substrates but degradation of ubiquitinated proteins
in general was affected by PAAF1.

To evaluate the level of inhibition of proteasome activity by
PAAF1, we compared stabilization of UbS7*V-GFP by PAAF1
with that by the proteasome inhibitor MG132. The extent
of UbS7*V-GFP accumulation by PAAF1 overexpression
was comparable to that after treating HeLa cells with 10 pM
MG132 for 10 h, as measured by the GFP fluorescence and by
Western blotting with anti-GFP antibodies (Fig. 7E). The in-
hibition of proteasome activity by overexpression of PAAFI,
however, appeared to have little effect on the cell growth for
the period of transient transfection, since the rate of thymidine
incorporation was not appreciably affected (data not shown).

To further examine the modulation of proteasome activity
by PAAF1, we used siRNA to suppress PAAF1 expression.
The efficiency of siRNA-mediated PAAF1 suppression was
monitored by RT-PCR. PAAF]1 expression was greatly dimin-
ished only in cells transfected with PAAF1 siRNA, but not in

mock-treated cells or in cells transfected with control siRNA
with a transversion at every third position of PAAF1 siRNA
(Fig. 8A). CSN2 expression was not affected by siRNA, indi-
cating the specificity of PAAF1 siRNA.

To examine the effect of PAAF1 suppression on proteasome
activity, we transfected siRNA-treated cells with the expression
construct for Ub“’®V-GFP or Ub-R-GFP and analyzed its ex-
pression by GFP fluorescence (Fig. 8B and data not shown)
and by immunoblotting with anti-GFP antibodies (Fig. 8C and
D). The GFP fluorescence and the expression levels of UbS7%V-
GFP and Ub-R-GFP decreased in cells transfected with PAAF1
siRNA, but not in cells transfected with control siRNA or in
mock-treated cells. In contrast, the expression of GFP was not
affected by siRNA-mediated PAAF1 suppression (Fig. 8C,
lower panels), indicating that the effect of PAAF1 siRNA was
specific to unstable substrates of the proteasome. We also
analyzed the effect of PAAF1 suppression on accumulation of
ubiquitinated proteins by transfecting sSiRNA-treated cells with
the expression construct of FLAG-ubiquitin. Immunoblotting
of cell lysates with anti-FLAG antibodies revealed that the
level of ubiquitinated proteins was specifically decreased in
cells treated with PAAF1 siRNA (Fig. 8E). Collectively, these
data strongly suggested that endogenous PAAF1 was involved
in negative regulation of proteasome activity.

DISCUSSION

Recent studies on the proteasome composition using affinity
purification of the proteasome from S§. cerevisiae have uncov-
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to RT-PCR analysis using specific primers for PAAF1 and CSN2 mRNA. (B) Flow cytometric analysis of Ub“7*V-GFP. HeLa cells were
transfected with control or PAAF1-specific siRNA as indicated. Twelve hours later, the expression construct for UbS7°V-GFP was transfected into
siRNA-treated HeLa cells. After incubation for 48 h, the GFP fluorescence (fl) was analyzed by flow cytometry. (C) Immunoblotting analysis of
UbS7*V_-GFP. Transfection experiments were performed as described in the legend to panel B. The expression levels of UbS7®V-GFP were
determined by immunoblotting with anti-GFP (a-GFP) antibodies. WB, Western blotting. (D) Immunoblotting analysis of Ub-R-GFP. Trans-
fection experiments were performed with the expression construct for Ub-R-GFP as described in the legend to panel B. (E) Immunoblotting
analysis of polyubiquitinated proteins. HeLa cells were transfected with control or PAAF1-specific siRNA as indicated. Twelve hours later, the
expression construct for FLAG-Ub was transfected into siRNA-treated HeLa cells. After incubation for 48 h, polyubiqitinated proteins were

analyzed by immunoblotting with anti-FLAG antibodies.

ered novel subunits and interacting proteins of the proteasome
(19, 28, 32). In this paper, we have applied a similar approach
to human proteasomes and have found that PAAF1 is a novel
regulator of the proteasome. Several lines of evidence pre-
sented here indicate that PAAF1 negatively regulates protea-
some activity by interfering with the formation of functional
26S proteasomes. First, it was found by affinity purification of
PAAF]1 and subsequent analysis of copurified proteins by mass
spectrometry and immunoblotting experiments that PAAF1 is
associated with the 19S regulatory particle but not with the 20S
core even in the presence of ATP, which facilitates assembly of

the 26S proteasome. Second, coimmunoprecipitation analyses
revealed that PAAF1 directly interacts with the proteasomal
ATPases of the 19S particle, which sit on the a ring of the 20S
core in the 26S proteasome. Third, overexpression of PAAF1
in HeLa cells decreases the level of the 20S core immunopre-
cipitated with the 19S particle in a dose-dependent fashion.
Fourth, it was shown by in vivo proteasome-dependent prote-
olysis assays using GFP-based reporters that overexpression of
PAAF]1 inhibits proteasome activity. Finally, siRNA-mediated
PAAF]1 suppression revealed that the proteasome activity in
cells is normally compromised by endogenous PAAF1. Our
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results illustrate the first example of a factor that affects as-
sembly of the 26S proteasome by its binding to the 19S regu-
latory complex to our knowledge.

In this study, due to the unavailability of antibodies against
PAAF1, we were not able to measure directly the cellular
abundance of PAAF1 and to examine the possibility that
PAAFT1 is a stoichiometric component of the free 19S reg-
ulatory complex. However, on the basis of our findings that
PAAF]1 is one of the major copurified proteins with the 19S
complex and that siRNA-mediated suppression of PAAF1 sig-
nificantly increases the proteasome activity, we expect that the
level of PAAF1 in HeLa cells is not very low compared with
that of the proteasome.

Database searches indicate that the PAAF1 genes are con-
served from yeast to higher eukaryotes. The regulation of
PAAF1 gene expression has been reported in Xenopus laevis.
Thus, the PAAF1 gene of X. laevis has been known to be one
of the up-regulated genes in the tail resorption program in-
duced by thyroid hormone (3). Since cell death and resorption
without concomitant growth and differentiation are the main
physiological changes in the tail resorption program, the in-
duction of PAAF1 is expected to be related to cell death and
resorption processes. Interestingly, a recent report has shown
that the function of the 26S proteasome is impaired in apo-
ptotic cells (29). Although the decrease in the proteasome
activity could be explained by caspase-mediated cleavage of
proteasome subunits (29), it is tempting to speculate that the
induction of PAAF1 would contribute to the suppression of
proteasome activity, which may facilitate apoptosis by inhibit-
ing the proteasomal degradation of proapoptotic molecules in
tail resorption of X. laevis.

The protein encoded by Saccharomyces cerevisiae open read-
ing frame YGLO04C is likely to be the ortholog of human
PAAF1, as indicated by BLAST searches (Fig. 3A). In recent
large-scale protein-protein interaction studies, Ygl0O4cp has
been included as a bait to identify protein complexes interact-
ing with it and found to be associated with subunits of the 19S
regulatory complex (13). Furthermore, a large-scale bioinfor-
matic study has predicted a role for YglOO4cp related to the
proteasome based on the assumption that if two proteins share
more interaction partners than random ones, they have close
functional associations (25), and therefore the name RPN14
was proposed for YGLO004C. Although the protein product
of YGL004C/RPN14 is largely uncharacterized, these high-
throughput studies suggest that it may have similar cellular
functions to human PAAF1. Large-scale gene deletion analy-
ses have indicated that YGL004C/RPN14 is not an essen-
tial gene (7). However, yeast mutants with deletions in the
YGLO004C/RPN14 gene show a severe growth defect on min-
imal culture media and a moderate growth defect after 20
or more generations on common complete media (see the
Saccharomyces Genome Database [http://www.yeastgenome
.org/]), suggesting its role in the growth or survival control of
stressed cells.

The simplest model for inhibition of proteasome activity by
PAAF]I, based on our data presented here, is that PAAF1
binding to proteasomal ATPases prevents their association
with the 20S core due to the steric hindrance, thereby increas-
ing the pool of free 19S regulatory complexes. In this model,
PAAF]1 binds only to the free 19S regulatory complex but not

MoL. CELL. BIOL.

to the 26S proteasome and indirectly helps 19S complexes
dissociate themselves from 20S core by shifting the equilibrium
between assembly and disassembly of 26S proteasome toward
the latter. The exchange rate of 19S regulatory complex in the
assembly-disassembly cycle of 26S proteasome might be re-
quired to be fast enough for the inhibition of proteasome by
PAAF1 to be effective. Although recent studies have shown
that the rate of disassembly and reassembly of 26S protea-
somes is rather slow (11), the possibility still exists that a
fraction of 19S complexes exchange faster than the bulk of 19S
complexes. Our data are also compatible with another model,
in which PAAF]1 is able to bind to the proteasomal ATPases in
the context of the 26S proteasome and thereby promotes the
disassembly of the 26S proteasome into subcomplexes. Recent
cross-linking studies on the assembly of the Drosophila 26S
proteasome have indicated that it is not a simple docking of
two rigid subcomplexes but a process accompanied by substan-
tial rearrangements of their structures (16). PAAF1 binding to
the proteasomal ATPases might cause them to favor the con-
formation in the disassembled state. The net result of PAAF1
in each model would be the decrease of the functional 26S
proteasomes either by inhibition of their assembly or by pro-
motion of their disassembly. Further studies on potential mod-
ulation of the PAAF]1 activity under various physiological con-
ditions and its mechanism in regulation of the proteasome
activity will be required to clarify the role of PAAF1 in ubig-
uitin-dependent proteolysis.
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