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The 26 S proteasome, composed of the 20 S core and 19 S
regulatory particle, plays a central role in ubiquitin-dependent
proteolysis. Disruption of this process contributes to the patho-
genesis of the various diseases; however, the mechanisms under-
lying the regulation of 26 S proteasome activity remain elusive.
Here, cell culture experiments and in vitro assays demonstrated
that apoptosis signal-regulating kinase 1 (ASK1), a member of
the MAPK kinase kinase family, negatively regulated 26 S pro-
teasome activity. Immunoprecipitation/Western blot analyses
revealed that ASK1 did not interact with 20 S catalytic core but
did interact with ATPases making up the 19 S particle, which is
responsible for recognizing polyubiquitinated proteins, unfold-
ing them, and translocating them into the 20 S catalytic core in
an ATP-dependent process. Importantly, ASK1 phosphorylated
Rpt5, an AAA ATPase of the 19 S proteasome, and inhibited its
ATPase activity, an effect that may underlie the ability of ASK1
to inhibit 26 S proteasome activity. The current findings point to
a novel role for ASK1 in the regulation of 26 S proteasome and
offer new strategies for treating human diseases caused by pro-
teasome malfunction.

The 26 S proteasome is the major proteolytic complex carry-
ing out ubiquitin-mediated substrate degradation in eukaryotic
cells. This multiprotein complex is central to the regulation of
many basic cellular processes including cell cycle progression,
apoptosis, stress response, and the regulation of immune and
inflammatory responses (1). The 26 S proteasome is an ATP-
dependent complex that is made up of the functionally and
structurally distinct 20 S core particle and 19 S regulatory com-
plex. The 20 S core particle contains three distinct peptidase
activities including trypsin-like, chymotrypsin-like, and pepti-
dyl glutamyl-peptide-hydrolyzing activity (2). To reach the
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active sites of the 20 S core particle, native substrate proteins
must first be unfolded by the 19 S regulatory particles and then
be threaded into the 20 S core. The 19 S regulatory complex can
be subdivided into two subcomplexes, known as the “base” and
“lid.” The base is primarily composed of three non-ATPase sub-
units (known as regulatory particle non-ATPases or Rpns)® and
six ATPases (known as regulatory particle AAA ATPases or
Rpts), whereas the lid contains at least nine non-ATPase sub-
units (3). Aberrations in the 26 S proteasome have been impli-
cated in the pathogenesis of several human diseases in which
some proteins are lost or accumulated due to their accelerated
or decreased degradation (e.g. cancer, AIDS, and neurodegen-
erative diseases) (4). Therefore, understanding the mechanisms
that regulate proteasomal substrate digestion and identifying
the molecules that modulate 26 S proteasome function are of
great importance.

Apoptosis signal-regulating kinase 1 (ASK1) is a member of
the mitogen-activated protein kinase (MAPK) kinase kinase
family and activates JNK/SAPK and p38 cascades (5). ASK1 is
activated in response to diverse stresses and apoptotic stimuli
that participate in the pathogenesis and exacerbation of various
human diseases. These include oxidative stress, death receptor
ligands, lipopolysaccharide, and endoplasmic reticulum stress
(6, 7). Activated ASK1 directly phosphorylates MKK3/MKK6
and MKK4/MKK?7, resulting in the activation of p38 and JNK,
respectively. Importantly, ASK1 has been shown to play an
essential role in stress- and cytokine-induced apoptosis, a find-
ing underscored by the resistance of ASK1-deficient mice to
such forms of apoptosis (8). In addition to phosphorylating the
MKKs, ASK1 phosphorylates JNK/stress-activated protein
kinase-associated protein 1, allowing it to regulate the function
of this JNK scaffolding protein (9). ASK1 also phosphorylates
cardiac troponin T to regulate cardiac contractile function (10).

Nishitoh et al. (11) reported that ASK1 deficiency reduces
apoptosis in cells incubated with various proteasomal inhibi-
tors, suggesting that ASK1 is required for proteasomal dysfunc-
tion-induced cell death. This led us to investigate the possible
functional link between ASK1 and the proteasome. Here, we
demonstrate that ASK1 is a novel negative regulator of 26 S
proteasome. We also provide evidence that this negative regu-

3 The abbreviations and trivial names used are: Rpn, regulatory particle non-
ATPase; Rpt, regulatory particle AAA ATPase; ASK1, apoptosis signal-regu-
lating kinase 1; GFP-ODC, GFP-fused ornithine decarboxylase; lactacystin,
clasto-lactacystin B-lactone; MEF, mouse embryonic fibroblast; Z, benzy-
loxycarbonyl; Fmk, fluoromethyl ketone; AMC, 7-amido-4-methylcouma-
rin; Bz, benzoyl; Suc, succinyl; Ome, Val-Ala-Asp; TBST, TBS with Tween; Ub,
ubiquitin; MKK, MAPK kinase; ex, excitement; em, emission; m, mouse.
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latory effect is attributable to the ability of ASK1 to phosphor-
ylate and inhibit Rpt5, a 19 S proteasomal ATPase.

EXPERIMENTAL PROCEDURES

Materials and cDNA Constructs—Peroxidase-conjugated
anti-rabbit and anti-mouse antibodies were purchased from
Zymed Laboratories Inc..(San Francisco, CA). Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum (FBS), and
Lipofectamine PLUS reagents were obtained from Invitrogen.
Clasto-lactacystin B-lactone was purchased from A. G. Scien-
tific (San Diego, CA). A-Protein phosphatase (P0753S) was pur-
chased from New England Biolabs (Beverly, MA). Fluorogenic
peptides for proteasomal degradation (Bz-VGR-AMC, Suc-
LLVY-AMC, Z-LLE-AMC,), fluorogenic peptide for caspase-3
substrate (AC-DEVD-AMC), purified 26 S proteasome, anti-
al, -2, -3, -5, -6, and -7 subunits of 20 S proteasome, anti-Rpt2,
anti-Rpt5, and anti-Rpn10 were purchased from Enzo Life Sci-
ence (Plymouth Meeting, PA). Epoxomicin and Z-VAD(Ome)-
FMK were purchased from Calbiochem. Anti-HA, anti-GFP,
anti-a-tubulin, anti-Hsp90, anti-ubiquitin, anti-IkBa, and
anti-Myc antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-JNK and anti-phospho-
JNK antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA), and anti-ASK1 antibody was from
Abcam (Cambridge, MA). Cycloheximide, anti-FLAG®,
anti-actin, and anti-FLAG M2 affinity gel (A2220) were pur-
chased from Sigma-Aldrich. Rabbit polyclonal anti-T7 anti-
body was purchased from KOMA Biotech (Seoul, Korea),
and mouse monoclonal anti-T7 antibody was from Novagen
(Madison, WTI).

Plasmid encoding UbS7®VGFP (12) was a kind gift from N. P.
Dantuma (Karolinska Institutet, Stockholm, Sweden). Plasmids
encoding FLAG-tagged Rpnl, Rpn10, Rpt6, Rpt5, al of the 20 S
core, and 34 of the 20 S core as well as plasmids encoding for
T7-Rptl, T7-Rpt2, T7-Rpt3, T7-Rpt6, T7-Rpn6, Tet-Off trans-
activator, GFP-fused ornithine decarboxylase (GFP-ODC), and
GFPu were prepared as described previously (13). Human Rpt5
was amplified using following primers: forward primer 5’-
GCACAACGCGTATGAATCTGCTGCCGAATATTG(MIul)-
3" and reverse primer 5'-GCACAGCGGCCGCCTAGG-
CGTAGTATTGTAGGTTGGCTTT(Notl)-3’, and subcloned
into pRK5-FLAG-vector using Mlul and Notl. Plasmids
encoding HA-tagged full-length ASK1 and HA-tagged ASK1
deletion mutants (AN-ASK1 (ASK1°%°-137%) AC-ASK1
(ASK1'723¢), or NT-ASK1 (ASK1'~%*®)) were kindly pro-
vided by E.J. Choi (Korea University, Seoul, Korea). Plasmids
encoding HA-tagged ASK1-K709R mutant (ASK1-KM) and
A1-277-ASK1 (ASK12787137%) were kindly provided by H.
Ichijo (The University of Tokyo, Tokyo, Japan). Plasmid
encoding HA-tagged AC-ASK1-K709R mutant was gen-
erated through the mutagenesis of HA-AC-ASK1 using
QuikChange® XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA) and amplified using the following primers: for-
ward primer 5'-AACCAAGTCAGAATTGCTATTAGGG-
AAATCCCAGAGAGAGACAGC-3" and reverse primer
5'-GCTGTCTCTCTCTGGGATTTCCCTAATAGCAAT-
TCTGACTTGGTT-3'. For purification of recombinant
GST-tagged human Rpt5 truncated mutant proteins, human
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RptS gene was amplified by PCR using the following primers:
for Rpt5' '8, forward primer 5'-GAATTCATGAATCTG-
CTGCCGAATATTGA-3" and reverse primer 5'-CTCGAG-
CTACAGCTCCTGGATCTGCTTGTC-3’; for Rpt5'9°~*%9,
forward primer 5'-GAATTCGTGGAGGCCATTGTCT-
TGC-3' and reverse primer 5'-CTCGAGCTAGGCGTAGT-
ATTGTAGGTTGGCTTT-3'; for Rpt5'°°73°°, the same
forward primer used for Rpt5'°~*3° and reverse primer 5'-
CTCGAGCGGGAACTCTATCTTGCG-3'; for Rpt5>°°~*%,
forward primer 5'-GAATTCATGCCCAATGAGGAG-
GCC-3’ and the same reverse primer used for Rpt5'??~*3%
for Rpt5'* 7%, the same forward primer used for Rpt5'??~*%°
and reverse primer 5'-CTCGAGCTAGGCCAGGGCAAA-
GGC-3'; for Rpt5*7°~**°, forward primer 5'-GAATTCAA-
GGAGAAAGCGCCCTCTATC-3" and the same reverse
primer used for Rpt5'°°~*3°, The PCR products were sub-
cloned into pGEX-4T-1 vector using EcoRI and Xhol sites.

Cell Culture and Preparation of Cell Lysates—HeLa Tet-Off
(Clontech) cells, human embryonic kidney 293 (HEK293) cells,
mouse neuroblastoma N2a cells, and rat C6 glioma cells were
maintained in DMEM containing 10% FBS and 100 units/ml
penicillin-streptomycin. Cell lysates were prepared by rinsing
cells twice with ice-cold phosphate-buffered saline (PBS) and
solubilizing them in lysis buffer containing 10 mm Tris (pH 7.4),
1.0% Nonidet P-40, 150 mm NaCl, 10% glycerol, 1 mm Na;VO,,
1 pug/ml leupeptin, 1 ug/ml aprotinin, 10 mm NaF, and 0.2 mm
phenylmethylsulfonyl fluoride (PMSF). For detection of endog-
enous ASK1 protein, cell lysates were prepared in lysis buffer
containing 8 M urea, 50 mMm Tris (pH 8.0), 1.0% Triton X-100,
and 0.2 mm PMSF.

Immunoprecipitation—One microgram of appropriate anti-
body was incubated with 1 mg of cell extracts prepared in lysis
buffer overnight at 4 °C. The mixture was then incubated with
30 ulofa1:1 suspension of protein A-Sepharose beads for 2 h at
4 °C with gentle rotation. The beads were pelleted and washed
five times with cell lysis buffer. The immunocomplexes were
dissociated by boiling the mixture in SDS-PAGE sample buffer.
Whole protein samples were then separated by SDS-PAGE and
transferred to a nitrocellulose membrane. The membrane was
blocked in TBST buffer containing 20 mm Tris, pH 7.6, 137 mm
NaCl, 0.05% Tween 20, and 5% nonfat dry milk for 1 h at the
room temperature and then incubated overnight at 4 °C in
3% nonfat dry milk containing the appropriate primary anti-
bodies. The membrane was washed several times in TBST
and incubated with horseradish peroxidase-coupled second-
ary IgG. After 60 min, the membrane was washed several
times with TBST, and bands were visualized using ECL
reagents (PerkinElmer Life Sciences).

RNA Interference—The small interference RNAs (siRNA)
for human ASK1 were purchased from Invitrogen (Stealth
Select RNAi, 5'-CCUGUGCUAACGACUUGCUUGUUGA-3’
(sense), 5'-UCAACAAGCAAGUCGUUAGCACAGG-3’' (anti-
sense)). Stealth RNAi negative control (Invitrogen) was used as a
control. HEK293 cells seeded into 12-well plates were transfected
with 100 nm siRNA using Lipofectamine RNAIMAX (Invitrogen).

RT-PCR—Total RNAs from ASKI"'" mouse embryonic
fibroblasts (MEFs) or ASK1 '~ MEFs were isolated with
TRIzol reagents (Invitrogen) and reverse-transcribed using
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SuperScript® III reverse transcriptase (Invitrogen) accord-
ing to the manufacturer’s guide. PCR assays were performed
with Taq polymerase (BIONEER, Seoul, Korea). Sequences
of oligonucleotide primers used in RT-PCR amplifications
are as follows: mASK1 (NM_008580, 506-905 bp) for-
ward primer 5'-GGACTTCGGGGAAACCGCCG-3', re-
verse primer 5'-GGAACTCGCTTGCGCCACCT-3" (400
bp); mGAPDH (NM_008084, 570928 bp) forward primer
5'-ACCACAGTCCATGCCATCAC-3’, reverse primer 5'-
AAGGTGGAAGAGTGGGAGTTG-3' (359 bp).

Measurement of 26 S Proteasome Catalytic Activity—
HEK293 or MEFs cells were mock-transfected or transfected with
HA-tagged wild type ASK1, AC-ASK1, or ASK1-KM, and cell
lysates were incubated for 1 h at 37 °C with reaction buffer con-
taining 20 mm Tris-HCI (pH 7.4), 2 mm MgCl,, and 80 uMm fluoro-
genic peptide (Suc-LLVY-AMC, Z-LLE-AMC, or Bz-VGR-AMC)
in the presence of 1 mm ATP. The amount of cleaved AMC frag-
ment was quantified using a Victor® X3 multilabel plate reader
(PerkinElmer Life Sciences) at Ay, = 380/Agp, = 460.

Measurement of in Vitro 26 S Ubiquitin-dependent Proteaso-
mal Activity—Proteasome activity was assayed using ubiquitin-
conjugated lysozyme as a substrate. Ubiquitin-conjugated
lysozyme was generated by ubiquitinating lysozyme in vitro,
using a ubiquitin protein-conjugation kit (Calbiochem). The
resulting ubiquitinated proteins were flash-frozen in aliquots
and thawed just before use. Proteasome activity was assayed
using the 26 S proteasome degradation kit (Calbiochem)
according to the manufacturer’s instructions. Briefly, after
HEK293 cells were mock-transfected or transfected with HA-
tagged ASK1-WT or ASK1-KM, immunoprecipitation of cell
lysates was performed with anti-HA antibody. Purified 26 S
proteasome (10 nM) and the anti-HA immunocomplexes were
preincubated with 10 um lactacystin for 30 min at 37 °C as
a positive control. An equal amount of polyubiquitinated
lysozyme (10 nm) was added and incubated for 60 min at 37 °C
in buffer containing Mg2+ /ATP, purified 26 S proteasome, and
the anti-HA immunoprecipitates. The reaction was terminated
by adding an equal volume of 2X sample buffer. The reaction
products were analyzed by Western blot using anti-ubiquitin or
anti-lysozyme antibodies.

Native Gel Immunoblotting— After HEK293 cells were trans-
fected with HA-tagged wild type ASK1 or mutant ASK1, cell
lysates were separated on 4-12% Novex® Tris-glycine gels
(Invitrogen) in 1 X NativePAGE running buffer (Invitrogen) for
3 hat 150 V. Proteins were then transferred to a PVDF mem-
brane (Amersham Biosciences) at 25 V for 2 h in 1X Native-
PAGE transfer buffer (Invitrogen). The PVDF membrane was
incubated for 10 min in methanol to fix the proteins, blocked in
5% milk for 1 h, and incubated overnight with mouse mono-
clonal antibody to al, -2, -3, -5, -6, and -7 subunits of 20 S
proteasome antibody (BIOMOL) or antibody to the Rpn10 (19
S) subunit (BIOMOL) in TBST. The blot was incubated with
horseradish peroxidase-coupled secondary IgG for 1 h, washed
several times with TBST, and processed using ECL reagents.

In Vitro Kinase Assay— After HEK293 cells were mock-trans-
fected or transfected with HA-tagged ASK1, immunoprecipita-
tion was performed with anti-HA antibody. The resulting
immunoprecipitates were rinsed with lysis buffer and with
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kinase buffer containing 20 mm Tris (pH 7.4), 20 mm MgCl,.
The samples were then incubated for 30 min at 30 °C in kinase
reaction buffer containing 1 uCi of [y->*P]JATP and 1 pg of
GST-fused recombinant protein as a substrate, such as GST,
GST-Rpt5' %%, GST-Rpt5'?~**°, GST-Rpt5'*° 3>, GST-
Rpt52°6=*3% GST-Rpt5'%°~2”°, or GST-Rpt527°~**°, The re-
action mixtures were subjected to SDS-PAGE, and the phosphor-
ylation of substrate proteins was observed by autoradiography.

ATPase Activity Assay—Rpt5 ATPase activity was deter-
mined using an ATP determination kit (Molecular Probes,
Eugene, OR) according to the manufacturer’s instructions.
Briefly, FLAG-immunoprecipitates from cells overexpressing
FLAG-tagged Rpt5 and/or HA-tagged wild type ASK1,
AN-ASK1, NT-ASK1, nonspecific control siRNA (nc siRNA),
or ASK1 siRNA were incubated for 15 min with reaction buffer
containing 1 um ATP and 1.25 ug/ml firefly luciferase. The
initial ATP concentration in the reaction mixtures was 1 um,
and the ATP remaining after ATP hydrolysis was measured
using the ATP determination kit. The reaction was initiated by
adding 0.5 mMm D-luciferin. Ten seconds later, luminescence
detection was performed using a Victor X3 multilabel plate
reader. A standard curve was generated by measuring the lumi-
nescence of reaction mixtures containing varying concentra-
tions of ATP ranging from 1 nm to 1 uM. Background lumines-
cence was subtracted from all samples.

Caspase Assay—Cell lysates were prepared by rinsing cells
twice with ice-cold PBS and solubilizing in lysis buffer containing
50 mm Tris (pH 7.0), 2 mm EDTA, 1% Triton X-100, 1 mm
Na;VO,, 1 ug/ml leupeptin, 1 pug/ml aprotinin, 10 mm NaF, and
0.2 mm PMSE. Cell lysates were incubated with 25 um AC-DEVD-
AMC and reaction buffer (100 mm HEPES, pH 7.4, 10% sucrose, 5
mmM DTT, 0.1% CHAPS) at 37 °C for 1 h. The amount of cleaved
AMC fragment was quantified using a Victor X3 multilabel plate
reader (PerkinElmer Life Sciences) at Ay = 380/Agy,; = 460.

Gel Filtration Analysis—HEK293 cells transiently overex-
pressing wild type ASK1 were harvested in PBS, washed once
with PBS, and homogenized with an ultrasonicator in 1 ml of
buffer A (25 mm Tris-HCI, pH 7.5, 5 mm DTT, 2 mm MgCl,, 2
mM ATP), and centrifuged at 10,000 X g for 15 min. The result-
ing supernatant was applied to a gel filtration column (Super-
dex 200 10/300 GL, Amersham Biosciences) after equilibration
with buffer A. One hundred-microliter aliquots of fractions
were collected and subjected to immunoblotting with anti-20 S
core, anti-Rpt2, and anti-HA antibodies.

Generation of ASKI Null Mouse Embryonic Fibroblast
Culture—A knock-out mouse harboring the first coding exon
and a part of the intron deletion in ASK1 gene (ASK1~'~ mice)
was kindly provided by H. Ichijo (The University of Tokyo).
MEFs were collected from day 12.5 mouse embryos and cul-
tured in DMEM supplemented with 10% fetal calf serum and
100 units/ml penicillin G in a 5% CO, atmosphere at 37 °C.
Experiments were performed on MEFs between passages 2 and
5. For reconstitution of ASK1 into ASKI~/~ MEFs, ASK '~
MEFs cells were transfected with HA-tagged wild type ASK1 or
its kinase-inactive mutant using Lipofectamine PLUS reagents
(Invitrogen).

Statistical Analysis—Significant differences in fluorescence
intensity of 26 S proteasomal activity and ATPase activity were
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FIGURE 1. ASK1 reduces 26 S proteasome activity. A-C, HEK293 cells were co-transfected with HA-tagged ASK1 and Ub7¢VGFP and then cultured in the presence
or absence of 100 nm epoxomicin for 6 h. Total cell lysates were subjected to Western blot analysis using anti-GFP or anti-HA antibodies. Hsp90 served as a loading
control (A). Alternatively, Ub®”®GFP degradation was measured at Az, = 480/\z\, = 510 using a fluorescence microplate reader (***, p < 0.001) (C) or observed by
fluorescent microscopy (B). D, HEK293 cells were transfected with Ub®”VGFP alone or together with HA-tagged ASK1 and then treated with 25 ug/ml cycloheximide
(CHX) for the indicated time periods. Total cell lysates were subjected to Western blot analysis with anti-GFP or anti-HA antibodies. Hsp90 served as a loading control.
Western blots are representative of three independent experiments. Left panel, quantification of relative Ub”°VGFP levels from images of three independent exper-
iments (**, p < 0.05, %, p < 0.5). Eand F, HEK293 cells were transfected with HA-ASK1 and GFPu (E) or GFP-ODC (F) in the presence or absence of 10 um MG132 for 6 h.
Total cell lysates were subjected to Western blot analysis using anti-GFP or anti-HA antibodies. Hsp90 served as a loading control. G, N2a cells were mock-transfected
or transfected with HA-tagged ASK1. After C6 glioma cells were treated with 5 ng/ml TNFa for 24 h, the cell culture media were transferred to the N2a cells overex-
pressing HA-ASK1. Thirty minutes later, N2a lysates were collected for Western blotting with anti-lkBa or anti-HA antibodies. Hsp90 served as a loading control. The
values at the bottom of the top panel in each figure indicate the relative intensities of Ub®’¢VGFP (A), GFPu (E), GFP-ODC (F), or IkBa (G) bands measured using the
ImageJ program (NIH). Western blot images and quantification values in E-G are representative of three independent experiments.

UbS7°VGFP levels were increased in the presence of epoxomi-
cin, a potent and selective proteasomal inhibitor (Fig. 1A).
Interestingly, the level of UbS"®YGFP was higher in cells
expressing both ASK1 and Ub“”®YGFP than in those express-

determined with an unpaired Student’s ¢ test using Sigma Plot
9.0. Values were expressed as the mean = S.E.

RESULTS

ASKI Modulates the 26 S Proteasome Activity in Cultured
Cells—First, we investigated the effect of ASK1 overexpression
on the 26 S proteasome activity in HEK293 cells. To measure
the activity of proteasome, we used a reporter plasmid encoding
a ubiquitin-fused GFP-based substrate (UbS’®YGEFP). In this
substrate, the polyubiquitin chain is covalently attached to GFP
to prevent its removal by deubiquitination machinery (12). As
UbS7®VGFP is only degraded solely by the 26 S proteasome, the
steady-state levels of UbS”®VGFP are inversely proportional to
the intracellular activity of the 26 S proteasome. Accordingly,
Western blot analysis of HEK293 cell lysates revealed that
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ing UbS7®VGFP alone (Fig. 14), whereas the GFP level was not
affected by ASK1 (supplemental Fig. S1). This finding was con-
firmed by fluorescence microscopy (Fig. 1B) and quantification
of fluorescence intensity (Fig. 1C), the latter of which revealed
that ASK1 increased UbS”®VGFP fluorescence by more than
35%. In addition, we investigated whether the effect of ASK1 on
the level of UbS"®YGFP was induced by an inhibition of
UbS7¢VGFP degradation using cycloheximide chase experi-
ments. As shown in Fig. 1D, UbS”®YGFP was degraded signifi-
cantly slower in the presence of ASK1 when compared with the
absence of ASK1 (Fig. 1D).
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As ASK1-induced apoptotic pathways include the activation
of caspase-3 (14, 15), we next examined whether downstream
caspase activity may have an effect on the level of UbS”¢VGFP.
After cells were co-transfected with Ub®’°VGFP and ASK1, the
level of UbS”®YGFP was measured in the absence or presence of
pan-caspase inhibitor, Z-VAD-FMK. Although the addition of
Z-VAD-FMK led the blockade of ASK1-induced casapse-3
activity to the control level, the amount of UbS7*VGFP was
comparable between the cells treated and not treated with
Z-VAD-FMK (supplemental Fig. S2). This finding suggests that
ASK1-induced caspase-3 activation has no effect on the regu-
lation of 26 S proteasome.

The effect of ASK1 on the 26 S proteasome was also mea-
sured using two other GFP-based constructs, GFP-ODC and
GFPu. The C-terminal 37 amino acids of ODC act as a degra-
dation signal by allowing ODC to bind to and to be degraded by
the 26 S proteasome without polyubiquitination or the action of
any other target protein (16, 17). GFPu carries a 16-amino acid
consensus degradation signal known as degron CL1 that targets
GFPu for polyubiquitination and subsequent proteasomal deg-
radation (18). Similar to UbS’®*VGFP, ODC or GFPu was more
abundant in cells expressing both ASK1 and ODC-GFPu than
in those expressing ODC/GFPu alone (Fig. 1, E and F). These
data indicate that ASK1 overexpression inhibits 26 S proteaso-
mal activity.

To further investigate the inhibitory effect of ASK1 on the 26
S proteasome, we determined whether ASK1 affects the level of
endogenous IkBa, a well known target of proteasome-mediated
turnover. Inflammatory cytokines such as TNFa induce tar-
geted phosphorylation and subsequent degradation of IkBa,
leading to the activation of and nuclear translocation of NF-«B
(19, 20). Consistent with the previous reports, TNFa treatment
caused a significant reduction in endogenous IkBa (Fig. 1G).
Pretreatment of cells with MG132 abrogated this reduction in
IkBa (Fig. 1G), indicating that the steady-state level of IkBa is
controlled by proteasomal degradation. This TNFa-induced
decrease in IkBa was also prevented by overexpression of ASK1
(Fig. 1G). These data lend further support for ASK1 inhibition
of the 26 S proteasome in cultured cells.

ASK1 Regulates 26 S Proteasome through Two Separate
Regions, C-terminal and Kinase Domain—ASK1 is composed
of an inhibitory N-terminal domain, an internal kinase domain,
and a C-terminal regulatory domain (5, 21, 22). To determine
which domain within ASK1 is crucial for 26 S proteasome inhi-
bition, we expressed Ub®’®*VGFP along with full-length ASK1
(amino acids 1-1375), ASK1'~¢% (NT-ASK1), ASK1'~23¢ (AC-
ASK1), or ASK1¢%°~1375 (AN-ASK1) in HEK293 cells (Fig. 2A).
To rule out any confounding effects of differences in transfec-
tion efficiency between the vectors encoding ASK1 and GFP-
based vectors, we first analyzed GFP expression in cells
transfected with these different forms of ASK1 and an EGFP
vector. We found that GFP level did not differ between cells
expressing GFP and those expressing each of the various forms
of ASK1 (Fig. 2B). Analysis of UbS7*VGFP levels in HEK293
cells revealed that full-length ASK1 and ASK-AN increased
UbS7°VGFP but that NT-ASK1 and AC-ASK1 did not (Fig. 2C).
ASK-AN also increased the levels of ODC/GFPu (Fig. 2, D and
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E). These results indicate that ASK1 reduces 26 S proteasome
activity via its C-terminal domain.

Next, to determine whether ASK1-induced reduction of 26 S
proteasome activity is dependent on ASK1 kinase activity, we
expressed UbS”¢VGFP, GFP-ODC, or GFPu along with catalyt-
ically inactive ASK1-K709R mutant (ASK1-KM) or the consti-
tutive active form of ASK1 (A1-277-ASK1). As a result, full-
length ASK1 and A1-277-ASK1 increased the levels of
UbS7¢YGFP, GFP-ODC, and GFPu, but ASK1-KM did not (Fig.
2F). This finding was confirmed by fluorescence microscopy
and quantification of fluorescence intensity of Ub<”*VGFP (Fig.
2G) or GFP-ODC (data not shown). Taken together, these
results suggest that ASK1 reduces 26 S proteasome activity in
its kinase activity-dependent manner.

Because the K709R point mutation is located in the kinase
domain, but not in C-terminal region (amino acids 937-1375),
we then determined the effect of AC-ASK1-K709R mutant that
has C-terminal truncation plus K709R point mutation on the
level of UbS’®V-GFP (supplemental Fig. S3). Western blot
analysis of GFP demonstrated that the level of Ub”®V-GFP in
cells transfected with AC-ASK1-K709R was much lower than
that in cells overexpressing AC-ASK1 or ASK1-KM, suggesting
that two distinct motifs of ASK1, C-terminal and kinase
domain, additively contribute to its repressive activity on 26 S
proteasome.

ASK1 Inhibits the 26 S Proteasome in Vitro—Next, we deter-
mined the effect of ASK1 on ubiquitin-dependent 26 S protea-
some activity by performing in vitro assays with polyubiquiti-
nated lysozyme as substrate. Anti-HA immunocomplexes from
the cells transfected with HA-ASK1-WT or HA-ASK1-KM
were incubated in the reaction buffer containing 26 S protea-
some and polyubiquitinated lysozyme. The degree of lysozyme
degradation by the 26 S proteasome was analyzed by Western
blot analysis using anti-ubiquitin or anti-lysozyme antibodies.
As shown in Fig. 34, the amount of polyubiquitinated lysozyme
was reduced in the presence of 26 S proteasome. However,
the addition of wild type ASK1 led to a dramatic increase in the
amount of polyubiquitinated lysozyme, which is comparable
with that arising with lactacystin as a positive control (Fig. 34).
Moreover, the addition of ASK1-KM did not enhance the
amount of polyubiquitinated lysozyme (Fig. 34), suggesting
that ASK1 inhibits 26 S proteasomal activity iz vitro in a kinase-
dependent fashion.

The effect of ASK1 on the three individual ATP-dependent
protease activities associated with the 26 S proteasome was also
assessed. For this purpose, chymotryptic activity was measured
with Suc-LLVY-AMC peptide, peptidyl glutamyl hydrolytic
(PGPH) activity with Z-LLE-AMC peptide, and tryptic activity
with Bz-VGR-AMC peptide. We found that all three major cat-
alytic activities of the 26 S proteasome were significantly lower
in cells overexpressing full-length ASK1 than in control cells or
cells overexpressing AC-ASK1 (Fig. 3B). On the contrary, the
knockdown of endogenous ASK1 increased the steady-state
activity of 26 S proteasome by ~20% (Fig. 3, C and D).

ASK1I Does Not Alter the Steady-state Levels of Proteasomal
Subunits or the Natively Assembled 26 S Proteasome—To inves-
tigate how ASK1 inhibits 26 S proteasome activity, we tested
whether ASK1 affects steady-state levels of the components of
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FIGURE 2. The C-terminal domain of ASK1 is critical for the down-regulation of proteasome function. A, schematic diagram of full-length ASK1 (FI-ASK1),
truncation mutants, and catalytically inactive mutant. The ASK1-kinase domain located at 676-936 amino acids is marked in gray. B-E, HEK293 cells were
transfected with HA-tagged full-length ASK1 (F/) or ASK1 deletion mutants (AC-ASK1, AN-ASK1, and NT-ASK1) along with GFP vector (B), UbS”*VGFP (C),
GFP-ODC (D), or GFPu (E). Total cell lysates were probed with anti-GFP or anti-HA antibodies. Actin or Hsp90 served as a loading control. The values at the
bottom of the top panel indicate the relative intensities of UbS’®VGFP (C), GFP-ODC (D), or GFPu (E) bands measured using MultiGauge version 3.1. Lac,
lactacystin. F, HEK293 cells were transfected with HA-tagged full-length ASK1 (FI), its kinase-inactive K709R mutant (ASK7-KM), or constitutive active mutant
(A71-277-ASK1) along with Ub®7¢VGFP, GFP-ODC, or GFPu. Total cell lysates were probed with anti-GFP or anti-HA antibodies. Western blots are representative
of three independent experiments. Hsp90 served as a loading control. The values at the bottom of the top panel indicate the relative intensities of Ub®”*GFP,
GFPu, or GFP-ODC bands measured using MultiGauge version 3.1. Western blot images and quantification values in B-F are representative of three indepen-
dent experiments. G, after HEK293 cells were transfected with HA-tagged full-length ASK1, its kinase-inactive K709R mutant (ASKT-KM), or constitutive active
mutant (A7-277-ASK1) along with UbS"®VGFP, Ub®”¢VGFP degradation was observed by fluorescent microscopy (left) or measured at Agy = 485/Agy = 535
using a VICTOR X3 (***, p < 0.001) (right).

the 20 S or 19 S proteasome subunits. Western blot analysis
revealed that levels of the 20 S proteasome « subunits and the
19 S regulatory particle Rpn10 and Rpt2 were not changed by
overexpression of wild type ASK1 or the ASK1 deletion
mutants in HEK293 cells (Fig. 4A). These data suggest that
ASK1 does not inhibit 26 S proteasome activity by decreasing
steady-state levels of the 19 S or 20 S proteasomal subunits.
Dissociation of the 26 S proteasome into the 20 S core and 19
S regulatory particle inhibits proteolysis (23). Thus, we used
non-denaturing gel electrophoresis to determine whether
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ASK1 inhibits the 26 S proteasome by enhancing its dissocia-
tion into two parts. NativePAGE using 19 S and 20 S antibodies
showed that wild type ASK1 and the ASK1 deletion mutants did
not affect the structure of the native 26 S proteasome (Fig. 4B).

ASK1 Interacts with ATPases of 19 S Regulatory Particles and
Phosphorylates Rpt5 Subunit—To further investigate how
ASK1 reduces 26 S proteasome activity, we tried to identify the
individual subunits(s) of the 19 S or 20 S proteasomal complex
with which ASK1 associates. To this end, plasmid encoding
HA-tagged ASK1 and a plasmid encoding one of the 20 S pro-
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among the three ASK1 deletion
mutants, only AN-ASK1 had the

jr’ same effect on the 26 S proteasome

- as wild type ASK1 (Fig. 2).

F Next, to investigate whether
ASK1 binds to 19 S proteasomal
subunits within the context of pro-
teasomal complexes, gel filtration of
lysates from HEK293 cells overex-
pressing HA-ASK1 was performed,
and subsequently, the high and low
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FIGURE 3. ASK1 inhibits ubiquitin-dependent 26 S proteasomal activity in vitro. A, where specified,
HEK293 cells were mock-transfected or transfected with HA-ASK1-WT (W) or HA-ASK1-KM (K), and the cell
lysates were immunoprecipitated with anti-HA IgG. The immunocomplexes alone or together with puri-
fied 26 S proteasome were preincubated with 10 um lactacystin and incubated with polyubiquitinated
lysozyme, as indicated. Reaction products were probed with anti-lysozyme or anti-ubiquitin antibodies.
Lac, lactacystin. B, HEK293 cells were mock-transfected (Mock) or transfected with HA-ASK1 (ASKT) or
AC-ASK1 for 24 h. Lysates were then analyzed for chymotryptic activity using Suc-LLVY-AMC, peptidyl-
glutamyl hydrolytic (PGPH) activity using Z-LLE-AMC, or tryptic activity using Bz-VGR-AMC. The amount of
cleaved AMC fragment was normalized to values obtained from the mock-transfected group. Experiments
were repeated four times (***, p < 0.001, **, p < 0.01). C, after HEK293 cells were mock-transfected (—) or
transfected with either ASK1-siRNA (si-ASK7; 100 nm) or nonspecific control siRNA (nc siRNA; 100 nm),
Western blot analysis was performed with anti-ASK1 antibodies. Hsp90 served as a loading control. D, the
26 S proteasomal activity in each sample was determined by assaying Suc-LLVY-AMC cleavage. The
amount of cleaved AMC fragment was normalized to values obtained from the mock-transfected group.

Experiments were repeated four times (***, p < 0.001).

teasomal subunits (a1 or $4) or one of the 19 S proteasomal
subunits (Rpn1, Rpn6, Rpnl0, Rptl, Rpt2, Rpt3, Rpt5, or Rpt6)
were co-transfected into HeLa cells. Co-immunoprecipitation/
Western blot analysis of HeLa cell lysates revealed that HA-
ASK1 associated with neither a1 nor 84 (Fig. 5A). Moreover,
the endogenous « subunits of the 20 S core complex did not
bind to ASK1 in HEK293 cells (Fig. 5B). The same was true of
Rpnl, Rpn6, and Rpnl0, the non-ATPases of the 19 S regula-
tory subunit (Fig. 5, C and D). On the other hand, HA-tagged
ASK1 interacted well with Rpt1, Rpt2, Rpt3, Rpt5, and Rpt6, the
ATPases subunits of this complex (Fig. 5, D and E). These
results suggest that ASK1 associates with the ATPases of the 19
S regulatory complex but not with the 20 S proteasomal
subunits.

To determine which domain within ASK1 is critical for bind-
ing to the 19 S proteasomal subunit, we co-expressed FLAG-
tagged Rpt5 with full-length ASK1 (amino acids 1-1375), NT-
ASK1 (amino acids 1-656), AC-ASK1 (amino acids 1-936), or
AN-ASK1 (amino acids 649 -1375). In addition to binding to
full-length ASK1, Rpt5 bound to AN-ASKI], indicating that
Rpt5 can interact with ASK1 through the C-terminal ASK1%%"~
1375 domain (Fig. 5E). These data account for the finding that
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Tryptic PGPH containing 26 S proteasome and
ASK1 were resolved. Immunoblot
analyses of the eluted fractions
with anti-20 S core, anti-19 S Rpt2,
and anti-HA antibodies revealed
that the components of the 20 S and
19 S proteasome co-eluted over the
same range of high molecular
weight fractions (fraction numbers
13-25), whereas ASK1 was present
in the lower molecular weight frac-
tion (fraction number 43-55) (Fig.
5F). Interestingly, a considerable
portion of ASK1 co-eluted with the
high molecular weight fractions
containing the 19 S and 20 S protea-
some components (Fig. 5F), raising
the possibility that ASK1 binds to 19
S proteasomal subunits. A co-im-
munoprecipitation assay of the high
molecular weight fraction revealed
that ASK1 interacts with Rpt2, one
of the 19 S proteasomal subunits,
not with the 20 S core (Fig. 5G).
Taken together, these findings suggest that ASK1 binds to
the ATPases of the 19 S regulatory complex, but not to the 20
S proteasomal subunits, in the context of proteasomal
complexes.

ASK1 Phosphorylates the Rpt5 Subunit of the 19 S Proteaso-
mal Complex—The finding that ASK1 reduces 26 S proteasome
activity raises the possibility that ASK1 may phosphorylate
components of the 26 S proteasome. Interestingly, when wild
type ASK1 or AN-ASK1 was co-expressed with Rpt5, Rpt5
appeared as a doublet on Western blots, suggesting that Rpt5
is phosphorylated by ASK1. Both mouse Rpt5 (Fig. 6A4) and
human Rpt5 (Fig. 6B) appeared as doublets following co-ex-
pression with wild type ASK1 or AN-ASK1. Although Rpt6 can
also bind to ASK1 (Fig. 5C), Rpt6 did not appear as a doublet in
the presence of wild typeASK1 or AN-ASK1 (Fig. 6C). Obser-
vation of the Rpt doublet was not limited to where Rpt5 was
overexpressed as endogenous Rpt5 also appeared as a doublet
in cells overexpressing ASK1 (Fig. 6D). In addition, the upper
band of Rpt 5 induced by ASK1 was reduced by ASK1 siRNA,
but not by nonspecific control siRNA (Fig. 6E). To investigate
whether the upper band of the Rpt5 doublet resulted from
ASK1-mediated phosphorylation, we incubated cell lysates or

nc siRNA si-ASK1
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FIGURE 4. ASK1 does not affect the levels of the 20 S or 26 S protea-
some components or the assembly/disassembly of the 26 S protea-
some. A, HEK293 cells were transfected with plasmids encoding
HA-tagged full-length ASK1 (F/) or one of the ASK1 deletion mutants (AC,
AN, or NT). Cell lysates were then subjected to Western blot analysis using
antibodies to the 20 S proteasome « subunits, Rpn10, Rpt2, or HA. Actin
served as a loading control. B, the samples prepared in A were resolved on
a NativePAGE gel and subjected to Western blot analysis using anti-20 S
core and anti-Rpn10 antibodies.

anti-FLAG immunoprecipitates with A-protein phosphatase.
As shown in Fig. 6F, the upper bands of Rpt5 induced by wild
type ASK1 disappeared after the treatment with protein phos-
phatase (Fig. 6F). To verify this result, we conducted in vitro
kinase assays using several truncated Rpt5 forms fused with
GST such as Rpt51—198’ Rpt51997439, Rpt51997355, Rpt53567439’
Rpt5'%? 7272, Rpt5%7¢~*3° (Fig. 6G), and GST as a negative con-
trol (supplemental Fig. S4). The in vitro kinase assay revealed
that ASK1 phosphorylates the N-terminal 1-198 amino acids
and C-terminal 356 —439-amino acid region of Rpt5 (Fig. 6H),
but not GST protein (supplemental Fig. S4). These results dem-
onstrate that ASK1 phosphorylates the N-terminal and C-ter-
minal regions of Rpt5 in vitro.

ASK1 Inhibits the Rpt5 ATPase Activity—Next, we investi-
gated whether ASK1-mediated phosphorylation of Rpt5 alters
the ATPase activity of this 19 S subunit. ATPase activity was
determined by measuring residual ATP after ATP hydrolysis by
Rpt5. Thus, ATP levels (i.e. luminescence intensity) are
inversely proportional to Rpt5 ATPase activity. As shown in
Fig. 7A, residual ATP concentrations in assays containing Rpt5
immunoprecipitates from FLAG-Rpt5-expressing cells were
~300 nM, whereas this value was almost doubled in control
cells performed with corresponding immunoprecipitates from
mock-transfected cells. Importantly, co-expression of ASK1
with Rpt5 significantly enhanced residual ATP, returning it to a
level comparable with that seen in control assays (Fig. 7, A and
B). The ATPase activity of Rpt5 was also almost completely
blocked when Rpt5 was co-expressed with AN-ASK1, but not
with NT-ASK1 (Fig. 7B). In addition, when the cell lysates over-
expressing Rpt5 plus ASK1 were incubated with A-protein
phosphatase, decreased ATPase activity of Rpt5 by ASK1 was
restored to a level comparable with that seen in the absence of
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ASK1 (Fig. 7C). Moreover, ATPase activity of Rpt5 was signifi-
cantly increased when the level of ASK1 was knocked down by
ASK1 siRNA (Fig. 7D). These results suggest that ASK1 down-
regulates 26 S proteasome activity possibly by phosphorylating
Rpt5 and consequently inhibiting its ATPase activity.

Increased 26 S Proteasomal Activity in MEFs Derived from
ASKI Null Mice—To understand the physiological significance
of our cellular and in vitro findings, we compared 26 S protea-
some activity in MEFs derived from ASKI~’~ and control mice
(ASK1*'* MEFs). Immunoblot and RT-PCR analyses of cell
lysates confirmed that intact ASK1 protein and mRNAs are
absent in ASKI~'~ MEFs (Fig. 84). Knock-out of ASK1 in
ASKI~'~ MEFs was additionally verified by assaying the acti-
vation of JNK, a downstream target of ASK1. MEFs were
exposed to etoposide, a genotoxic agent known to induce apo-
ptosis via the ASK1-JNK signaling pathway. Western blot anal-
ysis showed that etoposide treatment led to phosphorylation of
p46- and p54-JNK in ASKI*'* MEFs, but not in ASK1 ™'~
MEFs (Fig. 8B), confirming that ASK1 activation did not occur
in ASKI~’/~ MEFs. Measurement of the steady-state levels of
the 20 S and 19 S proteasome revealed that they were compa-
rable between ASKI*/* MEFs and ASK1~'~ MEFs (Fig. 8C).
The level of UbS7*VGFP expression in ASKI*’'* MEFs was
much higher than thatin ASK1~/~ MEFs (Fig. 8D), but the level
of GFP was the same in both MEFs cells (supplemental Fig. S5).
However, 26 S proteasome activity was ~1.6-fold greater in
ASK1~'~ MEFs than in ASKI*/* MEFs (Fig. 8E). Moreover, 26
S proteasome activity was reduced in ASK1"'" MEFs treated
with the proteasomal inhibitor lactacystin (Fig. 8E). To ensure
the effect of ASK1 on 26 S proteasome, we reconstituted wild
type or kinase-inactive mutant of ASK1 into ASK1~'~ MEFs
and examined its effect on the enhanced proteasomal activity.
Immunoblot with anti-HA antibody confirmed that wild type
ASK1 or its kinase-inactive mutant was well expressed in
ASK1~'~ MEFs (Fig. 8E). Moreover, increased 26 S proteaso-
mal activity shown in ASK1~/~ MEFs was lowered by reconsti-
tution with wild type ASK1 to the similar degree of that shown
in ASKI*'" MEFs (Fig. 8E). However, overexpression of
kinase-inactive ASK1 mutant into ASK1 '~ MEFs failed to
reduce 26 S proteasomal activity (Fig. 8E). Also, ATPase activity
of Rpt5 was up-regulated in ASKI~'~ MEFs and ASKI~/~
MEFs reconstituted with kinase-inactive mutant of ASK1 when
compared with ASKI*’* MEFs and ASKI~’~ MEFs reconsti-
tuted with wild type ASK1 (Fig. 8F). These data validate our
culture finding that ASK1 negatively regulates 26 S proteasome
activity in its kinase activity-dependent manner.

Activated ASK1 by Stress Stimuli Decreased 26 S Proteasomal
Activity—It has been well known that ASK1 is activated under
stressful conditions such as oxidative stress and apoptosis
(6—8). To examine whether ASK1 activation induced by stress
stimuli mediates the down-regulation of 26 S proteasomal
activity, we treated ASKI*/* MEFs and ASKI~/~ MEFs with
H,O, or etoposide. ASK1 activation by H,O, or etoposide was
verified by assaying the activation of JNK, a downstream target
of ASK1 (Fig. 9, A and B). The addition of proteasomal inhibitor
lactacystin increased the level of phospho-JNK (Fig. 9, A and B),
which is consistent with the previous reports that proteasome
inhibition can activate JNK (24 —26). Treatment with H,O, or
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FIGURE 5. ASK1 interacts with the ATPases of the 19 S proteasome complex. A, HelLa cells were transfected with HA-ASK1, FLAG-tagged a1, or FLAG-tagged
B4. Whole lysates (Input) and anti-HA immunoprecipitates (IP) were then probed with anti-HA or anti-FLAG antibodies. Asterisks indicate IgG heavy chains.
B, HEK293 cells were transfected with HA-tagged ASK1. Whole lysates and anti-HA immunoprecipitates were probed with anti-20 S core or anti-HA antibodies.
C, Hela cells were transfected with HA-ASK1 alone or together with FLAG-tagged Rpn1 or Rpn10 for 24 h. Total cell lysates were immunoprecipitated with
anti-FLAG antibody, and the immunocomplexes were then probed with anti-HA antibody. D, HeLa cells were transfected with HA-ASK1 alone or together with
T7-tagged Rpn6, Rpt1, Rpt2, Rpt3, or Rpt6 for 24 h. Total cell lysates were immunoprecipitated with anti-T7 antibody, and the immunocomplexes were probed
with anti-HA antibody. E, HelLa cells were transfected with plasmids encoding HA-tagged ASK1 (full-length (F/) ASK1 or one of the ASK1 deletion mutants (AC,
AN, or NT)) and/or FLAG-Rpt5. Whole lysates and FLAG-immunoprecipitates were probed with anti-HA or anti-FLAG antibodies. F, HEK293 cells transiently
expressing wild type ASK1 were homogenized, and soluble proteins were loaded into a Superdex 200 column. Fractions were subjected to the immunoblot
analysis with anti-HA, anti-19 S Rpt2, and anti-20 S core antibodies. G, the high (fraction numbers 13-25) molecular weight fractions prepared in panel F were
immunoprecipitated with either preimmune IgG or anti-HA antibodies followed by immunoblot analysis with anti-Rpt2, anti-20 S core, or anti-HA antibodies.

etoposide all decreased 26 S proteasomal activity in ASK1*/*
MEFs, but not in ASK1~/~ MEFs, which indicates that ASK1 is
a key negative regulator of 26 S proteasome under stressful
conditions (Fig. 9, A and B). Moreover, consistent with the pre-

somal activity is mainly mediated by ASK1, not by caspase-3
activation.

DISCUSSION

vious report (27), we also found that H,O, treatment in
ASKI™'* MEFs does not induce caspase-3 activation (data not
shown), further confirming that the inhibition of 26 S protea-

36442 JOURNAL OF BIOLOGICAL CHEMISTRY

In this study, we have presented several lines of evidence that
the activity of 26 S proteasome is negatively regulated by ASK1.
ASK1 specifically interacts with ATPases of the 19 S regulatory
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deletion mutants (AC, AN, or NT)) and FLAG-tagged mouse Rpt5 (mRpt5) (A), FLAG-tagged human Rpt5 (hRpt5) (B), or FLAG-tagged Rpt6 (C). Total cell lysates
were subjected to Western blot analysis using anti-FLAG or anti-HA antibodies. Actin and Hsp90 served as a loading control. D, HEK293 cells were transfected
with HA-tagged wild type ASK1, and lysates were probed with anti-HA or anti-Rpt5 antibodies. a-Tubulin served as a loading control. Mock, mock-transfected.
E, HEK293 cells were transfected with FLAG-Rpt5, Tet-Off transactivator, and HA-ASK1 or together with ASK1 siRNA (100 nm) or nonspecific control siRNA
(nc siRNA) (100 nm). Total cell lysates were analyzed by Western blot using anti-FLAG or anti-HA antibodies. a-Tubulin served as a loading control. F, HelLa cells
were transfected with FLAG-tagged human Rpt5 (Rpt5) and either HA-tagged FI ASK1 or HA-tagged AN-ASK1. Total cell lysates and FLAG-immunoprecipitates
were then probed with anti-FLAG or anti-HA antibody. A subset of samples was incubated with A-protein phosphatase (A-PPase) for 1 hat 37 °C prior to Western
blot analysis. Actin served as a loading control. The values at the bottom of the top and middle panel indicate the intensity ratio of upper Rpt5 bands to lower
ones measured using the ImageJ program (NIH). G, the schematic diagrams of GST-fused Rpt5' "9, Rpt5'99 %39, Rpt5'%9 3%, Rpt5°°¢~**?, Rpt5'?° 27>, and
Rpt5276~%39 used as a substrate in panel H. H, HEK293 cells were transfected with HA-ASK1. In vitro kinase assays were performed by incubating HA immuno-
precipitates from these cells with various GST-fused truncated forms of Rpt5 shown in panel G. Phosphorylated GST-fused Rpt5 was visualized by autoradiog-
raphy, and proper expression of GST-fused Rpt5 was confirmed by Coomassie Brilliant Blue (CBB) staining. Asterisks indicate the bands of various truncated
forms of GST fused Rpt5.

particles and phosphorylates Rpt5 to inhibit its ATPase activity,
an outcome that may underlie the negative regulation for the 26
S proteasome. Although the structure and function of the pro-
teasome have been extensively investigated, the mechanisms
responsible for regulation of its activity remain elusive.
Recently, reports suggest that proteasome activity might be
regulated by post-translational modification of the subunit
components. Modification of Rpt2 by O-GlcNAc can inhibit its
ATPase activity and subsequently inhibit proteasome function
(28). Phosphorylation has been also detected in the core and
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regulatory subunits of the proteasome, and it has been shown to
regulate the assembly of 26 S proteasome (29 —32). For exam-
ple, phosphorylation of the 20 S proteasome « subunit C8 sub-
stantially affects the stability of the 26 S proteasome (29). In
addition, phosphorylation of Rpt6 promotes the association of
the regulatory complex with the 20 S proteasome to form the 26
S proteasome (32). In contrast, the present study shows that
ASK1 does not affect the assembly of the native 26 S protea-
some. Instead, ASK1 phosphorylates Rpt5 and negatively
affects the ATPase activity.
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FIGURE 7. ASK1 inhibits the ATPase activity of Rpt5. A and B, in vitro ATPase activity assays were performed with FLAG immunoprecipitates collected from
HelLa cells expressing FLAG-Rpt5 and/or HA-tagged ASK1 (wild type or mutant ASK1 (AN or NT)). A standard curve (A) was generated using an ATP determi-
nation kit. The luminescence of each sample was plotted (***, p < 0.001 versus control) (B). FI Ask1, full-length Ask1; Mock, mock-transfected. C, HEK cells were
mock-transfected or transfected with pRK5-FLAG-Rpt5 or together with HA-ASK1. Immunoprecipitation was performed with anti-FLAG M2 affinity gel. A
subset of samples was incubated with A-protein phosphatase (A-PPase) for 30 min at 37 °C prior to in vitro ATPase activity assay. The luminescence of each
sample was plotted (**,p < 0.001; ns, not significant). D, HEK293 cells were mock-transfected or transfected with pRK5-FLAG-Rpt5 alone or together with either
100 nm nonspecific control siRNA (nc siRNA) or 100 nm ASK1 siRNA. Anti-FLAG M2 affinity gel immunoprecipitates were used for in vitro ATPase activity assay.

The luminescence of each sample was plotted (*, p < 0.05, ***, p < 0.0005; ns, not significant).

For a globular protein to be degraded, it must associate with
the 19 S ATPases, undergo ATP-dependent unfolding, and be
translocated into the 20 S core, an event that requires opening
of the gate in the « ring (33). The 19 S regulatory particles
contain six homologous AAA ATPases arranged as a ring that
abuts the outer rings of the 20 S proteasome (34). This topology
places them in a critical position to mediate key aspects of pro-
teasome function that require ATP. The 19 S proteasomal
ATPase subunits recognize the polyubiquitin degradation sig-
nal (35). However, the exact individual functions of the six 19 S
proteasomal ATPases (Rptl-Rpt6) remain unclear. Some
reports suggest that Rpt2 inhibits the opening of the gating
channel (33, 36). On the other hand, Rptl and Rpt6 have been
shown to bind Ubrl and Ufd4 E3s, suggesting that they play a
role in recruitment of ubiquitination machineries (37). Rpt5
interacts with a substrate-attached polyubiquitin chain, sug-
gesting that it functions in substrate recruitment (35). Our
results show that the ATPase activity of Rpt5 can be regulated
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by ASK1, and they suggest that Rpt5 ATPase activity is critical
for 26 S proteasomal activity. Therefore, in addition to binding
to polyubiquitinated proteins, Rpt5 may provide the energy to
unfold and translocate them into the 20 S core. Because a por-
tion of the energy required to unfold proteins is used for the
dissolution of intramolecular hydrophobic interactions, the
loss of ATPase function due to ASK1 phosphorylation may
affect this unfolding property. However, we cannot eliminate
the possibility that the reduction of Rpt5 ATPase activity affects
its ability to recognize polyubiquitinated proteins. Because sev-
eral ATPase subunits and the 20 S proteasome are known to be
phosphorylated within the cells (34, 38), further studies will be
necessary to determine whether ASK1 could phosphorylate the
other regulatory subunits and whether this phosphorylation
may also be involved in the down-regulation of proteasome
activity.

Although ATP binding has been reported to be necessary
and sufficient for several aspects of 26 S proteasome function,
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FIGURE 8. Up-regulation of 26 S proteasomal activity in MEFs derived from ASK7~/~ mice. A, total cell lysates of MEFs derived from ASK1"/* or ASK1~/~
mice were subjected to Western blot analysis using anti-ASK1 antibody (upper panel). Total RNAs of ASK1™/* or ASK1~/~ MEFs were subjected to RT-PCR
analysis using mASK1 primers (lower panel). Hsp90 and mGAPDH served as loading controls. B, MEFs derived from ASK7*/* or ASK1~/~ mice were treated with
50 or 200 uMm etoposide for 8 h, and total cell lysates were subjected to Western blot analysis using anti-phospho JNK or anti-JNK antibodies. Hsp90 served as
aloading control. C, Western blot analysis of MEFs lysates using anti-Rpn10 or anti-20 S core antibodies. Hsp90 served as a loading control. D, MEFs derived from
ASK1*/* or ASK1~/~ mice were transfected with Ub®”%V-GFP for 24 h and cultured in the presence or absence of 10 um lactacystin (Lac) for 6 h. Total cell lysates
were subjected to Western blot analysis using anti-GFP antibody. Actin served as a loading control. E, 26 S proteasomal activities in ASK7*/* MEFs, ASK1~/~
MEFs, or ASK7~/~ MEFs reconstituted with wild type ASK1 (WT) or its kinase-inactive ASK1 K709R mutant (KM) were assessed by Suc-LLVY-AMC cleavage (***,
p < 0.0001). Samples pretreated with 10 um lactacystin (Lac) served as a positive control (upper panel). Data represent the mean = S.E. of at least four
experiments. ASK1~/~ MEFs were transfected with HA-tagged wild type ASK1 or its kinase-inactive ASK1-K709R mutant. Total cell lysates were analyzed by
Western blot using anti-HA antibody. Hsp90 served as a loading control (bottom panel). F, ASK1*/* MEFs or ASK1~/~ MEFs were transfected with FLAG-tagged
Rpt5 alone or together with HA-ASK1-WT or HA-ASK1-KM. Anti-FLAG M2 affinity gel immunoprecipitates were used for in vitro ATPase activity assay. The
luminescence of each sample was plotted (¥, p < 0.05, **, p < 0.005).
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ing 20 S-mediated activity (41). Proteasome activity also
declines with age (42, 43). The mechanisms responsible for the
down-regulation of proteasome activity under these conditions
have yet to be clarified. Although there were a few reports that
caspase activated during apoptosis cleaves the regulatory sub-
units of proteasome and consequently inhibits proteasome
function (44, 45), we proved that the dysfunction of proteasome
in our system is independent of the caspase activation. Our
findings claim that ASK1 mediates proteasomal dysfunction
through Rpt5 phosphorylation and subsequently the reduction
of Rpt5-ATPase activity. These findings may account for the
reduction of 26 S proteasome activity under stressful condi-
tions. In addition, we provided data to imply that the pro-apop-
totic effect of ASK1 may be due to its inhibition of the protea-
some. This idea is supported by the finding that ASKI ™'~ cells
are resistant to proteasomal inhibitor-induced cell toxicity (11).

In summary, these findings provide an important expansion
of the current understanding of the regulation of 26 S protea-
some. They also suggest that ASK1 could be a new target for
mechanistic approaches aimed at stabilizing proteasomal activ-
ity under various stresses.
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