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神経細胞の機能維持メカニズムの解明ならびに創薬への展開
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Identification of a Peptide-Based Neutralizer That Potently Inhibits
Both Shiga Toxins 1 and 2 by Targeting Specific Receptor-Binding
Regions
Kazue Tsutsuki,a Miho Watanabe-Takahashi,a Yasuaki Takenaka,a Eiji Kita,b Kiyotaka Nishikawaa
Faculty of Life and Medical Sciences, Doshisha University, Kyoto, Japana; Department of Bacteriology, Nara Medical University, Nara, Japanb

I

port of the toxin (16). After binding to Gb3, Stx is first transported
in a retrograde manner to the Golgi complex and then to the
endoplasmic reticulum (ER), where the catalytic A subunit is released into the cytosol to inhibit protein synthesis (21). After
forming a complex with Stx2, PPP-tet specifically inhibits the process of vesicular transport of Stx2 from the Golgi complex to the
ER, followed by the effective degradation of Stx2 in an acidic compartment (16). Recently, other synthetic compounds or chemicals
that similarly affect the intracellular transport of Stx have been
reported (22–24), further confirming the usefulness of these
transport modulators as Stx neutralizers.
PPP-tet, however, did not efficiently inhibit the cytotoxicity of
Stx1, another major Stx family member, indicating an urgent need
to identify a peptide-based neutralizer against Stx1. In this study,
using the multivalent peptide library approach, we identified a
tetravalent peptide that markedly inhibited the cytotoxicity of
both Stx1 and Stx2. This tetravalent peptide, named MMA-tet,
rescued mice from the lethality of E. coli O157:H7 infection with
marked efficacy. We also elucidated the unique mechanism by
which MMA-tet exerts its inhibitory effect on the toxins in target
cells.

nfection by enterohemorrhagic Escherichia coli (EHEC) causes
bloody diarrhea and hemorrhagic colitis in humans that is occasionally followed by fatal systemic complications, such as acute
encephalopathy and hemolytic-uremic syndrome (1–4). Because
Shiga toxin (Stx) is a major virulence factor of EHEC, Stx neutralizers can be practical therapeutic agents against EHEC infections.
Stx can be classified into two subgroups, Stx1 and Stx2 (5). Stx
consists of a catalytic A subunit and a B-subunit pentamer. The
former has 28S rRNA N-glycosidase activity and inhibits eukaryotic protein synthesis, whereas the latter is responsible for the
high-affinity binding of the toxin to the functional cell surface
receptor Gal!(1-4)-Gal"(1-4)-Glc"-ceramide (Gb3) (4, 6, 7).
The crystal structure of Stx reveals the presence of three distinctive
binding sites for the trisaccharide moiety of Gb3 (i.e., sites 1, 2,
and 3 on each B-subunit monomer) (8, 9). Highly selective and
potent binding of Stx to Gb3 is mainly attributed to the multivalent interaction of the B-subunit pentamer with the trisaccharide
moiety of Gb3. This is occasionally referred to as the “clustering
effect.” On the basis of this, several synthetic Stx neutralizers with
clustered trisaccharides that can bind to Stx with high affinity and
inhibit its cytotoxicity have been developed (10–15). However, the
clinical application of these neutralizers has been substantially
hampered by the synthetic complexity of the trisaccharide moiety.
Recently, we developed a multivalent peptide library technique
and identified a novel peptide-based neutralizer against Stx2 (16,
17), which is more closely related to the severity of EHEC infections (18, 19). In this approach, a library of novel tetravalent peptides designed to exert the clustering effect was screened for highaffinity binding to one of the trisaccharide binding sites, site 3, of
the Stx2 B subunit. We identified four tetravalent peptides that
bind to Stx2 with high affinity and effectively inhibit its cytotoxicity. One of the tetravalent peptides, named PPP-tet, protected
mice from a fatal dose of E. coli O157:H7 (16) and, furthermore,
inhibited the lethal effect of intravenously administered Stx2 in a
nonhuman primate model (20). In stark contrast to the Stx neutralizers with assembled trisaccharides, which competitively inhibit the binding of Stx to target cells, PPP-tet did not inhibit Stx
binding, but instead, it induced the aberrant intracellular trans-
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MATERIALS AND METHODS
Materials. Recombinant Stx1 and Stx2, histidine-tagged Stx1 B subunit
(1BH), histidine-tagged Stx2 B subunit (2BH), 1BH with single amino
acid substitutions (1BH-D17E, 1BH-D18E, 1BH-F30A, 1BH-G62A, and
1BH-W34A), 1BH with double amino acid substitutions (1BH-D17E/
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Shiga toxin (Stx) is a major virulence factor of enterohemorrhagic Escherichia coli that occasionally causes fatal systemic complications. We recently developed a tetravalent peptide (PPP-tet) that neutralizes the cytotoxicity of Stx2 using a multivalent peptide library approach. In this study, we used this technique to identify a series of tetravalent peptides that bound to Stx1, another
major Stx family member, with high affinity by targeting one receptor-binding site of the B subunit. One peptide, MMA-tet,
markedly inhibited Stx1 and Stx2 cytotoxicity with greater potency than PPP-tet. After forming a complex with Stx1 through its
specific receptor-binding region, MMA-tet did not affect vesicular transport of the toxin to the endoplasmic reticulum but substantially rescued inhibition of the protein synthesis induced by Stx1. Oral application of MMA-tet protected mice from a fatal
dose of an E. coli O157:H7 strain producing both toxins. MMA-tet may be a promising therapeutic agent against the infection.
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RESULTS

Tetravalent peptide library screening identified peptide motifs
with high affinity for the Stx1 B subunit. In this study, we used a
tetravalent peptide library composed of tetravalent peptides containing a polylysine core bifurcating at both ends with four randomized peptides (16). The tetravalent peptide library was
screened for the capability to bind to wild-type 1BH but not to
1BH-F30A, which has a mutation in receptor-binding site 1, because this site has been demonstrated to play an essential role in
the receptor binding of Stx1 (27). A tetravalent peptide library
with Arg fixed at position 4 (XRX library) was used for the first
round of selection on the basis of the previous observation that the
Stx2 neutralizer PPP-tet, which has clustered Args in its motif, can
also bind to the Stx1 B subunit (data not shown). As shown in Fig.
1A, Arg was strongly selected at positions 5 to 7 and hydrophobic
amino acids were preferred at positions 1 to 3. On the basis of this
result, second sets of tetravalent peptide libraries with clustered
Args (RXR and XRR libraries) were screened to further refine
peptide selection. Preferred selection of Arg at positions 5 and 7
was confirmed with the RXR library. Furthermore, Met was
strongly selected at positions 1 and 2 with both libraries, and Ala
was relatively preferred at position 3 with the XRR library. Based
on these results, we identified four candidate motifs: MMARRRR,
MAARRRR, AMARRRR, and AAARRRR. Tetravalent forms of
these peptides with the same core structure, which were referred to
as MMA-tet, MAA-tet, AMA-tet, and AAA-tet, respectively, were
synthesized and examined for their capability to bind to 1BH and
2BH. As shown in Fig. 1B, all of these tetravalent peptides, especially AAA-tet and MMA-tet, bound to both B subunits with high
affinity, whereas MA-tet, which has the same core structure but
lacks any Stx binding motifs, did not bind to either B subunit.
MMA-tet efficiently inhibits the cytotoxicity of both Stx1
and Stx2. The ability of the four tetravalent peptides to inhibit the
cytotoxicity of Stx1 and Stx2 in Vero cells was examined (Fig. 2).
Among the tetravalent peptides, MMA-tet inhibited the cytotoxicity of both toxins with the highest potency, followed by AMAtet. MAA-tet and AAA-tet displayed less potency. Interestingly,
MMA-tet inhibited Stx2 more efficiently than did PPP-tet, indi-
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technology), respectively, followed by detection using Alexa Fluor-labeled
secondary antibodies. The cells were analyzed by confocal laser scanning
microscopy (Olympus, Tokyo, Japan).
Assay for protein synthesis inhibition. Vero cells cultured in a 96well plate in DMEM supplemented with 10% fetal calf serum were pretreated with the indicated amount of MMA-tet for 1 h and then treated
with Stx1 (100 pg/ml) for 1.5 h. After extensive washing, the cells were
incubated with 2 $Ci/well [3H]Leu in Leu-free minimal essential medium
Eagle (MEME; Sigma, Tokyo, Japan) at 37°C for 30 min, and the radioactivity incorporated into cellular proteins was counted as described previously (25).
Mouse infection protocol. Specific-pathogen-free 3-week-old female
C57BL/6 mice (Charles River Breeding Laboratories, Wilmington, MA)
were maintained on a low-protein diet to induce calorie malnutrition
(26). At 5 weeks of age, mice were infected intragastrically with 2 % 106
CFU of E. coli O157:H7 strain N-9 as described elsewhere (26). The indicated amount of the acetylated form of MMA-tet (Ac-MMA-tet) or saline
was administered intragastrically to the mice twice a day from day 2 to day
5. Data were analyzed by Kaplan-Meier survival analysis or by Fisher’s
exact test when no mice had died by the end of the observation period. All
animal experiments were approved by the animal ethics committee of
Nara Medical University prior to their commencement.

W34A, 1BH-D18E/G62A, and 1BH-G62A/W34A), and 1BH with a triple
amino acid substitution (1BH-D17E/G62A/W34A) were prepared as described previously (14, 16). The Gb3 polymer and rabbit anti-Stx antiserum were obtained as described previously (15, 16). AlphaScreen reagent
and l-[4,5-3H(N)]Leu were purchased from PerkinElmer (Tokyo, Japan).
Peptides and peptide library screening. Tetravalent peptides and tetravalent peptide libraries were synthesized as described previously (16).
Recombinant 1BH or 1BH-F30A (0.5 mg of protein) bound to Ni2# beads
was incubated with 300 $g of a given library peptide in phosphate-buffered saline (PBS) overnight at 4°C. After extensive washing, bound peptides were sequenced on an Applied Biosystems model 477A protein sequencer. To calculate the relative amino acid preference at each
degenerate position, the corrected quantities of amino acids in the peptides recovered from the 1BH beads were compared with those of amino
acids in the peptides recovered from the 1BH-F30A beads to calculate the
abundance ratios of amino acids (16).
Kinetic analysis of binding between inhibitory peptides and immobilized Stx B subunit. The binding of tetravalent peptides to immobilized
1BH or 2BH was quantified using a Biacore T100 system instrument (GE
Healthcare Sciences) as described previously (16). The resonance unit is
an arbitrary unit used by the Biacore system.
Cytotoxicity assay. Subconfluent Vero cells cultured in a 96-well plate
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum were treated with Stx1 or Stx2 (1 pg/ml) in the
absence or presence of a given tetravalent peptide for 72 h at 37°C. Each
peptide was added simultaneously with Stx1 or Stx2. The relative number
of living cells was determined using a Cell Counting Kit-8 (Dojindo, Japan), which allows the sensitive determination of cell viability based on
the production of an orange formazan dye from 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8), by the intracellular dehydrogenases.
Analysis of binding between 1BH or a 1BH mutant and inhibitory
peptides by AlphaScreen assay. The indicated amounts of the biotinylated tetravalent peptide and 1BH or its mutant (10 $g/ml) were incubated
in each well of an OptiPlate-384 microplate (PerkinElmer) for 1 h at room
temperature. The plate was incubated with nickel chelate acceptor donor
beads (20 $g/ml) for 30 min, followed by incubation with streptavidin
donor beads (20 $g/ml) for 1 h at room temperature under protection
from light. After excitation at 680 nm, the emission at 615 nm was measured by an EnVision system (PerkinElmer). The signal intensity (cps) is
an arbitrary unit used by the system.
ELISA of the binding between 1BH and inhibitory peptides. The
indicated tetravalent peptides (1.7 $M dissolved in PBS) were coated onto
each well of a 96-well enzyme-linked immunosorbent assay (ELISA) plate
and incubated for 24 h at 4°C. After blocking, the plate was incubated with
1BH (1 $g/ml) for 1 h at room temperature. Bound 1BH was detected
using rabbit anti-Stx1 antiserum as described previously (16).
125
I-Stx binding assay. Vero cells cultured in a 24-well plate were
treated with 125I-Stx1 or 125I-Stx2 (1 % 106 to 2 % 106 cpm/$g protein, 1
$g/ml) in the absence or presence of a given compound for 30 min at 4°C.
Each compound was added simultaneously with 125I-Stx1 or 125I-Stx2.
After extensive washing, the recovered radioactivity was measured by a
gamma counter.
Intracellular localization of Stx1. Subconfluent Vero cells in a glass
base dish (35 mm) were treated with Stx1 (1 $g/ml) in the absence or
presence of MMA-tet (52 $M) for 1 h at 37°C. MMA-tet was added simultaneously with Stx1. After incubation, the cells were fixed with 3%
paraformaldehyde. Immunostaining of Stx1, GM130, Vti1a, GS28,
HSP47, calnexin, and ribophorin was performed using rabbit anti-Stx1
polyclonal antibody, mouse anti-GM130 IgG monoclonal antibody (BD
Biosciences, NJ), mouse anti-Vti1a IgG monoclonal antibody (BD Biosciences), mouse anti-GS28 monoclonal antibody (BD Biosciences), mouse
anti-HSP47 IgG monoclonal antibody (Enzo Life Sciences, Inc., NY), rabbit anticalnexin polyclonal antibody (Santa Cruz Biotechnology, Inc.,
CA), and goat antiribophorin IgG polyclonal antibody (Santa Cruz Bio-
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FIG 3 Analysis of the binding of MMA-tet with the Stx1 B subunit. (A) The
binding between MMA-tet and a series of 1BH mutants (10 $g/ml) was
examined using the AlphaScreen assay. Data are presented as signal intensity (cps). Each experiment was performed three times, and representative
data are shown. (B) The binding of 1BH (1 $g/ml) with MMA-tet or
Ala-substituted MMA-tet was examined using ELISA (mean ' standard
error, n ( 3; *, P ) 0.001, Tukey’s test). R4A, R5A, R6A, and R7A, MMAtet with a substitution of Arg to Ala at positions 4, 5, 6, and 7, respectively.
OD490, optical density at 490 nm.

same conditions, the maximum binding of MMA-tet to 1BHG62A, a site 2 mutant, was 65% of that of 1BH, whereas the levels
of binding of MMA-tet to 1BH-F30A and 1BH-D17E, both of
which are site 1 mutants, were markedly reduced to 11 and 10%,
respectively, consistent with the fact that MMA-tet was identified
by targeting Phe30 in site 1. Interestingly, the maximum binding
of MMA-tet to 1BH-D18E and 1BH-W34A, both of which are site
3 mutants, was also markedly reduced to the same level (Fig. 3A,
left). Furthermore, the maximum binding of MMA-tet to 1BHD18E/G62A, a site 2 and 3 double mutant, was reduced to 18%,
and the binding of MMA-tet to 1BH-D17E/W34A (a site 1 and 3
double mutant), 1BH-G62A/W34A (a site 2 and 3 double mutant), and 1BH-D17E/G62A/W34A (a site 1, 2, and 3 triple mutant) was completely diminished (Fig. 3A, right). These results
indicate the substantial contribution of both sites 1 and 3, but not
site 2, to the binding of MMA-tet to the Stx1 B subunit.
To evaluate the importance of the Arg cluster present in MMAtet, the effect of mutating each Arg to Ala on the binding of MMAtet to 1BH was examined. As shown in Fig. 3B, all of these substitutions, especially substitution of the second Arg, significantly
reduced the binding of MMA-tet to 1BH, suggesting the possible
electrostatic interaction of the Arg cluster with the acidic amino
acid cluster present on the receptor-binding surface of the B subunit, including Asp16, Asp17, and Asp18. In fact, among them,
Asp17 and Asp18, which constitute sites 1 and 3, respectively, have
been demonstrated to have essential roles in the binding of MMAtet to the B subunit.
MMA-tet did not inhibit the uptake of Stx and its subsequent
vesicular transport to the ER. MMA-tet and the other identified
tetravalent peptides did not inhibit the cell surface binding of 125I-

cating that this tetravalent peptide is promising as a universal neutralizer against both toxins.
MMA-tet binds to 1BH through specific receptor-binding regions. To elucidate the mechanism by which MMA-tet binds to
1BH, the binding between MMA-tet and a series of 1BH mutants
with mutations in the trisaccharide binding sites was examined
using the AlphaScreen assay. Using this system, we detected highaffinity binding between MMA-tet and 1BH (Fig. 3A). Under the

FIG 2 Inhibitory effects of the tetravalent peptides on the cytotoxicity of Stx1
or Stx2 in Vero cells. The effects of the tetravalent peptides on the cytotoxicity
of Stx1 (1 pg/ml) or Stx2 (1 pg/ml) in Vero cells were examined by the cytotoxicity assay. Data are presented as a percentage of the control value (mean '
standard error, n ( 3).
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FIG 1 Identification of peptide motifs with high affinity for the Stx B subunit
using tetravalent peptide library screening. (A) The tetravalent peptide library
was composed of tetravalent peptides with a polylysine core bifurcating at both
ends with four randomized peptides. The peptide library for the first screening
has a sequence of Met-Ala-X-X-X-R-X-X-X-Ala-U, in which U indicates aminohexanoic acid and X indicates any amino acid except Cys. Screening of the
library was performed to identify tetravalent peptides that bound to 1BH but
not to 1BH-F30A. For the second screening, a peptide library with fixed Args at
positions 4 and 6 (RXR library) or fixed Args at positions 4 to 7 (XRR library)
was used. Values in parentheses indicate the relative selectivities for the amino
acids. Boldface letters indicate amino acids that were strongly selected. Each
screening was performed twice; representative values are shown. (B) The kinetics of the binding of each tetravalent peptide with each identified binding
motif to immobilized 1BH or 2BH was analyzed using the Biacore system. KD,
dissociation constant; Rumax, maximum resonance unit. &, binding was not
detected.
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demonstrated to translocate from the ER to the cytosol to exert its
28S rRNA N-glycosidase activity, resulting in the inhibition of
protein synthesis. After 1.5 h of incubation of Vero cells with Stx1,
i.e., during the early stage of this translocation, [3H]Leu uptake
into newly synthesized proteins was inhibited by 30% (Fig. 5). The
inhibition of [3H]Leu uptake was substantially recovered by the
presence of MMA-tet in a dose-dependent manner, suggesting
that MMA-tet negatively affects the translocation of the A subunit
from the ER to the cytosol.
Acetylated MMA-tet protected mice from the lethality
caused by E. coli O157:H7 infections. The inhibitory effects of
MMA-tet on the lethality of E. coli O157:H7 infections in mice
with protein-calorie malnutrition (26), which are very susceptible
to infection, were examined. To prevent proteolytic degradation
in the gastrointestinal tract, an acetylated form of MMA-tet (AcMMA-tet) was synthesized. Intragastrically administered AcMMA-tet completely inhibited the lethality of E. coli O157:H7
infections at an amount of 4.2 nmol/g (P ) 0.0001) and rescued
mice with high potency at an amount of 1.25 nmol/g (P ) 0.005)
(Fig. 6).

FIG 4 MMA-tet did not affect the uptake and subsequent intracellular trans-

port of Stx1 to the ER. (A) Binding of 125I-Stx1 or 125I-Stx2 (1 $g/ml) to Vero
cells. Data are presented as a percentage of the control value (mean ' standard
error, n ( 3). (B) Colocalization of Stx1 (1 $g/ml) with GM130, Vti1a, GS28,
HSP47, calnexin, and ribophorin in the absence or presence of MMA-tet (52
$M) was examined by immunocytochemical staining.

Stx1 or 125I-Stx2, although the Gb3 polymer (15), an Stx neutralizer with clustered trisaccharides, efficiently inhibited this binding
(Fig. 4A). We previously demonstrated that PPP-tet does not inhibit the binding of Stx2 to the cell surface receptor, but it induces
the aberrant cellular transport of Stx2, allowing it to exert its inhibitory effect (16). Thus, the effect of MMA-tet on the intracellular transport of Stx1 was examined. The retrograde transport of
Stx1 to the Golgi complex and then to the ER was confirmed by the
colocalization of Stx1 with GM130 (a cis-Golgi complex marker),
Vti1a (a trans-Golgi complex marker), GS28 (a trans-Golgi complex marker), and ER markers, such as HSP47, calnexin, and ribophorin. As shown in Fig. 4B, MMA-tet did not affect the colocalization of Stx1 with any of these markers, suggesting that even
in a complex with MMA-tet, Stx1 can be transported to the ER
through the Golgi complex.
MMA-tet rescued the inhibition of protein synthesis caused
by Stx1 following its ER localization. The Stx1 A subunit has been
2136

DISCUSSION

Using a tetravalent peptide library approach, we identified four
tetravalent peptides that exhibit high affinities for the Stx1 B subunit and inhibit Stx1 cytotoxicity by targeting one of the receptorbinding sites, namely, site 1. Interestingly, one of these tetravalent
peptides, MMA-tet, markedly inhibited both Stx1 and Stx2 with
even more potency than PPP-tet, a previously identified Stx2 neutralizer (16). In the previous study, it was revealed that both sites 1
and 2 of Stx1 play essential roles in receptor binding, whereas site
3 has a lower contribution to the binding but cooperatively enhances effective binding through site 1 and/or site 2 (27). In this
study, MMA-tet was found to bind to the Stx1 B subunit through
both sites 1 and 3, possibly contributing to the potent inhibitory
effect of MMA-tet against cytotoxicity. Conversely, AAA-tet,
which has the lowest KD (dissociation constant) value for 1BH

iai.asm.org

Infection and Immunity

19

Downloaded from http://iai.asm.org/ on May 13, 2013 by DOSHISHA UNIVERSITY

FIG 5 Effect of MMA-tet on Stx1-induced protein synthesis inhibition. Vero
cells cultured in DMEM supplemented with 10% fetal calf serum were pretreated with each amount of MMA-tet for 1 h and then treated with Stx1 (100
pg/ml) for 1.5 h. After extensive washing, the cells were incubated with 2
$Ci/well [3H]Leu in Leu-free MEME at 37°C for 30 min. The relative amounts
of radioactivity incorporated into cellular proteins are presented as percentages of the control value without Stx1 (mean ' standard error, n ( 3; *, P )
0.05, Tukey’s test).

Peptide-Based Neutralizer against Stx1 and Stx2

FIG 6 Ac-MMA-tet protects mice from the lethality of E. coli O157:H7 infection. Mice with protein-calorie malnutrition were infected intragastrically
with a fatal dose of E. coli O157:H7 strain N-9 on day 0. The indicated amount
of Ac-MMA-tet was administered intragastrically twice a day from day 2 to day
5. The survival time of each animal after Ac-MMA-tet (1.25 nmol/g of body
weight, n ( 6; 4.2 nmol/g of body weight, n ( 6) or saline (n ( 8) administration is shown.
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Identification of a Wide Range of Motifs Inhibitory to Shiga Toxin by
Affinity-Driven Screening of Customized Divalent Peptides
Synthesized on a Membrane
Mihoko Kato, Miho Watanabe-Takahashi, Eiko Shimizu, Kiyotaka Nishikawa
Faculty of Life and Medical Sciences, Doshisha University, Kyoto, Japan

Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli, binds to target cells through a multivalent interaction between its B-subunit pentamer and the cell surface receptor globotriaosylceramide, resulting in a remarkable increase
in its binding affinity. This phenomenon is referred to as the “clustering effect.” Previously, we developed a multivalent peptide
library that can exert the clustering effect and identified Stx neutralizers with tetravalent peptides by screening this library for
high-affinity binding to the specific receptor-binding site of the B subunit. However, this technique yielded only a limited number of binding motifs, with some redundancy in amino acid selectivity. In this study, we established a novel technique to synthesize up to 384 divalent peptides whose structures were customized to exert the clustering effect on the B subunit on a single cellulose membrane. By targeting Stx1a, a major Stx subtype, the customized divalent peptides were screened to identify high-affinity
binding motifs. The sequences of the peptides were designed based on information obtained from the multivalent peptide library technique. A total of 64 candidate motifs were successfully identified, and 11 of these were selected to synthesize tetravalent forms of the peptides. All of the synthesized tetravalent peptides bound to the B subunit with high affinities and effectively
inhibited the cytotoxicity of Stx1a in Vero cells. Thus, the combination of the two techniques results in greatly improved efficiency in identifying biologically active neutralizers of Stx.

I

affinity and specificity as novel peptide-based neutralizers (20).
One of the neutralizers, PPP-tet, protected mice from a fatal dose
of E. coli O157:H7 (20) and inhibited the lethal effect of intravenously administered Stx2a in a nonhuman primate model (25).
Recently, by targeting receptor-binding site 1 of Stx1a, the most
frequently observed subtype, we identified tetravalent peptide
MMA-tet (22). Interestingly, MMA-tet strongly inhibited Stx1a
and Stx2a with greater potency than that of PPP-tet as well as
rescuing mice from the lethality caused by the infection by E. coli
O157:H7, which produces both toxins. This multivalent peptide
library technique, however, can yield only a limited number of
binding motifs for the intended receptor-binding region of the B
subunit, with redundancy of amino acid selectivity at some positions.
In this study, we established a novel technique to determine a
wide range of binding motifs for the B subunit by directly screening hundreds of divalent peptides on a membrane whose struc-

nfection with enterohemorrhagic Escherichia coli (EHEC)
causes bloody diarrhea and hemorrhagic colitis, sometimes
followed by fatal systemic complications, such as acute encephalopathy and hemolytic-uremic syndrome (HUS) (1–6). In 2011,
unprecedented outbreaks of E. coli O104:H4 occurred in the European Union (EU), particularly in Germany, with more than
4,000 cases of infection and 50 fatalities (7, 8). Since antibiotic use
is controversial (9–11), novel therapeutic strategies against the
infection are urgently required. EHEC produces Shiga toxin (Stx)
as a major virulence factor; therefore, one of the most promising
approaches is to develop an Stx neutralizer that effectively binds to
and inhibits Stx.
Stx, a typical ribotoxin, is present in various forms that can be
classified into two subgroups, Stx1 and Stx2, each of which has
various closely related subtypes: Stx1a, -1c, and -1d and Stx2a, -2b,
-2c, -2d, -2e, -2f, and -2g, respectively (12–14). Each Stx subtype
consists of a catalytic A subunit and a B-subunit pentamer, which
is responsible for high-affinity binding to the functional cell surface receptor Gb3 [Gal!(1-4)-Gal"(1-4)-Glc"-ceramide] (4,
15, 16), or Gb4 [GalNAc"(1-3)-Gal!(1-4)-Gal"(1-4)-Glc"-ceramide], which is preferred by Stx2e (17). Each B subunit has three
distinctive binding sites (sites 1, 2, and 3) for the trisaccharide
moiety of Gb3 (18, 19), resulting in the formation of a multivalent
interaction between the B-subunit pentamer and Gb3. This type
of interaction is known to markedly increase the binding affinity a
millionfold and is generally known as the “clustering effect.”
Previously, we developed a multivalent peptide library that can
exert the clustering effect and identified Stx neutralizers with tetravalent peptides by screening this library based on high-affinity
binding to specific receptor-binding sites (20–22). By targeting
one of the receptor-binding sites (site 3) of subtype Stx2a which is
most closely associated with high disease severity (23, 24), we
identified four tetravalent peptides that bind to Stx2a with high
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tures were customized to exert the clustering effect. By targeting
one of the receptor-binding sites (site 2) of the Stx1a B subunit, a
site which plays a significant role in the receptor binding of Stx1a
(18, 26), we successfully identified 11 peptide-based neutralizers
of Stx1a using this novel technology combined with multivalent
peptide library screening. Screening the multivalent peptide library alone could not identify a biologically active inhibitor of this
site. Thus, the combination of the two techniques will provide a
powerful strategy to develop customized neutralizers for a restricted area of the receptor-binding region of the B subunit, enabling the identification of tailored neutralizers for each Stx subtype with highly conserved structural similarity.

nol blue (1% in N,N=-dimethylformamide), which reacts to free amino
residues. Free amino residues are produced only after the completion of
all the reactions and before the deprotection of the side chain residues.
After destaining with N,N=-dimethylformamide, the membrane was used
in the binding assay. As a positive control for Stx B-subunit binding, Gb3
(0.1 $g) mixed with PC (1 $g) was directly spotted on the membrane.
Binding assay of 1BH or 1BH-G62A to divalent peptides synthesized
on the membrane. After blocking with 5% skim milk in PBS, the membrane (prepared as described above) was blotted with the indicated concentration of 125I-1BH or 125I-1BH-G62A (1 % 106 to 2 % 106 cpm/$g
protein) for 1 h at room temperature. After extensive washing, the radioactivity bound to each peptide spot was quantitated as a pixel value using
a BAS 2500 bioimaging analyzer system (GE Healthcare, Amersham,
United Kingdom). In another detection system, the membrane was blotted with 1.0 $g/ml 1BH for 1 h at room temperature. After extensive
washing, bound 1BH was detected using rabbit anti-Stx1a antiserum as
described previously (22) and quantitated as a pixel value using ImageQuant LAS 500 (GE Healthcare).
Kinetic analysis of the binding between inhibitory peptides and immobilized 1BH. The binding of tetravalent peptides to immobilized 1BH
was quantified using a Biacore T100 system instrument (GE Healthcare
Sciences, USA) as described previously (20). The resonance unit is an
arbitrary unit (AU) used by the Biacore system. Binding kinetics were
analyzed using Biaevaluation software, v1.1.1 (GE Healthcare).

MATERIALS AND METHODS
Materials. Recombinant Stx1a, histidine-tagged Stx1a B subunit (1BH),
and 1BH with a single-amino-acid substitution (1BH-G62A) were prepared as described previously (27). The amino-PEG500-UC540 membrane (Intavis Bioanalytical Instruments AG, Germany) used for the spot
synthesis of peptides was purchased from PerkinElmer, Tokyo, Japan.
Porcine erythrocyte Gb3 and egg phosphatidylcholine (PC) were purchased from Wako Pure Industries, Osaka, Japan.
Peptides and peptide library screening. Tetravalent peptides and tetravalent peptide libraries were synthesized using N-!-9-fluorenylmethoxy
carbonyl (FMOC)-protected amino acids and standard BOP [benzotriazol1-yloxytris(dimetylamino)phosphonium hexafluorophosphate]/HOB (1hydroxybenzotriazole hydrate) coupling chemistry as described previously
(20). A Met-Ala sequence was included at the amino terminus of each library
peptide to verify the identity and origin of the peptides being sequenced and
to qualify the peptides. Recombinant 1BH or 1BH-G62A (0.5 mg protein)
bound to Ni2# beads was incubated with 300 $g of a given library peptide in
phosphate-buffered saline (PBS) overnight at 4°C. After extensive washing,
the bound peptides were sequenced on an Applied Biosystems model 477A
protein sequencer. To calculate the relative amino acid preference at each
degenerate position, the corrected quantities of amino acids in the peptides
recovered from the 1BH beads were compared with those recovered from the
1BH-G62A beads to calculate the abundance ratios of amino acids (20).
ELISA of the binding between 1BH and inhibitory peptides. The
indicated amounts of the tetravalent peptide dissolved in PBS were applied as a coating onto each well of a 96-well enzyme-linked immunosorbent assay (ELISA) plate and incubated for 24 h at 4°C. After blocking, the
plate was incubated with 1BH or 1BH-G62A (1 $g/ml) for 1 h at room
temperature. Bound 1BH was detected using rabbit anti-Stx1a antiserum
as described previously (20).
Cytotoxicity assay. Subconfluent Vero cells were cultured in a 96-well
plate in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and treated with Stx1a (1 pg/ml) in the absence
or presence of a given tetravalent peptide for 72 h at 37°C. The relative
number of living cells was determined using cell counting kit 8 (Dojindo,
Kumamoto, Japan) as described previously (22).
Spot synthesis of peptides on cellulose membrane. Basic spot synthesis of peptides on a cellulose membrane was performed as described
previously (28, 29) using the ResPep SL spot synthesizer (Intavis Bioanalytical Instruments AG, Cologne, Germany). The density of peptides synthesized on a membrane was controlled by using a mixture of FMOC"Ala-OH and Boc-"Ala-OH (Watanabe Chemical Industries, Japan) at
different ratios (100:0, 30:70, or 10:90, respectively) for the first cycle.
t-Butyloxycarbonyl (Boc) is resistant to the deprotection procedure and
inhibits the subsequent elongation reaction. The spacer length of the peptide was controlled by the number of amino hexanoic acids following the
first "Ala. After the addition of amino hexanoic acid(s), FMOC-Lys(FMOC)-OH (Watanabe Chemical Industries) was used for the next cycle to
bifurcate the peptide chain for subsequent motif synthesis. This step was
omitted for monovalent peptide synthesis. The successful synthesis of
each peptide was confirmed by staining the membrane using bromophe-
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Tetravalent peptide library screening identified a peptide motif
that specifically binds 1BH through site 2. A tetravalent peptide
library is comprised of peptides containing a polylysine core
that bifurcates at both ends with four randomized peptides
(20). The library was screened for the ability to bind to wildtype 1BH but not to 1BH-G62A, which contains a mutation in
one of the receptor-binding sites (site 2). Site 2 has been shown
to play an essential role in the receptor binding of Stx1a (26). A
tetravalent peptide library with a fixed Arg at position 4 (the
XRX library) was used for the first round of selection, based on
the previous observation that Stx1a prefers clustered Args in its
binding motifs (22). As shown in Fig. 1A, Arg was strongly
selected at positions 1, 5, and 7, and His was selected at position
5. Based on this result, a second tetravalent peptide library with
clustered Args (the XRR library) was screened to further refine
peptide selection. Lys was strongly selected at position 1, and
both Arg and His were selected at position 3. Based on these
results, we identified KRRRRRR as a candidate motif. A tetravalent form of this peptide with the same core structure was
synthesized and referred to as KRR-tet. As shown in Fig. 1B,
KRR-tet bound efficiently to 1BH, whereas the binding to 1BHG62A was less efficient. Under the same conditions, MA-tet,
which has the same core structure but lacks the binding motif,
did not bind to either of the B subunits (data not shown). These
results indicate that KRR-tet specifically binds to the B subunit
through site 2. KRR-tet, however, was found to be cytotoxic
due to its highly basic nature (Fig. 1C) and thus did not inhibit
the cytotoxicity of Stx1a in Vero cells, in contrast to MMA-tet
(Fig. 1D).
Establishment of a technique to synthesize peptides on a
membrane that can exert the clustering effect on the Stx1a B
subunit. KRR-tet has an Arg cluster at positions 4 to 7; this cluster
is also observed in MMA-tet, indicating that the motif is commonly required for the efficient binding to the Stx1a B subunit.
Based on this motif, we tried to identify a series of site 2-targeted
binding motifs by establishing a novel technique in which hun-
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FIG 1 Identification of a peptide motif that specifically binds to Stx1a B subunit through site 2 by using tetravalent peptide library screening. (A) The tetravalent
peptide library was comprised of tetravalent peptides with a polylysine core bifurcating at both ends with four randomized peptides. The peptide library for the
first screening had the sequence Met-Ala-X-X-X-R-X-X-X-Ala-U (U, amino hexanoic acid), where X indicates all amino acids except Cys. Screening of the library
was performed to identify tetravalent peptides that bound to 1BH but not to 1BH-G62A. For the second screening, a peptide library with fixed Args at positions
4 to 7 (XRR library) was used. Values in parentheses indicate relative selectivities for the amino acids. Bold letters indicate amino acids that were strongly selected.
Each screening was performed twice; representative values are shown. (B) The binding of 1BH or 1BH-G62A (1 $g/ml) to KRR-tet at the indicated concentrations was examined using ELISA (mean & standard error, n ' 3). (C) The effect of KRR-tet on the cell viability in Vero cells was examined by the cytotoxicity
assay. Data are presented as a percentage of the control value (mean & standard error, n ' 4). (D) The effect of KRR-tet or MMA-tet on the cytotoxic activity of
Stx1a (1 pg/ml) in Vero cells was examined by the cytotoxicity assay (mean & standard error, n ' 4).

dreds of peptides with the Arg cluster were synthesized in a divalent form on a cellulose membrane and screened for high-affinity
binding to 1BH but not to 1BH-G62A. We also optimized the
structure of the peptide synthesized on the membrane (Fig. 2A). A
divalent form of the peptide, KRRRRRR, was found to exert the
clustering effect and exhibited markedly increased binding to 1BH
compared to the monovalent form (Fig. 2B). Under the same conditions, Gb3 blotted on the membrane was specifically detected by
1BH. Using the divalent peptide, we found that a spacer of one
amino hexanoic acid functioned most efficiently and that the
higher density yielded higher binding efficacy (Fig. 2B). We further examined the binding of other divalent peptides. The divalent
form of MMARRRR, a binding motif present in MMA-tet, also
efficiently bound to 1BH in a dose-dependent manner when one
amino hexanoic acid was used as a spacer (Fig. 2C). Similar density dependency was observed for the divalent peptide (Fig. 2B).
The divalent form of AAARRRR, another binding motif previ1094
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ously determined for 1BH (22), could still efficiently bind to 1BH.
In contrast, the divalent form of AAADDDD, in which all Args of
AAARRRR were replaced with Asps, completely lost binding activity (Fig. 2C), confirming the requirement of the Arg cluster in
the binding motif.
Screening of divalent peptides synthesized on a membrane
successfully identified a wide range of peptide motifs that specifically bind to the Stx1a B subunit through site 2. Using the
optimized conditions identified above, 380 divalent peptides containing the Arg cluster and shuffled amino acids at motif positions
1 to 3 were synthesized on a cellulose membrane. One group had
the XXA-RRRR motif, and the other group had the AAX-RRRR
motif, respectively, where X indicates a fixed amino acid as indicated (Fig. 3A). The divalent peptide with the original motif KRRRRRR was also synthesized. The membrane was blotted with 125I1BH or 125I-1BH-G62A (Fig. 3B), and the radioactivity bound to
each peptide spot was quantitated and analyzed. Divalent peptides
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FIG 2 Optimization of the structure of the peptides synthesized on a membrane to exert the clustering effect. (A) The structure of a monovalent or a
divalent peptide synthesized on a cellulose membrane is shown as described in Materials and Methods (density: y ' 10, 30, or 100%; spacer length: n '
1, 2, or 3; U indicates amino hexanoic acid; R ' Met-Ala-[indicated motif]-Ala). (B) The monovalent or the divalent form of the KKKRRRR motif was
synthesized with different spacer lengths in triplicate (y ' 100%, upper panel). The divalent form of the KKKRRRR or MMARRRR motif was synthesized
with different densities (n ' 1, lower panel). The membrane was blotted with 1.0 $g/ml of 1BH. Bound 1BH was detected using rabbit anti-Stx1a
antiserum and quantitated as a pixel value. Each value is shown after subtraction of the control value obtained without 1BH. (C) Divalent peptides with
the MMARRRR, AAADDDD, or AAARRRR motif were synthesized on a membrane with different spacer lengths (y ' 100%). The membrane was blotted
with the indicated concentration of 125I-1BH, and the radioactivity bound to each peptide was detected (upper panel) and quantitated. Data obtained with
1.0 $g/ml of 125I-1BH are shown (lower panel).

with a normalized value of 125I-1BH binding (1BH-binding value)
greater than 1.14 were selected and then resorted in descending
order of the product (1BH % ratio) of the 1BH-binding value and
the normalized ratio (1BH/G62A ratio), as shown in Table S1 in
the supplemental material. A total of 64 peptides with 1BH % ratio
values greater than 1.3 were identified as candidate motifs. These
64 divalent peptides were synthesized on a membrane (Fig. 4A)
and blotted with different concentrations of 125I-1BH or 125I1BH-G62A (Fig. 4B). The radioactivity bound to each peptide was
quantitated and analyzed (see Fig. S1 in the supplemental mateFebruary 2015 Volume 81 Number 3

rial). Among these divalent peptides, 11 motifs were selected
based on the binding intensity and specificity of 1BH, excluding
peptide motifs that had tandem basic amino acids in the first three
amino acids (e.g., KHA or KKA). The exclusion was implemented
to avoid selecting potentially cytotoxic motifs.
Tetravalent peptides with the identified motifs bind to 1BH
through site 2 with high affinities. Tetravalent peptides with the
11 motifs identified above were synthesized using the same core
structure as described in Materials and Methods and were referred
to as NKA-tet, IIA-tet, KGA-tet, KMA-tet, KFA-tet, FRA-tet,
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FIG 3 Screening of divalent peptides synthesized on a membrane based on binding to 1BH but not to 1BH-G62A. (A) The structure of the divalent peptide
synthesized on a membrane was the same as that shown in Fig. 2A. The density of the peptides (y) was 100%, and the spacer length (n) was 1. The first three amino
acids present in the XXA-RRRR or AAX-RRRR motif are shown at positions A5 to P5 or positions P6 to P23, respectively. The divalent peptide with the original
motif, KRR-RRRR, was synthesized at position P24. The gray boxes indicate the 64 candidate motifs that were selected after the binding analysis. (B) The
membrane was blotted with 125I-1BH or 125I-1BH-G62A (1 $g/ml), and the radioactivity bound to each peptide spot was quantitated and analyzed as shown in
Table S1 in the supplemental material.
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DISCUSSION

In this study, we established a novel technique to synthesize, on a
single cellulose membrane, divalent peptides that could exert the
clustering effect on the Stx1a B subunit. By targeting one of the
receptor-binding sites (site 2) of the B subunit, we screened divalent peptides whose sequences were designed based on information obtained by multivalent peptide library screening. We successfully identified 11 peptide-based neutralizers of Stx1a. Thus,
the combination of these two techniques enables us to identify a
wide range of biologically active neutralizers of Stx1a, whereas the
multivalent peptide library technique yielded only one motif,
which was found to be cytotoxic.
Previously, we developed a series of carbosilane dendrimers
with clustered trisaccharides of Gb3, named SUPER TWIGs, as Stx
neutralizers (27, 30). One of these compounds, SUPER TWIG
(1)2, which has a divalent form of the trisaccharide, was found to
sufficiently exert the clustering effect on the Stx B subunit to
markedly increase binding affinity. Their KD (dissociation constant) values toward the Stx1a B subunit and Stx2a B subunit were
determined to be 88 and 68 $M, respectively, using the Biacore
system; no binding was observed with free trisaccharide up to 1.6
mM (20, 27). These observations provide a theoretical rationale
for the use of membrane-synthesized divalent (but not monomeric) peptides during screening of high-affinity binding motifs
against the B subunit. Furthermore, our finding that higher density and shorter spacer length of the divalent peptide resulted in
higher binding efficacy clearly demonstrates that a spatially condensed configuration of the divalent peptide enables each motif to
exert the clustering effect.
Here, we focused on site 2 as a target region to develop an Stx1a
neutralizer because this site has already been shown to play an
essential role in the receptor binding of Stx1a (26, 31, 32). One of
the Stx neutralizers with clustered trisaccharides, the STARFISH
compound, containing 10 trisaccharides assembled into a single
glucose core through bifurcated spacers, was found to exclusively
occupy site 2 of the Stx1a B subunit, further confirming the importance of site 2 as a target region (33). The 11 Stx1a neutralizers
that we identified here are the first peptide-based neutralizers to
target site 2, while PPP-tet and MMA-tet, which were identified by
targeting site 3 of Stx2a and site 1 of Stx1a, respectively, did not
touch site 2 on each B subunit (Fig. 5) (20, 22). Among these
inhibitors, KGA-tet, PQA-tet, YTA-tet, VIA-tet, and AAL-tet inhibited the cytotoxicity of Stx1a with potency similar to that of
MMA-tet (Fig. 6).
All the divalent peptides synthesized on a membrane have the
RRRR motif at positions 4 to 7: this motif was introduced based on
information obtained from multivalent peptide library screening.
The addition of even a single acidic amino acid (Asp or Glu) to this
motif at position 1, 2, or 3 markedly reduced the binding of 125I1BH and 125I-1BH-G62A (positions C14 to D8, E4 to E22, F23,
G16, G18, H11, H13, I6, I8, J1, J3, K15, K17, M5, M7, N2, and
N21, in Fig. 3B), and surprisingly, no acidic amino acids were
selected in the data shown in Table S1 in the supplemental material. This significant finding about the negative selectivity of acidic
amino acids cannot be theoretically obtained by using the multivalent peptide library technique. In accordance with this observation, all the motifs with 1BH-binding values and 1BH-G62A values greater than 2.2 have at least one Lys in positions 1 to 3 (see
Table S1 in the supplemental material), demonstrating that the

FIG 4 Binding analysis of the divalent peptides with 64 candidate motifs
synthesized on a membrane to 1BH or 1BH-G62A. (A) The structure of the
divalent peptide synthesized on a membrane was the same as that shown in Fig.
3A. The 64 divalent peptides with candidate motifs, the first three amino acids
of which are shown in the panel, were synthesized at the indicated positions.
The gray boxes indicate the 11 candidate motifs selected after the binding
analysis as shown in Fig. S1 in the supplemental material. (B) The membrane
was blotted with the indicated amounts of 125I-1BH or 125I-1BH-G62A, and
the radioactivity bound to each peptide spot was quantitated and analyzed (see
Fig. S1 in the supplemental material).

PQA-tet, YTA-tet, VIA-tet, AAL-tet, and AAK-tet. The binding of
these tetravalent peptides to 1BH or 1BH-G62A was examined
(Fig. 5). All of the tetravalent peptides bound to 1BH with more
potency than to 1BH-G62A, indicating that site 2 is involved in the
binding of these peptides. Under the same conditions, MMA-tet,
which binds to sites 1 and 3 of 1BH but not site 2 (22), bound to
1BH-G62A with similar affinity as that of 1BH (data not shown),
further confirming the binding specificity of the identified tetravalent peptides. As shown in Table 1, all of these tetravalent peptides
bound to 1BH with high affinities.
Tetravalent peptides with the identified motifs efficiently inhibit the cytotoxicity of Stx1a. The ability of the identified tetravalent peptides to inhibit the cytotoxicity of Stx1a in Vero cells
was examined (Fig. 6). MMA-tet was used as a positive control.
Among the 11 tetravalent peptides, KGA-tet, KFA-tet, FRA-tet,
PQA-tet, YTA-tet, VIA-tet, and AAL-tet inhibited Stx1a cytotoxicity as efficiently as MMA-tet, although the inhibitory effects of
KFA-tet and FRA-tet were reduced at 52 $M because of their own
cytotoxicity (data not shown). NKA-tet, IIA-tet, KMA-tet, and
AAK-tet exerted inhibitory effects with lower efficiency.
February 2015 Volume 81 Number 3
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FIG 5 Analysis of the binding of the identified tetravalent peptides with 1BH or 1BH-G62A. The binding of 1BH (closed diamonds) or 1BH-G62A (open
triangles) (1 $g/ml) with the indicated amounts of the tetravalent peptides was examined using ELISA.

basic amino acid cluster is required to efficiently bind to the B
subunit, irrespective of the presence of Gly 62. It is possible that
this basic amino acid cluster interacts with the acidic amino acids
present on the receptor-binding surface of the B subunit (Asps 16,

17, and 18) (18) through electrostatic interactions. Thus, amino
acids in other positions may contribute to binding site specificity.
Specifically, 8 out of 11 identified Stx neutralizers have at least one
hydrophobic amino acid in positions 1 to 3 (e.g., Ile, Met, Phe,
Val, Pro, Tyr, or Leu) which might be involved in hydrophobic
interactions at site 2, where hydrophobic interactions with the
trisaccharide are prominent during receptor recognition compared to the other receptor-binding sites (18).
The novel membrane-screening technique established here
substantially overcomes the problems of the multivalent peptide
library technique, where only a limited number of binding motifs
are determined and redundancy of amino acid selectivity may be
observed in some positions in the motif. In this technique, hundreds of divalent peptides synthesized on a membrane with
known sequences can be screened quantitatively, thus yielding a
wide variety of binding motifs that could successfully distinguish a
small change in amino acid sequence, such as Gly to Ala. Various
closely related subtypes for Stx1 (Stx1a, -1c, and -1d) and Stx2
(Stx2a, -2b, -2c, -2d, -2e, -2f, and -2g) are present (12–14), but
their modes of globosugar recognition are shown to be substantially different because of the minute differences present on the
receptor-binding surface of the B subunits (34). Thus, the combi-

TABLE 1 Binding kinetics of the identified tetravalent peptidesa
Tetravalent peptide

KD ($M), mean & SE
(n ' 3)

RUmax (AU), mean & SE
(n ' 3 to 4)

NKA-tet
IIA-tet
KGA-tet
KMA-tet
KFA-tet
FRA-tet
PQA-tet
YTA-tet
VIA-tet
AAL-tet
AAK-tet

0.28 & 0.01
0.51 & 0.05
0.21 & 0.01
0.43 & 0.03
0.55 & 0.04
0.63 & 0.11
0.57 & 0.01
0.34 & 0.03
0.40 & 0.01
1.00 & 0.14
0.35 & 0.02

2,460 & 57
3,580 & 52
1,390 & 77
2,510 & 71
3,630 & 44
3,910 & 95
2,140 & 19
2,170 & 364
2,050 & 202
2,400 & 175
2,630 & 35

a

The binding kinetics of the identified tetravalent peptides to immobilized 1BH were
analyzed using the Biacore system. KD, dissociation constant; RUmax, maximum
resonance unit.
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10.

11.

12.
13.
14.

FIG 6 Inhibitory effects of the identified tetravalent peptides on the cytotoxicity of Stx1a in Vero cells. The effects of the identified tetravalent peptides on
the cytotoxicity of Stx1a (1 pg/ml) in Vero cells were examined by the cytotoxicity assay. Data are presented as a percentage of the control value (mean &
standard error, n ' 3).

15.

nation of the two techniques presented here will provide a powerful strategy to develop optimal neutralizers against specific subtypes, enabling customized therapy that targets individual Stx
subtypes produced by various EHEC strains.
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S

higa toxin (Stx) is a major virulence factor of enterohemorrhagic Escherichia coli (EHEC), which causes bloody diarrhea,
hemorrhagic colitis, and sometimes life-threatening systemic
complications such as acute encephalopathy and hemolytic-uremic syndrome (HUS) (1–6). To date, numerous EHEC strains
that produce various Stx subtypes have been reported (7, 8). These
Stxs can be classified into two subgroups, Stx1 and Stx2, each
consisting of various closely related subtypes, such as Stx1a, -1c,
and -1d and Stx2a, -2b, -2c, -2d, -2e, -2f, and -2g (7–9). Stx2a (10,
11) and Stx2d, which is activated by elastase derived from the
intestinal mucosa (12–14), are highly virulent and have been
linked with HUS, the most serious sequela of EHEC infection. The
pathophysiologic importance of these subtypes was also confirmed by the finding that Stx2a and Stx2d are highly toxic when
injected into mice (15, 16) or primates (17–19). Therefore, Stx
neutralizers, particularly those customized to specifically neutralize Stx2a and Stx2d, would be highly valuable therapeutic agents
for treating infections caused by various EHEC strains.
Stx molecules consist of a catalytic A subunit, which has RNA
N-glycosidase activity and inhibits eukaryotic protein synthesis
(20, 21), and a B-subunit pentamer. The B-subunit pentamer is
responsible for high-affinity binding to the functional cell surface
receptor Gb3 (Gal![1-4]-Gal"[1-4]-Glc"-ceramide) (4, 22, 23)
or Gb4 (GalNAc"[1-3]-Gal![1-4]-Gal"[1-4]-Glc"-ceramide),
which is the receptor preferred by Stx2e (24). Each B subunit has
three distinct binding sites for the trisaccharide moiety of Gb3
(i.e., sites 1, 2, and 3) (25, 26), enabling a multivalent interaction
between the B-subunit pentamer and Gb3. This type of interaction contributes to the highly selective and potent binding of Stx
September 2016 Volume 84 Number 9

to target cells, sometimes referred to as the “clustering effect.”
Accordingly, several compounds with clustered trisaccharides
that can bind to the B subunit with high affinity have been developed and shown to effectively neutralize Stx both in vitro and in
vivo (27–33). These compounds, however, cannot be customized
to specific Stx subtypes, because all Stx subtypes recognize the
trisaccharide as the natural binding unit.
Previously, we developed a library of multivalent peptides exhibiting the clustering effect, from which we identified Stx-neutralizing tetravalent peptides by screening the library for highaffinity binding to the specific receptor-binding sites (33–36). By
targeting Stx2a receptor-binding site 3 or Stx1a site 1, we identified various tetravalent peptides demonstrating remarkable therapeutic potency in both a mouse model of EHEC infection (34,
36) and a nonhuman primate model (19). Recently, we established a novel technique to determine a wide range of binding
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Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli (EHEC), can be classified into two subgroups,
Stx1 and Stx2, each consisting of various closely related subtypes. Stx2 subtypes Stx2a and Stx2d are highly virulent and linked
with serious human disorders, such as acute encephalopathy and hemolytic-uremic syndrome. Through affinity-based screening
of a tetravalent peptide library, we previously developed peptide neutralizers of Stx2a in which the structure was optimized to
bind to the B-subunit pentamer. In this study, we identified Stx2d-selective neutralizers by targeting Asn16 of the B subunit, an
amino acid unique to Stx2d that plays an essential role in receptor binding. We synthesized a series of tetravalent peptides on a
cellulose membrane in which the core structure was exactly the same as that of peptides in the tetravalent library. A total of nine
candidate motifs were selected to synthesize tetravalent forms of the peptides by screening two series of the tetravalent peptides.
Five of the tetravalent peptides effectively inhibited the cytotoxicity of Stx2a and Stx2d, and notably, two of the peptides selectively inhibited Stx2d. These two tetravalent peptides bound to the Stx2d B subunit with high affinity dependent on Asn16. The
mechanism of binding to the Stx2d B subunit differed from that of binding to Stx2a in that the peptides covered a relatively wide
region of the receptor-binding surface. Thus, this highly optimized screening technique enables the development of subtypeselective neutralizers, which may lead to more sophisticated treatments of infections by Stx-producing EHEC.

Mitsui et al.

tions of the Gb3 polymer were injected to reach a plateau at 25°C. Resonance was expressed in the arbitrary units (AU) used by the Biacore system. Binding kinetics were analyzed with BIAEVALUATION v1.1.1 (GE
Healthcare Sciences).
Spot synthesis of tetravalent peptides on a cellulose membrane. Basic spot synthesis of peptides on a cellulose membrane was performed as
described previously (37), with a ResPep SL SPOT synthesizer (INTAVIS
Bioanalytical Instruments AG). Fmoc-"Ala-OH (Watanabe Chemical Industries, Japan) was used in the first cycle, followed by aminohexanoic
acid as a spacer. Fmoc-Lys(Fmoc)-OH (Watanabe Chemical Industries)
was used in the next two cycles to create four branches in the peptide chain
for subsequent motif synthesis. Prior to deprotection of the side chain
residues, successful synthesis of each peptide was confirmed by staining
the membrane with bromophenol blue (1% in N,N=-dimethylformamide), which reacts with the free amino residues produced only after
completion of all of the reactions. After destaining with N,N=-dimethylformamide, the membrane was used in the binding assay.
Assay of 2dBH or 2dBH-N16A binding to tetravalent peptides. After
blocking with 5% skim milk in phosphate-buffered saline, the membrane,
prepared as described above, was blotted for 1 h at room temperature with
125
I-labeled 2dBH or 125I-labeled 2dBH-N16A (1 $g/ml, 1 % 106 to 2 %
106 cpm/$g of protein) prepared as described previously (34). After extensive washing, the radioactivity bound to each peptide spot was quantified in terms of the number of pixels with a BAS 2500 bioimaging analyzer (GE Healthcare, Japan) as described previously (37).
Synthesis of tetravalent peptides. Tetravalent peptides were synthesized with N-!-9-fluorenylmethoxy carbonyl (Fmoc)-protected amino
acids and standard (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate/1-hydroxybenzotriazole hydrate coupling
chemistry as described previously (34). A Met-Ala sequence was included
at the amino terminus of the tetravalent peptide so that its structure would
be identical to that of MMA-tet, which was developed on the basis of the
results of multivalent peptide library screening and found to effectively
inhibit both Stx1a and Stx2a (36). The terminal amino groups of the
tetravalent peptides were biotinylated with biotin (Sigma-Aldrich, USA)
and 1-(bis[dimethylamino]methylene)-1H-benzotriazolium 3-oxide
hexafluorophosphate (Peptide Institute Inc., Japan) in the last cycle of the
peptide synthesis.
Cytotoxicity assay. Subconfluent Vero cells cultured in a 96-well plate
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum were treated with Stx2a (10 pg/ml) or Stx2d (80 pg/ml) in the
absence or presence of a given tetravalent peptide for 72 h at 37°C. The
relative number of living cells remaining after treatment was determined
with Cell Counting Kit-8 (Dojindo, Japan) as described previously (34).
Analysis of binding between tetravalent peptides and B subunits
with the AlphaScreen assay. The AlphaScreen assay was used to assess
binding between the tetravalent peptides and Stx B subunits as described
previously (36). Various amounts of biotinylated tetravalent peptide and
mutant 2aBH, 2dBH, or 2aBH/2dBH (10 $g/ml) were incubated in individual wells of an OptiPlate-384 (PerkinElmer) for 1 h at room temperature. The samples were then incubated with nickel chelate acceptor beads
(20 $g/ml; PerkinElmer) for 30 min and then with streptavidin donor
beads (20 $g/ml; PerkinElmer) for 1 h at room temperature in the dark.
The plate was then subjected to excitation at 680 nm, and emission from
the wells was monitored at 615 nm with an EnVision system (PerkinElmer). Data are expressed as the AU of signal intensity (counts per second) used by the EnVision system. The apparent KD value for each tetravalent peptide was determined as the concentration yielding half of the
maximum binding value.

MATERIALS AND METHODS
Materials. Gb3 polymer 1:0, which is a linear polymer of acrylamide with
highly clustered trisaccharides, was obtained as described previously (31).
AlphaScreen reagent and Amino-PEG500-UC540 membranes (INTAVIS;
Bioanalytical Instruments AG, Tübingen, Germany) used in the spot synthesis of peptides were purchased from PerkinElmer (Tokyo, Japan). Recombinant Stx2a, the histidine-tagged Stx2a B subunit (2aBH), and
2aBHs containing amino acid substitutions (2aBH-D16A, 2aBH-W29A,
2aBH-W33A, 2aBH-G61A, and 2aBH-W29A/G61A/W33A) were prepared as described previously (32). Stx2d was prepared from the culture
supernatant of E. coli strain B2F1 (O91:H21) as described previously (41).
The histidine-tagged Stx2d B subunit (2dBH) was prepared as follows. An
NcoI-BamHI fragment was prepared from a lysate of E. coli strain B2F1
(O91:H21) by PCR with primers 5=-AGAGCCATGGATTGTGCTAAAG
GTAAAATT-3= and 5=-AGAGGGATCCGCGTCATTATTAAACTG-3=.
The fragment was ligated into the vector pET-28a (Novagen, Merck, Germany). 2dBH was expressed in competent E. coli BL21DE (3) cells (Novagen) transformed with the vector, as described previously (31). To
prepare 2dBHs containing amino acid substitutions (2dBH-N16A, 2dBHW29A, 2dBH-G61A, 2dBH-W33A, and 2dBH-N16A/G61A/W33A), sitedirected mutagenesis of pET28a-2dBH was performed with a QuikChange kit (Stratagene, CA, USA) with the following mutagenic
oligonucleotides: 5=-TTTTACTGTGAATGTATCAGCCTCATTATACT
TGGAAAA-3= for N16A, 5=-CAGATTCCAGCGACTGGTAGCGTACT
CTTTTCCGGCCAC-3= for W29A, 5=-AAACTGCACTTCAGCAAAAG
CGGA GCCTGATTCACAGGT-3= for G61A, and 5=-CAGTAACGGTTG
CAGATTAGCGCGACTGGTCCAGTACTC-3= for W33A.
Kinetic analysis of binding between the Gb3 polymer and B subunits. Binding of the Gb3 polymer to 2dBH or 2dBH containing an amino
acid substitution was quantified with a Biacore T100 system (GE Healthcare Sciences, USA) as described previously (34). After Ni2# was fixed on
a nitrilotriacetic acidic sensor chip (GE Healthcare Sciences), recombinant 2dBH or 2dBH with an amino acid substitution (10 $g/ml) was
injected into the system and immobilized on the chip. Various concentra-
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RESULTS

Asn16 of the Stx2d B subunit plays an essential role in receptor
binding. There is a difference of two amino acids between the
sequences of the Stx2a B subunit and the Stx2d B subunit. Asn16,
but not Ala24, of the Stx2d B subunit is located on the receptor-
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motifs for the B subunit by directly screening hundreds of divalent
peptides synthesized on a cellulose membrane. The amino acid
sequences of these peptides were designed on the basis of information obtained from the multivalent peptide library (37). By
targeting Stx1a receptor-binding site 2 of the B subunit, we identified 11 peptides that neutralize Stx1a (37). Thus, the combination of library screening and synthesis of peptides on a cellulose
membrane enables the efficient design of customized neutralizing
peptides targeting a specific region of the receptor-binding surface
of the Stx B subunit.
The amino acid sequence of the Stx2d B subunit is highly homologous to that of the Stx2a B subunit, with a difference of only
two amino acids (38), Asn16 and Ala24 of the Stx2d B subunit,
corresponding to Asp16 and Asp24 of the Stx2a B subunit, respectively. Asp16 of the Stx2a B subunit constitutes functional receptor-binding site 1 (26, 32, 39). Although Asn16 of the Stx2d B
subunit is predicted to form receptor-binding site 1, thus contributing to cytotoxic activity (16, 40), it is unclear whether Asn16 is
directly involved in receptor binding.
Using a series of B-subunit receptor-binding site mutant
forms, in the present study, we found that Asn16 of the Stx2d B
subunit plays an essential role in receptor binding. We targeted
Asn16 and screened a series of tetravalent peptides synthesized on
a cellulose membrane, the sequences of which contained the Bsubunit consensus binding motif (34, 36, 37). Using this approach, we identified two peptides that selectively neutralize
Stx2d. We also investigated the molecular mechanism underlying
the Stx2d-specific inhibitory effects of these neutralizing peptides.

Subtype-Selective Neutralizers of Shiga Toxin 2d

was quantified and analyzed (Fig. 1C). The ratio (2dBH/N16A) of
I-2dBH binding (2dBH-binding value) to 125I-2dBH-N16A
binding (N16A-binding value) was calculated and normalized to
evaluate the specificity of binding through Asn16. The product of
the 2dBH-binding value and the normalized 2dBH/N16A ratio
(2dBH % ratio) was used to evaluate both binding intensity and
specificity. Nine sequences with 2dBH-binding values of &1.20
(i.e., KMA-, LMA-, QMA-, IMA-, RMA-, MMK-, MMV-, MMS-,
and MMM-RRRR) were identified as candidate motifs for highaffinity binding. Of these sequences, the LMA-RRRR and MMMRRRR motifs were found to have the highest 2dBH % ratio product in each group, indicating that these motifs exhibit the highest
Asn16-mediated binding intensity and selectivity. All nine of the
above-mentioned motifs were assembled into tetramer forms
with the same core structure and designated KMA-tet, LMA-tet,
QMA-tet, IMA-tet, RMA-tet, MMK-tet, MMV-tet, MMS-tet, and
MMM-tet, respectively.
LMA-tet and MMM-tet selectively inhibit Stx2d cytotoxicity.
The effects of the nine tetravalent peptides described in the previous section on the cytotoxicity of Stx2a and Stx2d are illustrated in
Fig. 2. At a concentration as low as 17 $M, LMA-tet, QMA-tet,
IMA-tet, MMV-tet, and MMM-tet inhibited the cytotoxicity of
Stx2a similarly to MMA-tet (the most effective peptide-based
neutralizer of this subtype developed to date) (Fig. 2A and C).
Notably, LMA-tet and MMM-tet inhibited the cytotoxicity of
Stx2d with even more potency than MMA-tet, whereas QMA-tet,
IMA-tet, and MMV-tet showed inhibitory efficacy similar to that
of MMA-tet (Fig. 2B and D). The 50% inhibitory concentrations
(IC50s) of LMA-tet, MMM-tet, and MMA-tet for Stx2d were 2.9,
2.7, and 6.8 $M, respectively, and their IC50s for Stx2a were 7.9,
6.8, and 5.5 $M, respectively. KMA-tet, RMA-tet, and MMK-tet
showed no or limited inhibition of Stx2a and Stx2d cytotoxicity
(Fig. 2A to D). In the absence of toxin, no cytotoxic activity was
exhibited by any of the nine tetravalent peptides at concentrations
of up to 17 $M (data not shown). Thus, five peptides (LMA-tet,
QMA-tet, IMA-tet, MMV-tet, and MMM-tet) were identified as
novel neutralizers of both Stx2a and Stx2d. LMA-tet and MMMtet, in particular, exhibited clear selectivity for Stx2d.
LMA-tet and MMM-tet bind to the Stx2d B subunit via a relatively large region of the receptor-binding surface encompassing Asn16. To elucidate the mechanism by which LMA-tet and
MMM-tet bind to the Stx2a or Stx2d B subunit, the binding to
each B subunit or its receptor-binding site mutant forms was examined with the AlphaScreen assay. The results showed that
LMA-tet and MMM-tet bound to 2aBH or 2dBH with high affinity (Fig. 3A). The patterns of binding to 2aBH and its mutant
forms were quite similar, in that the maximum values of binding
to 2aBH-D16A (a site 1 mutant form) and 2aBH-W29A/G61A/
W33A (a site 1, 2, and 3 triple mutant form) were markedly reduced. The maximum values of LMA-tet and MMM-tet binding
to 2aBH-W33A (a site 3 mutant form) were reduced to 66.4 and
74.3%, respectively, and the apparent KD values were increased
5.1- and 4.2-fold, respectively (Fig. 3B). On the other hand, the
maximum values of LMA-tet binding to 2aBH-W29A (a site 1
mutant form) and 2aBH-G61A (a site 2 mutant form) were not
markedly affected, although the apparent KD values were increased 4.8- and 1.7-fold, respectively (Fig. 3B). Similarly, the
maximum values of MMM-tet binding to 2aBH-W29A and
2aBH-G61A were not affected, but the apparent KD values were
increased 3.8- and 1.5-fold, respectively (Fig. 3B). These results

TABLE 1 Kinetic analysis of Gb3 polymer 1:0 binding to a series of
Stx2d B-subunit mutant formsa
Stx2d B subunit
2dBH
2dBH-N16A
2dBH-W29A
2dBH-G61A
2dBH-W33A

Mutated
site

Mean KD ($M) ' SE

Mean RUmax ' SE (n)

1
1
2
3

0.32 ' 0.03
58.7 ' 33b
34.5 ' 7.1
1.53 ' 0.05
16.5 ' 5.3

438 ' 69.3 (8)
19.6 ' 6.4c (3)
53.1 ' 2.4d (3)
246 ' 18.6 (3)
60.8 ' 13.3d (3)

125

a

The kinetics of Gb3 polymer 1:0 binding to each immobilized Stx2d B-subunit mutant
form were analyzed with the Biacore system. RUmax, maximum resonance unit. The
concentration of Gb3 polymer 1:0 is shown as the trisaccharide moiety. The resonance
unit is an AU used by the Biacore system.
b
P ( 0.027 (compared with 2dBH by ANOVA and Scheffe’s test).
c
P ) 0.01 (compared with 2dBH by ANOVA and Scheffe’s test).
d
P ) 0.02 (compared with 2dBH by ANOVA and Scheffe’s test).
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binding surface (38). Although Asn16 is predicted to form receptor-binding site 1 (16, 40), there is no direct evidence demonstrating that Asn16 is involved in Stx2d receptor binding. To elucidate
the role of this residue in receptor binding, Asn16 was substituted
with an Ala residue and the effect on receptor-binding activity was
examined with Gb3 polymer 1:0, a linear polymer of acrylamide
with highly clustered trisaccharides that functions as an excellent
receptor mimic (31). The effects of Ala substitutions for other
amino acids (i.e., Trp29, Gly61, and Trp33, which are predicted to
form sites 1, 2, and 3, respectively) were also examined. Among
the 2dBH mutant forms, the KD values for binding to 2dBHN16A, -W29A, and -W33A increased 183-, 108-, and 52-fold, respectively, whereas the KD value for binding to 2dBH-G61A increased only slightly, by 4.8-fold (Table 1). The maximum binding
(RUmax) values for 2dBH-N16A, -W29A, -G61A, and -W33A decreased to 4, 12, 56, and 14% of that for 2dBH, respectively. These
results indicate that Asn16 contributes significantly to the receptor binding of 2dBH and suggest that Asn16 represents an ideal
target for identifying Stx2d-selective neutralizers.
Screening of tetravalent peptides synthesized on a membrane to identify peptide motifs that specifically bind to
2dBH via Asn16. We recently developed a single cellulose
membrane-based technique to synthesize divalent peptides
with increased affinity for binding to the B subunit (37). Here,
we established another novel membrane-based technique with
Fmoc-Lys(Fmoc)-OH to synthesize tetravalent peptides for the
subsequent synthesis of various motifs (Fig. 1A). The basic structure of the tetravalent peptide was designed to be exactly the same
as that of the previously developed tetravalent peptide library (34)
in order to satisfy all of the structural requirements critical for
fully exerting the clustering effect for B-subunit binding (32, 34).
The tetravalent peptide motif was either XMA-RRRR or
MMX-RRRR (where X denotes any amino acid except Cys), based
on the motif of MMA-tet (MMA-RRRR), which markedly inhibits the cytotoxicity of both Stx1a and Stx2a (36). Previous reports
have demonstrated the importance of the second Met residue for
high-affinity binding to the B subunit (36), as well as the importance of the clustered Arg residues as a consensus Stx B-subunit
binding motif (34, 36, 37). These results provided the rationale for
the design and on-membrane synthesis of the tetravalent peptides
examined in the present study (Fig. 1B).
The membrane was blotted with 125I-2dBH or 125I-2dBHN16A (Fig. 1B), and the radioactivity bound to each peptide spot
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FIG 1 Identification of Asn16-dependent 2dBH binding motifs by screening of tetravalent peptides synthesized on a cellulose membrane. (A) General structure
of the tetravalent peptides synthesized on a cellulose membrane as described previously (37). The density of the tetravalent peptide was maximized by using
Fmoc-"-Ala-OH without butoxycarbonyl-"-Ala-OH for the first peptide synthesis cycle. After the addition of one aminohexanoic acid (U) as a spacer following
the first "-Ala, Fmoc-Lys(Fmoc)-OH was used for the next two cycles to form four branches in the peptide chain for subsequent synthesis of the various motifs
examined in this study (R ( Met-Ala-[indicated motif]-Ala-). (B) The tetravalent form of the XMA-RRRR or MMX-RRRR (X indicates any amino acid except
Cys) motif was synthesized on a membrane (left and center). The first three amino acids present in the motif are indicated on the right. The membrane was blotted
with 125I-2dBH or 125I-2dBH-N16A (1 $g/ml), and the radioactivity bound to each peptide spot was quantified as a pixel value. (C) The sum of the pixel values
of all of the peptide spots was normalized to 19 (the number of tetravalent peptides synthesized on the membrane) so that each peptide would have a value of 1
in the absence of selectivity. The ratio of 125I-2dBH binding (2dBH-binding value) to 125I-2dBH-N16A binding (N16A-binding value) (2dBH/N16A) was
calculated, and the sum of each ratio was also normalized to 19 to evaluate the specificity of binding through Asn16. The product of the 2dBH-binding value and
the normalized 2dBH/N16A ratio (2dBH % ratio) was used to evaluate both binding intensity and specificity. The sequences were sorted in descending order on
the basis of the 2dBH-binding values. 2dBH-binding values of &1.20 and the highest 2dBH % ratio products are shaded.
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DISCUSSION

suggest that Asp16, located at site 1 of the Stx2a B subunit, plays an
essential role in the binding of LMA-tet and MMM-tet, whereas
site 3 residue Trp33 (but not Trp29 at site 1 or Gly61 in site 2) plays
a more limited role in binding.
In contrast, the maximum values of LMA-tet and MMM-tet
binding to 2dBH-G61A (a site 2 mutant form), 2dBH-W33A (a
site 3 mutant form), and 2aBH-W29A/G61A/W33A (a site 1, 2,
and 3 triple mutant form) were markedly reduced, and the maximum values of binding to 2dBH-N16A (a site 1 mutant form)
were substantially reduced (to 23.2 and 31.2% of the maximum
binding to 2dBH, respectively) (Fig. 3B). The maximum values of
LMA-tet and MMM-tet binding to 2dBH-W29A (a site 1 mutant
form) were reduced to 62.1 and 57.0%, respectively, and their
apparent KD values increased 3.4- and 4.5-fold, respectively (Fig.
3B). Thus, in the case of the Stx2d B subunit, Asn16, Gly61, and
Trp33, which constitute receptor-binding sites 1, 2, and 3, respectively, play significant roles in the binding of LMA-tet and MMMtet, whereas Trp29 plays a more limited role. MA-tet, which has
the same core structure as the other peptide but lacks a binding
motif, did not bind to the B subunit (data not shown), providing
further confirmation that the two motifs identified here mediate
efficient binding to the Stx2d B subunit.
September 2016 Volume 84 Number 9

In this study, we found that Asn16 of the Stx2d B subunit, which is
the only difference between the sequences of Stx2a and Stx2d on
the receptor-binding surface, plays an essential role in the receptor
binding of Stx2d. By Asn16-targeted screening of a series of tetravalent peptides synthesized on a cellulose membrane, we identified five novel Stx2d neutralizers: LMA-tet, QMA-tet, IMA-tet,
MMV-tet, and MMM-tet. Each of these tetravalent peptides efficiently inhibited Stx2a as well. Interestingly, LMA-tet and MMMtet exhibited clear selectivity for Stx2d.
The relative contributions of Asn16, Trp33, and Trp29 to receptor binding of the Stx2d B subunit were elucidated with Gb3
polymer 1:0, an excellent receptor mimic composed of highly
clustered trisaccharides (31) (Table 1). In a previous study, we
demonstrated that single substitution of Stx2a B-subunit residue
Asp16, Trp29, or Trp33 with Ala has no effect on the binding
kinetics of the Gb3 polymer, because in this case, the dysfunction
in the corresponding receptor-binding site can be compensated
for by the other sites (39). Conversely, an enzyme-linked immunosorbent assay-based study revealed that the binding of Stx2a
and Stx2d B subunits to immobilized Gb3 exhibits essentially the
same kinetics (42). Furthermore, the KD value for binding of the
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FIG 2 Inhibition of the cytotoxicity of Stx2a and Stx2d for Vero cells by the tetravalent peptides identified in this study. The effects of the tetravalent peptides
indicated on the cytotoxicity of Stx2a (10 pg/ml; A and C) or Stx2d (80 pg/ml; B and D) for Vero cells were examined with a cytotoxicity assay. Data are presented
as percentages of the control value (mean ' standard error, n ( 3; *, P ) 0.05; **, P ) 0.01 [Tukey’s test, compared with MMA-tet]).
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FIG 3 Analysis of the binding of LMA-tet and MMM-tet to 2aBH or 2dBH with the AlphaScreen assay. (A) The binding of biotinylated LMA-tet and MMM-tet to 2aBH,
2dBH, and their mutant forms (10 $g/ml) was examined with the AlphaScreen assay. Data are presented as signal intensity (mean number of counts per second '
standard error, n ( 3). (B) The apparent KD values of LMA-tet and MMM-tet for binding to 2aBH, 2dBH, and their mutant forms were determined as the concentration
of the compound yielding half of the maximum binding value. The maximum values of LMA-tet and MMM-tet binding are presented as percentages of the values of their
binding to 2aBH and 2dBH. —, not determined. *, P ) 0.05; ***, P ) 0.005 (Tukey’s test); **, P ) 0.005 (Student’s t test, compared with 2aBH or 2dBH).

Gb3 polymer to the Stx2d B subunit (0.32 $M) (Table 1) was
found to be even lower than that of binding to the Stx2a B subunit
(0.68 $M) (39). These observations clearly indicate that the molecular interaction with the receptor differs for the Stx2a B subunit
2658
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and Stx2d B subunit. Thus, Stx2d B-subunit Asn16 plays a physiologically more significant role in receptor binding than Stx2a B-subunit Asp16, further confirming the validity of selecting Asn16 as a
target for the development of Stx2d-selective neutralizers.

Infection and Immunity

36

September 2016 Volume 84 Number 9

Subtype-Selective Neutralizers of Shiga Toxin 2d

September 2016 Volume 84 Number 9

sequence of its B subunit is the same as that of the Stx2d B subunit
(8, 43). Interestingly, we found that LMA-tet and MMM-tet also
efficiently inhibited the cytotoxicity of Stx2c for Vero cells, with
IC50s of 2.2 and 1.6 $M, respectively, compared with 3.3 $M for
MMA-tet (data not shown). As shown here, LMA-tet and MMMtet clearly exhibited Stx2d inhibitory effects superior to those of
MMA-tet (Fig. 2). MMA-tet, which was originally developed for
Stx1a (36), is a universal neutralizer that efficiently inhibits various Stx subtypes, including Stx1a, Stx2a (36, 37), and Stx2d (Fig.
2). These observations clearly demonstrate the usefulness of developing subtype-selective neutralizers in addition to a universal
neutralizer such as MMA-tet. LMA-tet and MMM-tet also exhibited potent inhibition of the cytotoxicity of Stx2a, with IC50s (7.9
and 6.8 $M, respectively) similar to that of MMA-tet (5.5 $M)
(Fig. 2). Thus, the use of these compounds alone or in combination with MMA-tet is predicted to be a more effective treatment
for infections with EHEC producing these highly virulent Stx subtypes.
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In this study, we established a technique for cellulose membrane synthesis of tetravalent peptides with structures that satisfy
all of the requirements for exerting the clustering effect for B-subunit binding (32, 34). Using a series of carbosilane dendrimers
with clustered trisaccharides, referred to as SUPER TWIGs, we
previously found that four trisaccharides, each of which is included in the structure separated by spacers of at least 11 Å, are
sufficient for high-affinity binding to the B subunits of Stx1 and
Stx2 (32). On the basis of our previous findings, our membrane
peptide synthesis technique was optimized in the present study in
order to synthesize tetravalent peptides containing an RRRR sequence motif. One of the four inhibitory motifs identified by targeting site 3 of the Stx2a B subunit by the peptide library technique
contains a PPP-RRRR sequence (34). In addition, all of the inhibitory motifs identified by targeting site 1 (36) and site 2 (37) of the
Stx1a B subunit have an RRRR motif. Replacing the RRRR motif
with a DDDD motif completely abolishes binding to the Stx1a B
subunit (37). In this study, screening of two series of tetravalent
peptides synthesized on a membrane with XMA-RRRR or MMXRRRR motifs led to the identification of nine candidate Stx2d
B-subunit binding motifs. However, as shown in Fig. 1C, the addition of an Asp or Glu residue next to the RRRR motif yielded the
lowest value of binding to the Stx2d B subunit, further confirming
the importance of the cluster of basic amino acids for binding to
the Stx2d B subunit.
To date, a variety of Stx neutralizers containing a cluster of
trisaccharides as an Stx binding unit have been developed (27–32).
However, it is difficult to develop subtype-selective neutralizers
based on these neutralizers, because all of the Stx subtypes recognize Gb3 as a common receptor (4, 22–24). The B subunits of
Stx2a, Stx2c, and Stx2d, in particular, display similar glycolipidbinding affinities (42). In this study, by targeting Asn16 of the
Stx2d B subunit, we identified two Stx2d-selective neutralizers,
LMA-tet and MMM-tet. Interestingly, Asn16, Gly61, and Trp33
of the Stx2d B subunit (which constitute receptor-binding sites 1,
2, and 3, respectively) were found to contribute equally to the
efficient binding of LMA-tet and MMM-tet, whereas the corresponding Stx2a B-subunit amino acid Asp16 in site 1 (but not
Gly61 or Trp33) was essential for neutralizer binding (Fig. 3).
These observations clearly demonstrate that the mechanism by
which the neutralizers bind to the B-subunit receptor-binding
surface differs for Stx2d and Stx2a, even though both Asn16 of the
Stx2d B subunit and Asp16 of the Stx2a B subunit are involved.
This unique binding mechanism may contribute to the Stx2dselective inhibitory activity of the neutralizers we identified. Of
note, G61 of the Stx2d B subunit was found to be essential for the
binding of LMA-tet and MMM-tet (Fig. 3), whereas this amino
acid was not involved in the binding of Gb3 polymer 1:0 (Table 1),
indicating that the peptide neutralizers and the Gb3 polymer bind
to the Stx2d B subunit via different molecular mechanisms. Thus,
the best region to target for developing a subtype-selective Stx
neutralizer may not necessarily be consistent with the functional
receptor-binding regions, further demonstrating the difficulty of
using trisaccharides as Stx-binding units in the development of
subtype-selective neutralizers.
Of the various Stx subtypes, Stx2a (10, 11) and Stx2d (12–14)
are highly toxic and have been linked with HUS. Another Stx2
subtype, Stx2c, is also commonly associated with HUS (43, 44).
Although Stx2c is much less toxic than Stx2a and Stx2d in vivo
because of the instability of its A subunit (16, 45), the amino acid
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１．はじめに
Proteostasis

-

Nrf1
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図１ プロテアソーム誘導は神経変性疾患の治療法につながるか？
(殿城亜矢子 東京大学ＨＰより)
２．研究の背景
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bZip
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ARE: antioxidant response element
MARE

Maf recognition element

図２

CNC ファミリー転写因子の構造と生理機能

３．研究成果
（１）Nrf1 によるプロテアソーム遺伝子発現を介したタンパク質恒常性維持作用
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（２）Nrf1 欠失により発症する神経変性疾患はプロテアソームの低下が原因ではない

ユビキチン鎖の着脱によるタンパク質恒常性の維持機構
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（３）Nrf1 によるプロテアソーム遺伝子発現機構の解明
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Nrf1
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（４）Nrf1 活性制御機構の解明
１）脱ユビキチン化による NRF1 の活性化機構
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NRF1

USP15

USP15

NRF1

USP15
USP15

NRF1

NRF1

今後の展望
本研究において、Nrf1 の活性化はプロテアソームを誘導することでタンパク質品質
管理機構を亢進させ、ひいては神経変性疾患の治療につながる可能性を示した。したが
って本研究で解明した Nrf1 活性制御機構をターゲットとした Nrf1 活性化剤の創薬研
究を行える状況になった。その観点から、近年 Nrf1 の小胞体からの解離に関わるタン
パク質切断酵素 DDI2 の発見は、Nrf1 研究においてきわめて重要な報告となった（図
８，Lehrbach N. (2016) eLife, Koizumi S. (2016) eLife）。今後は DDI2 による Nrf1 切断
機構の解明を通じて、Nrf1 活性化剤のスクリーニングを行うことは大変魅力的な研究
課題となる。
さらには本研究を展開する中
で、Nrf1 関連遺伝子である Nrf3
がプロテアソームの発現を介し
てガン発生に重要な機能をもっ
ていることを発見した（和久ら、
特許出願中）。今後は、神経変性疾
患だけではなく、ガンにおけるプ
ロテアソームの生理機能につい
ても研究を進める予定である。
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The Casein Kinase 2-Nrf1 Axis Controls the Clearance of
Ubiquitinated Proteins by Regulating Proteasome Gene Expression
Yoshiki Tsuchiya,a Hiroaki Taniguchi,a Yoshiyuki Ito,a Tomoko Morita,a M. Rezaul Karim,a Norihito Ohtake,a Kousuke Fukagai,a
Takao Ito,a Shota Okamuro,a Shun-ichiro Iemura,b Tohru Natsume,b Eisuke Nishida,c Akira Kobayashia

Impairment of the ubiquitin-proteasome system (UPS) has been implicated in the pathogenesis of human diseases, including
neurodegenerative disorders. Thus, stimulating proteasome activity is a promising strategy to ameliorate these age-related diseases. Here we show that the protein kinase casein kinase 2 (CK2) regulates the transcriptional activity of Nrf1 to control the expression of the proteasome genes and thus the clearance of ubiquitinated proteins. We identify CK2 as an Nrf1-binding protein
and find that the knockdown of CK2 enhances the Nrf1-dependent expression of the proteasome subunit genes. Real-time monitoring of proteasome activity reveals that CK2 knockdown alleviates the accumulation of ubiquitinated proteins upon proteasome inhibition. Furthermore, we identify Ser 497 of Nrf1 as the CK2 phosphorylation site and demonstrate that its alanine substitution (S497A) augments the transcriptional activity of Nrf1 and mitigates proteasome dysfunction and the formation of
p62-positive juxtanuclear inclusion bodies upon proteasome inhibition. These results indicate that the CK2-mediated phosphorylation of Nrf1 suppresses the proteasome gene expression and activity and thus suggest that the CK2-Nrf1 axis is a potential therapeutic target for diseases associated with UPS impairment.

A

ccumulation of misfolded and ubiquitinated proteins is a
common pathological feature of various human diseases,
such as amyotrophic lateral sclerosis (ALS), inclusion body myopathies, alcoholic and nonalcoholic steatohepatitis, and neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and
Huntington’s disease (1–3). Multiple lines of evidence suggest that
both the ubiquitin-proteasome system (UPS) and autophagy are
responsible for the clearance of ubiquitinated proteins that would
accumulate in these age-related diseases. It has been demonstrated
that the 26S proteasome can degrade soluble ubiquitinated proteins but not the insoluble aggregates, which are targeted by the
autophagy-lysosome pathway (4–7). Impairment of proteasome
activity is known to cause proteins that are normally turned over
by the UPS to aggregate and form inclusion bodies. Thus, it is
expected that the upregulation of proteasome activity could prevent inclusion body formation and mitigate the progression of
neurodegenerative and related diseases that are caused by the accumulation of abnormal proteins.
Nrf1 (nuclear factor E2-related factor 1 or Nfe2l1) is a member
of the Cap‘n’Collar (CNC) family of basic leucine zipper (bZip)
transcription factors, which also includes p45 NF-E2, Nrf2, and
Nrf3 (8, 9). Nrf1 regulates its target gene expression through either
the antioxidant response element (ARE) or the Maf recognition
element (MARE) by heterodimerizing with small Maf proteins (8,
9). Several gene targeting studies have implicated Nrf1 in the regulation of cellular homeostasis in embryos, hepatocytes, and osteoclasts (10–14). Recent studies have revealed that Nrf1 also plays
an essential role in maintaining neuronal cells and that the loss of
Nrf1 induces neurodegeneration and abnormal accumulation of
ubiquitinated protein aggregates in neurons (15, 16). The impairment of protein homeostasis that is induced by Nrf1 deficiency
may be due to the decreased expression of proteasome subunits in
these neurons (16). Indeed, Nrf1 controls the expression of proteasome subunit genes in mammalian cells under proteasome
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dysfunction (17, 18). Therefore, it is critically important to reveal
the role of Nrf1 in the regulation of proteasome gene expression
and to elucidate the molecular mechanisms underlying the regulation of Nrf1 activity.
In this study, we reveal that the vast majority of proteasome
subunit genes and some proteasome-associated genes are under
the transcriptional control of Nrf1. We identify the protein kinase
casein kinase 2 (CK2) as an Nrf1-interacting protein and demonstrate that CK2 controls proteasome gene expression and activity
by suppressing the transcriptional activity of Nrf1. A mutation of
the CK2 phosphorylation site of Nrf1 enhances the proteasome
activity and reduces the formation of juxtanuclear inclusion bodies. Thus, our work proposes that the CK2-Nrf1 axis could be a
new regulatory target for the efficient clearance of ubiquitinated
proteins.
MATERIALS AND METHODS
Antibodies. The antibodies utilized in this study were normal rabbit IgG
(Santa Cruz), anti-Flag (M2; Sigma), anti-!-tubulin (DM1A; Sigma), antihemagglutinin (anti-HA) (Y-11; Santa Cruz), anti-green fluorescent
protein (anti-GFP) (B-2; Santa Cruz), anti-Nrf1 (H-285; Santa Cruz),
anti-MafK (C-16; Santa Cruz), anti-CK2! (1AD9; Santa Cruz), antiCK2!= (ab10474; Abcam), anti-CK2" (6D5; Santa Cruz), anti-p62/
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FIG 1 Nrf1 regulates the expression of proteasome subunit genes that are induced by proteasome inhibition in HeLa cells. (A) siRNA-mediated knockdown of
Nrf1. HeLa cells transfected with control (Ctrl) siRNA or Nrf1 siRNA were treated with DMSO or 1 %M MG132 for 16 h. mRNA expression levels of Nrf1 were
determined by real-time quantitative PCR analysis. The values were normalized to 18S rRNA values and presented as the means plus standard deviations (SD)
(error bars) (n & 3). (B) MG132 induces the accumulation of Nrf1 proteins. HeLa cell extracts were prepared at the indicated time points after 1 %M MG132
treatment and subjected to immunoblot analysis with anti-Nrf1 (!Nrf1) (H-285) antibody. !!-tubulin, anti-!-tubulin antibody. (C) Nrf1-dependent induction
of proteasome genes. The mRNA expression levels of the indicated genes were determined by real-time quantitative PCR. The expression level in the cells
transfected with the control siRNA and treated with DMSO was set at 1. The values were normalized to 18S rRNA values and presented as the means plus SD (n &
3). (D) The heat map shows the mRNA expression levels of the indicated genes that correspond to the graphs in Fig. 1C and data not shown. The values were
normalized to 18S rRNA values and presented as the means of at least three replicates. The N/C ratio is the ratio of the expression level in Nrf1 siRNA-treated cells
to the expression level in control siRNA-treated cells with MG132 treatment. The color bar indicates the range of the expression ratios in log space. (E) Time
course of expression of PSMC4, PSMA4, GSTA4, and NQO1 upon MG132 treatment. The values were normalized to 18S rRNA values and presented as the
means ' SD (n & 5).
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mM sodium pyrophosphate, 10 mM "-glycerophosphate, 0.1% NP-40, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1# protease inhibitor
cocktail [Roche]). The whole-cell extracts were subjected to immunoprecipitation with anti-Flag M2 affinity gels (Sigma) at 4°C for 2 h. After the
anti-Flag M2 affinity gels were washed with wash buffer (50 mM Tris-HCl
[pH 7.4], 150 mM NaCl, and 0.1% NP-40) three times, the immunocomplexes were eluted by boiling in SDS sample buffer and subjected to immunoblot analysis using the antibodies indicated in the figures. The blots
were treated with a horseradish peroxidase-conjugated secondary antibody (Invitrogen) and were developed with an enhanced chemiluminescence (ECL) kit (GE Healthcare).
Chromatin immunoprecipitation. HeLa cells grown in a 100-mm
dish were cross-linked in 1% formaldehyde for 10 min, followed by
quenching with 1/10 volume of 1.25 M glycine solution and two washes
with phosphate-buffered saline (PBS). The cells were lysed in cell lysis
buffer (5 mM Tris-HCl [pH 8.0], 85 mM KCl, 0.5% NP-40, 1 mM PMSF,
and 1# protease inhibitor cocktail). Nuclear extracts were prepared by
treating the nuclear pellets with ChIP SDS lysis buffer (50 mM Tris-HCl
[pH 8.0], 10 mM EDTA, 1% SDS, 1 mM PMSF, and 1# protease inhibitor
cocktail), followed by sonication using a Bioruptor (Tosho Electric Co.,
Ltd.). Proteins were immunoprecipitated in ChIP dilution buffer (16.7
mM Tris-HCl [pH 8.0], 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1%
Triton X-100, 1 mM PMSF, and 1# protease inhibitor cocktail) using the
antibodies indicated in the figures and Dynabeads protein G (Invitrogen).
The beads were washed with low-salt wash buffer (20 mM Tris-HCl [pH
8.0], 150 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100),
high-salt wash buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 2 mM
EDTA, 0.1% SDS, and 1% Triton X-100), lithium wash buffer (10 mM
Tris-HCl [pH 8.0], 250 mM LiCl, 1% deoxycholate, 1 mM EDTA, and 1%
NP-40), and Tris-EDTA (TE) buffer. Cross-linking was reversed overnight at 65°C in ChIP elution buffer (1% SDS and 50 mM NaHCO3).
ChIPed DNA was then treated with RNase A and proteinase K, purified
with a QIAquick PCR purification kit (Qiagen), and analyzed by real-time
quantitative PCR.
Bioluminescence recordings. HeLa cells were transfected with a
Ub-FL reporter in combination with the indicated siRNAs or 3# Flag
Nrf1 (wild-type or S497A mutant) vectors using Lipofectamine 2000. Fortyeight hours after transfection, the cells were treated with 0.1 mM
D-luciferin (Toyobo), and bioluminescence was measured and integrated
for 1 min at 10-min intervals with a luminometer (AB-2550 Kronos Dio;
Atto). Epoxomicin was added to the culture medium 1 to 2 h after the start
of the measurement.
Luciferase reporter assay. Cells expressing the reporters indicated in
the legends for Fig. 3A and B, 5A and D to F, and 6 were lysed, and the
luciferase activities were measured with the PicaGene luciferase assay system (Toyo Ink) and a Berthold Lumat LB9507 luminometer.
Measurement of proteasome activity. HeLa cells transfected with the
siRNAs indicated in the figures were treated with 10 nM epoxomicin for
24 h. The proteasome activity was determined by measuring chymotrypsin activity with Proteasome-Glo chymotrypsin-like cell-based assay
(Promega) according to the manufacturer’s instructions.

SQSTM1 (PM045; MBL), antiubiquitin (P4D1; Santa Cruz), and antiLC3 (PD014; MBL). The rabbit polyclonal antibodies directed against
mouse Nrf1 that were used in chromatin immunoprecipitation (ChIP)
experiments were raised by immunizing rabbits with a purified recombinant six-histidine (6#His)-tagged Nrf1 protein (residues 292 to 741) that
was expressed in Escherichia coli. The resultant antibodies were subjected
to affinity purification.
Plasmids and recombinant proteins. The 3#Flag mouse Nrf1 expression plasmid was described previously (19). Human CK2! (hCK2!)
and hCK2" cDNAs were subcloned into pcDNA3 (HA). The ubiquitinfused luciferase reporter (Ub-FL) reporter plasmid was kindly provided
by David Piwnica-Worms (20). The 3xPSMA4-ARE-Luc (Luc stands for
luciferase) plasmid was kindly provided by Raymond J. Deshaies (17). The
pRBGP2-Luciferase plasmid was described previously (21). The MafK
expression plasmid was described previously (22). PCR-amplified Nrf1
fragments were subcloned into pET-15b. Recombinant 6# histidinetagged Nrf1 fragments were expressed in E. coli and purified with nickelnitrilotriacetic acid (Ni-NTA)$agarose (Qiagen). Recombinant CK2!
was described previously (23).
Cell culture and transfection. HeLa cells, COS7 cells, and MCF10A
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Wako) that was supplemented with 10% fetal calf serum (FCS) (Invitrogen), 4,500 mg/liter glucose, 40 %g/ml streptomycin, and 40 units/ml
penicillin. Mouse embryonic fibroblasts (MEFs) were cultured in Iscove’s
modified Dulbecco’s medium (IMDM) (Wako) that was supplemented
with 10% FCS, 2 mM glutamine (Invitrogen), 40 %g/ml streptomycin,
and 40 units/ml penicillin. The transfection of plasmid DNA and small
interfering RNA (siRNA) was achieved using Lipofectamine Plus and Lipofectamine 2000 (Invitrogen), respectively.
siRNA knockdown experiment. The cells were cultured for 24 h in
medium without antibiotics. The cells were transfected twice with 40 nM
siRNA (at 24 and 48 h after plating) using Lipofectamine 2000. The sequences of the siRNAs employed in the present study are listed in Table S3
in the supplemental material. Twenty-four hours after the last transfection, the cells were utilized for each experiment. For immunoblot analysis,
the cells were lysed with an SDS sample buffer (50 mM Tris-HCl [pH 6.8],
10% glycerol, and 1% SDS), and the resultant whole-cell extracts were
subjected to immunoblotting with the antibodies indicated in Fig. 1B, 2A
and C, 5C, and 6C.
RNA extraction and real-time quantitative PCR. Total RNA was extracted from cells with the RNeasy minikit (Qiagen) and subjected to
cDNA synthesis with random hexamer primers and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. Real-time quantitative PCR was performed
with FastStart Universal SYBR (Roche) and ABI Prism 7900 (Life Technologies). The PCR primers employed in the present study are listed in
Table S4 in the supplemental material.
Immunoprecipitation and immunoblot analysis. COS7 cells were
treated with the proteasome inhibitor MG132 (Peptide Institute) at a
concentration of 10 %M for 4 h and subjected to preparation as whole-cell
extracts with lysis buffer (50 mM Tris-HCl [pH 8.0], 10% glycerol, 100
mM NaF, 50 mM NaCl, 2 mM EDTA, 2 mM sodium orthovanadate, 10
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RESULTS

Nrf1 regulates the expression of almost all proteasome subunits
and several proteasome-related genes. We first evaluated the importance of Nrf1 in the transcriptional induction of proteasome
subunits and proteasome-related genes upon inhibition of the
proteasome in HeLa cells. To this end, HeLa cells were treated with
the proteasome inhibitor MG132 for 16 h in the presence or absence of siRNA that targets Nrf1. The Nrf1 mRNA expression level
was significantly repressed by the Nrf1-specific siRNA (Fig. 1A).
MG132 stabilized the Nrf1 protein as previously reported (17–19),
and the siRNA-mediated knockdown of Nrf1 efficiently suppressed the accumulation of Nrf1 protein (Fig. 1B). Upon inhibition of the proteasome, Nrf1 is reported to stimulate the expression of a large set of proteasome subunit genes and the proteasome
maturation factor POMP (18). Thus, we first examined the
mRNA expression profiles of all the proteasome subunits and
well-characterized proteasome-related genes. We found that most
of the proteasome subunit genes were upregulated by MG132 in
an Nrf1-dependent manner (Fig. 1C and D) and that the expression of almost all the base and lid subunit genes was significantly
induced by proteasome inhibition in HeLa cells. In addition,
among the many proteasome-related genes, the proteasome activator PA200, the proteasome-associated deubiquitinating enzyme

FIG 2 CK2 regulates the Nrf1-dependent expression of proteasome genes. (A) Physical interaction of Nrf1 with CK2. Whole-cell extracts of COS7 cells
expressing 3#Flag-tagged Nrf1 (3#Flag Nrf1), HA-tagged CK2! (HA CK2!), and HA CK2" were subjected to immunoprecipitation (IP) with anti-Flag
antibody (!Flag), followed by immunoblot (IB) analysis with the indicated antibodies. (B) siRNA-mediated knockdown of CK2 subunits. HeLa cells were
transfected with the indicated siRNAs. The mRNA expression levels of the indicated genes were determined by real-time quantitative PCR. The values were
normalized to 18S rRNA values and presented as the means plus SD (n & 3). (C) The siRNA-mediated knockdown of CK2!, CK2!=, and CK2" was determined
by immunoblot analysis. (D) Knockdown of the CK2 subunits enhances the Nrf1-dependent induction of proteasome genes. HeLa cells transfected with control
(Ctrl), both CK2! and != (CK2!), or CK2" siRNA were treated with Nrf1 siRNA () Nrf1) or left untreated and treated with DMSO or 1 %M MG132 for 16 h.
The mRNA expression levels were determined by real-time quantitative PCR analysis. The values were normalized to 18S rRNA values and presented as the means
plus SD (n & 3). Values that are significantly different are indicated by asterisks and bars as follows: !, P * 0.05; !!, P * 0.01; !!!, P * 0.001. (E) Knockdown
of the CK2 subunits enhanced the recruitment of Nrf1 to the AREs of proteasome gene promoters. HeLa cells were transfected with the indicated siRNAs and
treated with DMSO or 1 %M MG132 for 16 h. The cells were subjected to chromatin immunoprecipitation (ChIP) analysis using normal rabbit IgG (IgG) or
anti-Nrf1 antibody (!Nrf1). The recruitment of Nrf1 to the AREs of PSMB6, PSMC4, and PSMA4 was determined by real-time quantitative PCR. The promoter
region of RPL30 served as a negative control. The values were presented as the means plus SD (n & 3). Values that are significantly different are indicated by
asterisks and bars as follows: !, P * 0.05; !!, P * 0.01.
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Usp14, and POMP were markedly upregulated by MG132 in an
Nrf1-dependent manner (Fig. 1C and D). These results reemphasize the importance of Nrf1 in the strong coordination of proteasome biogenesis. A time profile of proteasome subunit gene expression was correlated with that of Nrf1 accumulation in cells
that were treated with MG132 (Fig. 1B and E).
It has been reported that dysfunction of the proteasome leads
to the induction of molecular chaperones and several autophagyrelated genes, including Hsp70, p62/SQSTM1, and Bag3 (24–26).
These genes contribute to protein quality control and the activation of selective autophagy, another degradation pathway for
ubiquitinated proteins (27, 28). We examined whether Nrf1 is
involved in the expression of autophagy-related genes that are
induced by proteasome inhibition. Treatment of the cells with
MG132 significantly induced these genes, and knockdown of Nrf1
had little impact on this induction (Fig. 1D and data not shown).
We also examined the expression of other candidate genes for
Nrf1 targets, GSTA4 and NQO1, which are well-known ARE-regulated genes. As a result, expression of GSTA4 but not NQO1 was
induced by MG132 in an Nrf1-dependent manner (Fig. 1E). These
results indicate that, upon proteasome inhibition, Nrf1 specifically upregulates proteasome-related genes along with a subset of
antioxidant response genes. As expression of several proteasome
genes was also induced in an Nrf1-dependent manner in another
human cell line, MCF10A, it is likely that Nrf1-dependent induction of proteasome genes is a general mechanism utilized by various types of cells, although there is some variation among cell
lines in response to proteasome inhibition (data not shown).
Identification of CK2 as a suppressor of Nrf1-mediated transcription. It is conceivable that regulating the transcriptional activity of Nrf1 is of critical importance in controlling cellular proteasome activity. To understand regulatory mechanisms of Nrf1
activity, we conducted a mass spectrometric analysis and identified a wide variety of proteins as Nrf1-binding proteins (see Table
S1 in the supplemental material) (19). We focused on the protein
kinase CK2 because protein kinases are often the critical regulators for diverse transcription factors. CK2 was the only protein
kinase identified in our analysis, and both the catalytic ! subunit
and the regulatory " subunit of CK2 were identified (see Tables S1
and S2 in the supplemental material). CK2 is known to form a
heterotetrameric complex composed of two ! (and/or !=) subunits and two " subunits (29). To further investigate the interaction of Nrf1 with the CK2 holoenzyme, we performed coimmunoprecipitation assays with COS7 cells. The results clearly
demonstrate that CK2" was coimmunoprecipitated with Nrf1

In vitro kinase assay. Purified Nrf1 fragments were incubated with or
without 100 ng of recombinant CK2! in kinase reaction buffer (50 mM
Tris-HCl [pH 7.5], 200 mM NaCl, 10 mM MgCl2, 15 mM "-glycerophosphate, 2 mM EGTA, 1 mM dithiothreitol [DTT], and 50 %M ATP) supplemented with 0.1 MBq of [(-32P]ATP for 15 min at 37°C. The reaction
was stopped by the addition of SDS sample buffer. After resolution by
SDS-PAGE, substrate phosphorylation was detected with a bioimaging
analyzer (BAS-2500; Fujifilm).
Cycloheximide chase experiment. COS7 cells that were transfected
with the plasmids indicated in the figures were treated with 20 %g/ml of
cycloheximide, and the whole-cell extracts were prepared at the time
points indicated in the figures and subjected to immunoblot analysis with
the antibodies indicated in the figures.
Immunocytochemical staining. The cells were fixed with 4% formaldehyde for 10 min, washed twice with PBS, and permeabilized with 0.5%
Triton X-100 in PBS for 5 min. The cells were washed twice with PBS and
treated with the antibodies indicated in the figures for 1 h at room temperature. After the cells were washed three times with PBS, they were
incubated with Alexa Fluor 488- or Alexa Fluor 546-conjugated secondary
antibodies (Invitrogen) for 30 min at room temperature. The nuclei were
stained with 4=,6=-diamidino-2-phenylindole (DAPI). After the cells were
washed three times with PBS, they were sealed with a drop of fluorescence
mounting medium (Dako). Fluorescent images were captured with an
Olympus LX71 fluorescence microscope.
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(Fig. 2A). Of note, CK2! was coimmunoprecipitated with Nrf1
only in the presence of CK2" (Fig. 2A). Thus, Nrf1 may bind to the
CK2 holoenzyme through its regulatory " subunit. To examine
whether CK2 regulates the transcriptional activity of Nrf1, we assessed the effect of an siRNA-mediated knockdown of the CK2
subunits on the Nrf1-dependent expression of the proteasome
subunit genes. siRNAs for CK2!, CK2!=, a paralogous isoform of
CK2!, and CK2" efficiently downregulated the expression of
their target mRNAs (Fig. 2B). Efficient knockdown of CK2!,
CK2!=, and CK2" was also confirmed by Western blotting (Fig.
2C). The siRNA-mediated knockdown of both CK2! and CK2!=
enhanced the MG132-induced expression of proteasome subunit
genes such as PSMC4, PSMB6, PSMA4, and PSMC6 (Fig. 2D).
Knockdown of CK2" had similar effects on the expression of these
genes (Fig. 2D). These enhancements were not observed when
Nrf1 was downregulated simultaneously by siRNA (Fig. 2D).
These results indicate that CK2 suppresses the Nrf1-dependent
expression of proteasome subunit genes that are induced by proteasome inhibition. To further evaluate whether Nrf1 mediates
the effect of CK2 knockdown on the transcription of proteasome
genes, we performed chromatin immunoprecipitation (ChIP) assays using an anti-Nrf1 antibody. We examined the recruitment of
Nrf1 to the AREs, which are located in the proximal promoter of
PSMC4 and PSMB6 and in the first intron of PSMA4 (16, 17).
siRNA-mediated knockdown of CK2! and CK2" significantly
augmented the recruitment of Nrf1 to the AREs, both with and
without MG132 treatment (Fig. 2E; see Discussion). The 5=-upstream region of RPL30 served as a negative control of Nrf1 binding. As siRNA-mediated knockdown of Nrf1 markedly decreased
the amount of precipitated ARE regions of the proteasome subunit promoters (Fig. 2E), the observed ChIP signals should reflect
Nrf1-ARE binding. These data collectively indicate that CK2 suppresses the transcriptional activity of Nrf1 by regulating the recruitment of Nrf1 to its target AREs.
The Nrf1-mediated transcriptional regulation of the proteasome subunit genes should control the total cellular proteasome
activity. To investigate the effect of a CK2 knockdown on the
detailed time profile of proteasome activity under conditions of
proteasome inhibition, we performed real-time monitoring of
proteasome activity in living cells. We utilized a ubiquitin-fused
luciferase reporter (Ub-FL) as the indicator of endogenous proteasome activity (20). In this system, high reporter activity corresponds to low proteasome activity. The addition of the proteasome inhibitor epoxomicin resulted in a gradual increase of the
reporter activity, which was greatly enhanced by siRNA-mediated
knockdown of Nrf1 (Fig. 3A). In contrast, the knockdown of either CK2! or CK2" suppressed the epoxomicin-induced stabilization of the reporter protein (Fig. 3A). Similar results were obtained by measuring the properly normalized reporter activity in
cell lysates that were prepared 16 h after the addition of epoxomicin (Fig. 3B). We also measured endogenous proteasome activity
by using a luminogenic substrate Suc-LLVY-aminoluciferin for
the chymotrypsin-like activity. The result demonstrates that Nrf1
knockdown cells show lower proteasome activity than control
cells 24 h after epoxomicin treatment (Fig. 3C). On the other
hand, CK2! or CK2" knockdown cells show slightly higher proteasome activity than control cells, although the difference in proteasome activity is moderate compared with the results in Fig. 3A
and B. These results suggest that CK2-mediated suppression of
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FIG 3 Knockdown of the CK2 subunits or Nrf1 affects degradation of ubiquitinated proteins. (A) HeLa cells transfected with the Ub-FL reporter plasmid
and the indicated siRNAs were treated with 0.1 mM D-luciferin. Real-time
monitoring of the reporter activity was performed using a photomultiplier.
Epoxomicin was added to the culture medium 1 to 2 h after the start of measurement. The darker and lighter lines indicate duplicate traces of two independent samples. Representative data are shown. (B) HeLa cells transfected
with the Ub-FL reporter plasmid, the control Renilla luciferase reporter, and
the indicated siRNAs were treated with DMSO or 10 nM epoxomicin (Epox)
with D-luciferin for 16 h. The cells were lysed and subjected to a luciferase
assay. The values were normalized to Renilla luciferase activity values and
presented as the means plus SD (n & 3). (C) HeLa cells transfected with control
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24 h. The proteasome activity was determined by using a luminogenic substrate Suc-LLVY-aminoluciferin for the chymotrypsin-like activity. The values
were shown as the percent changes of proteasome activity over the control
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Nrf1 activity leads to the downregulation of proteasome activity in
cells.
CK2 phosphorylates Nrf1 at a specific serine residue. Next,
we focused on the underlying mechanisms of the CK2 regulation
of Nrf1. We assumed that CK2 directly phosphorylates Nrf1 and
regulates its transcriptional activity. To test this hypothesis, we
performed an in vitro kinase assay using recombinant CK2! and a
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(E) Conservation of Nrf1 sequences among the species around the CK2-mediated phosphorylation site.

series of Nrf1 fragments (Fig. 4A). Among the constructed fragments, Nrf1 (residues 431 to 580) was specifically phosphorylated
by CK2! (Fig. 4B). Additional experiments narrowed the phosphorylation site to a small region (residues 491 to 508) of Nrf1
(Fig. 4C). We introduced an alanine substitution at each of the
four candidate phosphoacceptor sites (Ser 496, Ser 497, Ser 499,
and Thr 501). Of the constructed mutants, only the Ser 497 to Ala
(S497A) mutant was not phosphorylated by CK2! in vitro (Fig.
4D). Thus, we concluded that Ser 497 of Nrf1 is the primary target
for phosphorylation by CK2! in vitro (Fig. 4E).
The CK2 phosphorylation site mutant enhances the transcriptional activity of Nrf1. To investigate the effect of the
CK2-mediated phosphorylation of Nrf1, we compared the transcriptional activity of the S497A mutant with wild-type Nrf1
(Nrf1-WT). We used a luciferase reporter that was driven by three
tandem copies of the ARE from the PSMA4 promoter (17). Forced
expression of Nrf1 increased the reporter activity in a dose-dependent manner (Fig. 5A). Notably, the S497A mutant exhibited enhanced transcriptional activity compared to wild-type Nrf1 (Fig.
5A). Similar results were obtained with the reporter assay using
pRBGP2 luciferase reporter that was driven by three tandem copies of the MARE (Fig. 5A) (21). Furthermore, forced expression of
the Nrf1-S497A mutant increased expression of endogenous proteasome genes such as PSMC4 and PSMA4 much more than Nrf1WT, although expression of PSMB6 did not increase significantly

(Fig. 5B). As the steady-state level and the degradation rates of
these proteins were comparable (Fig. 5C), the enhanced activity of
the S497A mutant is not merely due to the elevated expression
and/or stabilization of the Nrf1 proteins. In addition, there was no
difference in the subcellular localization and physical interaction
with MafK, a heterodimerization partner of Nrf1, between wildtype Nrf1 and the S497A mutant (data not shown). We next examined whether the enhanced transcriptional activity of the
S497A mutant could affect endogenous proteasome activity. The
Ub-FL reporter plasmid with either wild-type Nrf1 or the S497A
mutant expression plasmid was transfected into HeLa cells, and
the reporter activity was monitored in cells treated with epoxomicin. The forced expression of wild-type Nrf1 prevented the increase in reporter activity that was induced by epoxomicin in a
dose-dependent manner (Fig. 5D). This result suggests that the
upregulation of the proteasome activity by the Nrf1-mediated induction of proteasome expression confers tolerance for proteasome inhibition on cells. Importantly, compared to wild-type
Nrf1, the S497A mutant had a greater ability to prevent the increase in reporter activity (Fig. 5D). Similar results were obtained
by measuring the properly normalized reporter activity in cell
lysates prepared 16 h after the addition of epoxomicin (Fig. 5E).
These results clearly demonstrate that the CK2 phosphorylation
site mutant of Nrf1 has a greater ability to upregulate proteasome
expression and activity than wild-type Nrf1. To evaluate the immcb.asm.org 3467
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containing three tandem copies of the AREs of PSMA4 or a pRBGP2 reporter. The levels of luciferase activity were normalized to the Renilla luciferase activity of
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plus SD (n & 5). Values that are significantly different (P * 0.05) are indicated by a bar and asterisk. Values that are not significantly different are indicated by
a bar labeled n.s. (C) Protein stability is comparable in the wild type and the S497A mutant. COS7 cells transfected with the expression plasmid for the wild-type
3#Flag Nrf1 protein or the S497A mutant of 3#Flag Nrf1 in combination with the GFP expression plasmid were treated with 20 %g/ml cycloheximide (CHX).
The cells were lysed at the indicated time points and subjected to immunoblot analysis with anti-Flag or anti-GFP antibodies. The data were normalized to
cotransfected GFP values and are presented as the means ' standard errors (SE) (n & 3). (D and E) The S497A mutant has a greater ability to repress the
accumulation of ubiquitinated proteins than wild-type Nrf1. (D) HeLa cells transfected with the Ub-FL reporter plasmid in combination with the indicated
amount of wild-type or S497A mutant Nrf1 plasmid were treated with 10 nM epoxomicin and D-luciferin. Real-time monitoring of the reporter activity was
performed using a photomultiplier, and representative data are shown. (E) HeLa cells transfected with the Ub-FL reporter plasmid and the control Renilla
luciferase reporter in combination with the wild-type or S497A mutant plasmid were treated with DMSO or 10 nM epoxomicin with D-luciferin for 16 h. The cells
were lysed and subjected to a luciferase assay. The values were normalized to the values for Renilla luciferase activity and presented as the means plus SD (n & 3).
(F) CK2 suppresses the transcriptional activity of Nrf1-WT but not that of the Nrf1-S497A mutant. COS7 cells were transfected with the indicated plasmids in
combination with the PSMA4-ARE reporter or a pRBGP2 reporter. The levels of luciferase activity were normalized to the values for Renilla luciferase activity of
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portance of phosphorylation at Ser 497 in the regulation by CK2,
we examined whether CK2 affects the transcriptional activity of
Nrf1-WT and Nrf1-S497A. The results demonstrate that CK2
suppresses the PSMA4 reporter activity induced by Nrf1-WT but
3468

not by the Nrf1-S497A mutant (Fig. 5F, left graph). Similar results
were obtained using the pRBGP2 reporter (Fig. 5F, right graph).
These results collectively suggest that CK2 suppresses the transcriptional activity of Nrf1 via phosphorylation of Nrf1 at Ser 497.
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Nrf1 exists as multiple isoforms, including TCF11 (transcription factor 11), a longer isoform found in humans (31). The regulatory mechanism for TCF11 might differ from that of Nrf1, as
TCF11 has the nuclear export signal that is not present in Nrf1. In
this study, we used the expression plasmid for mouse Nrf1 but not
the expression plasmid for TCF11. Thus, it remains to be elucidated in future studies whether human TCF11 can be regulated by
CK2 and whether there is any difference in CK2-mediated regulation between mouse Nrf1 and human TCF11. In addition to a
known proteasome-mediated regulation of Nrf1 activity, we propose that CK2-mediated phosphorylation of Nrf1 acts as another
layer of Nrf1 regulation to fine-tune its transcriptional activity.
Effect of CK2-mediated direct phosphorylation of Nrf1. The
phosphorylation of Nrf1 Ser 497 is likely to enhance its transcriptional activity but not affect its stability, subcellular localization,
or ability to bind MafK proteins. Our data indicate that Ser 497 has
an important role in CK2-dependent suppression of Nrf1 transcriptional activity. Given that CK2 knockdown enhances the recruitment of Nrf1 to its target AREs, it is likely that CK2-mediated
phosphorylation of Ser 497 controls the recruitment of Nrf1 to the
AREs of the target promoters. However, it remains to be investigated how phosphorylation of Ser 497 suppresses Nrf1 recruitment. As Ser 497 resides in the Neh6-like domain and are located
next to the CNC-bZip domain, phosphorylation may induce a
conformational change of the Nrf1 protein, compromising its
binding to the target DNA.
Ser 497 of mouse Nrf1 is conserved in mouse Nrf2 (Ser 365),
but it is not known whether CK2 can phosphorylate Nrf2 at Ser
365. It has been reported that Nrf2 is phosphorylated by CK2 and
that this phosphorylation regulates the transcriptional activity of
Nrf2 (32, 33). The effect of the CK2-mediated phosphorylation on
Nrf2 activity is controversial, but several reports have shown that
CK2 inhibition results in Nrf2 inactivation (32, 34, 35). The CK2mediated phosphorylation of Nrf2 facilitates its nuclear translocation and the upregulation of Nrf2 target gene expression. Thus,
it seems likely that the role of CK2-dependent regulation in Nrf2
may be different from that in Nrf1.
The CK2-Nrf1 axis as a new therapeutic target for diseases
associated with proteasome dysfunction. The regulation of proteasome activity is an established strategy for cancer treatment,
and it is expected to be a promising approach to ameliorate some
age-related disorders, such as neurodegenerative diseases. Supporting this notion, a previous study has demonstrated that a
small-molecule inhibitor of USP14, a proteasome-associated
deubiquitinating enzyme, increases the proteasome activity and
enhances the degradation of several neurodegenerative diseaseassociated proteins such as tau and TDP-43 (36). Thus, the upregulation of proteasome activity should alleviate the accumulation of aggregate-prone proteins. In addition, it has been reported
that overexpression of a proteasome subunit gene increases proteasome activity, decreases the accumulation of ubiquitinated
proteins, and ameliorates the response to oxidative stress (37–39).
Therefore, the fact that Nrf1 regulates the expression of most of
the proteasome subunit genes may provide a new approach, transcriptional upregulation of the proteasome, to treat human diseases associated with the accumulation of abnormal proteins. Our
findings that Nrf1-S497A exerts a more significant effect on the
inhibition of p62-positive inclusion body formation than wildtype Nrf1 does strongly suggest that the CK2-mediated phosphor-

DISCUSSION

Significance of CK2 as a regulator of Nrf1 transcriptional activity. In this study, we demonstrate that CK2 interacts with and
phosphorylates Nrf1 and suppresses its transcriptional activity,
thereby regulating the expression of proteasome subunits. Nrf1 is
localized to the endoplasmic reticulum (ER) membrane and is
constitutively degraded by the proteasome under normal conditions (18, 19). Inhibition or dysfunction of the proteasome may
induce the stabilization and nuclear translocation of Nrf1 proteins. Our results have implicated CK2 in the regulatory mechanisms of Nrf1 activity. Given that knockdown of the CK2 subunits
facilitates the recruitment of Nrf1 to the AREs of their promoters
and increases the expression of Nrf1 target genes even without
proteasome inhibition (Fig. 2D and E), CK2 may suppress the
transcriptional activity of Nrf1 and thus prevent the unnecessary
expression of Nrf1 target genes under physiological conditions. As
we have no data indicating that phosphorylation of Ser 497 is
altered in response to proteasome inhibition, it remains to be
elucidated whether CK2-mediated phosphorylation of Nrf1 is
regulated during Nrf1 activation. Our preliminary data demonstrate that the expression of CK2! is reduced upon inhibition of
the proteasome (data not shown). Although the mechanism underlying the decrease in CK2! expression is unclear, it is possible
that Nrf1 phosphorylation is decreased upon proteasome inhibition, resulting in efficient transcriptional activation of stabilized
Nrf1 proteins.
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The CK2 phosphorylation site mutant of Nrf1 suppresses the
formation of p62-positive inclusion bodies. Proteasome dysfunction is associated with the formation of juxtanuclear inclusion bodies such as aggresomes (1). These inclusion bodies contain p62 and function to sequester unfolded and misfolded
proteins that could not be degraded by the proteasome (30). The
phosphorylation state of Ser 497 of Nrf1 may affect the efficiency
of the formation of such inclusion bodies. To assess this possibility, we examined the effect of forced expression of the S497A mutant of Nrf1 on the formation of p62-positive inclusion bodies.
Treatment of cells with epoxomicin led to the formation of p62positive juxtanuclear inclusion bodies in HeLa cells (Fig. 6A).
Similar results were obtained when MG132 was used instead of
epoxomicin (data not shown). Strikingly, the siRNA-mediated
knockdown of Nrf1 markedly enhanced the inclusion body formation (Fig. 6A). This result indicates that Nrf1 plays an important role in preventing the formation of juxtanuclear inclusion
bodies. These p62-positive inclusion bodies were also ubiquitin
positive, indicating the accumulation of ubiquitinated proteins
(Fig. 6B). Knockdown of Nrf1 did not affect the total amount of
p62 but caused an increase in the autophagic marker LC3-II (Fig.
6C). This finding suggests that the downregulation of Nrf1 leads to
the accumulation of autophagosomes that are involved in an alternative degradation pathway for misfolded proteins. We tested
the effect of Nrf1 overexpression on inclusion body formation.
Forced expression of wild-type Nrf1 decreased the efficiency of
formation of the p62-positive juxtanuclear inclusion bodies that
were induced by epoxomicin (Fig. 6D). Importantly, forced expression of the S497A mutant reduced inclusion body formation
more effectively than that of wild-type Nrf1 (Fig. 6D). These results suggest that the phosphorylation state of Ser 497 affects the
formation efficiency of the p62-positive juxtanuclear inclusion
bodies that are induced by proteasome inhibition.
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ylation of Nrf1 is one of the potential targets for treating proteinopathies such as neurodegenerative diseases.
CK2 has an array of substrate proteins and functions in diverse
cellular processes, including cell growth and proliferation (40, 41).
Recent studies have also implicated CK2 in neuronal functions
and the progression of neurodegenerative diseases (42, 43). It has
been reported that CK2 phosphorylates several neurodegenerative
disease-related proteins, such as !-synuclein, synphilin-1, and
apolipoprotein E, to enhance aggregate formation (44–46). Thus,
the regulation of CK2 activity may represent a possible target for
therapeutic intervention. Indeed, CK2 inhibition has been shown
to exert a protective effect on neurons (44, 47, 48). In contrast, a
recent report has shown that CK2 phosphorylates p62 and stimulates the clearance of protein aggregates via the autophagy-lysosome pathway (49). This finding raises the possibility that CK2
inhibition or knockdown results in the impairment of aggregate
clearance. Therefore, there seem to be pros and cons to modulating CK2 activity with regard to ameliorating proteinopathies.
Nevertheless, our data strongly suggest that the CK2-mediated
regulation of Nrf1 can be a novel target for the treatment of diseases associated with proteasome dysfunction.
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The transcriptional factor Nrf1 (NF-E2-related factor 1) sustains protein homeostasis (proteostasis) by
regulating the expression of proteasome genes. Under physiological conditions, the transcriptional activity of Nrf1 is repressed by its sequestration into the endoplasmic reticulum (ER) and furthermore by
two independent ubiquitin-proteasome pathways, comprising Hrd1 and b-TrCP in the cytoplasm and
nucleus, respectively. However, the molecular mechanisms underlying Nrf1 activation remain unclear.
Here, we report that USP15 (Ubiquitin-Speciﬁc Protease 15) activates Nrf1 in the nucleus by stabilizing it
through deubiquitination. We ﬁrst identiﬁed USP15 as an Nrf1-associated factor through proteome
analysis. USP15 physically interacts with Nrf1, and it markedly stabilizes Nrf1 by removing its ubiquitin
moieties. USP15 activates the Nrf1-mediated expression of a proteasome gene luciferase reporter and
endogenous proteasome activity. The siRNA-mediated knockdown of USP15 diminishes the Nrf1-induced
proteasome gene expression in response to proteasome inhibition. These results uncover a new regulatory mechanism that USP15 activates Nrf1 against the b-TrCP inhibition to maintain proteostasis.
© 2016 Elsevier Inc. All rights reserved.
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1. Introduction
The transcription factor Nrf1 (NF-E2-related factor 1 or NFE2L1)
induces the expression of the proteasome subunit genes under
proteasome dysfunction [1,2]. This adaptation for proteasome
dysfunction is called “proteasome recovery” to sustain protein
homeostasis (proteostasis). Consistently, the deletion of the Nrf1
gene in the central nervous system of mice causes an abnormal
accumulation of ubiquitinated protein aggregates in neurons, and
these mice show progressive motor ataxia and severe weight loss

Abbreviations: ARE, antioxidant response element; CNC, Cap’n’Collar; DUB,
deubiquitinating enzyme; ER, endoplasmic reticulum; NHB1, N-terminal homology
box 1; Nrf1, NF-E2-related factor 1; RT-qPCR, real time-quantitative PCR; SCF, Skp1Cul1-F-box protein; SEM, standard error of the mean; USP, ubiquitin-speciﬁc
protease.
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[3,4]. These observations strongly suggest that Nrf1 plays important roles in proteostasis.
Accumulated evidence has revealed that the molecular function
of Nrf1 is regulated by multiple repression mechanisms [5,6]. Under physiological conditions, Nrf1 is sequestered in the endoplasmic reticulum (ER) through its N-terminal NHB1 domain to
prevent nuclear translocation and transcriptional activation [7].
Furthermore, Nrf1 is repressed by proteasomal degradation via two
independent E3 ubiquitin (Ub) ligases as follows: the SCF (Skp1Cul1-F-box protein) ubiquitin ligase that contains the b-TrCP
adaptor and the endoplasmic reticulum-associated degradation
(ERAD) ubiquitin ligase Hrd1, in the nucleus and cytoplasm,
respectively [1,8]. It has also been reported that Fbw7 mediates the
nuclear degradation of Nrf1 [9]. These ﬁndings imply that Nrf1 is
activated by escaping from these proteasomal degradation mechanisms. However, the molecular bases of Nrf1 activation remain
unclear.
Ubiquitin-speciﬁc protease 15 (USP15), which is a ubiquitously
expressed Deubiquitinating enzyme (DUB), regulates the biological
function of many substrate proteins for various cellular functions
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[10e12]. For example, USP15 regulates the E3 ubiquitin ligase
MDM2 for the tumor suppressor p53 [13] and the TGFb-induced
monoubiquitination of SMAD (R-SMAD) [14]. Furthermore, it has
been reported that USP15 represses Nrf1-related factor Nrf2
through activating the Keap1-mediated ubiquitination activity by
its deubiquitination [15].
For a comprehensive understanding of the physiological function of Nrf1, deciphering the molecular mechanisms underlying
Nrf1 activation from multiple repression mechanisms is indispensable. We found that USP15 stabilizes Nrf1 from the b-TrCPmediated degradation in the nucleus through its deubiquitination,
ameliorating its transcription activity for the gene expression of the
proteasome subunits. These results suggest that USP15 plays an
important role for the regulation of Nrf1 activity to maintain
proteostasis.
2. Materials and methods
2.1. Antibodies
The antibodies utilized in this study were anti-FLAG (M2;
Sigma), anti-V5 antibody (46-0705; Invitrogen), anti-a-tubulin
(DM1A; Sigma), anti-green ﬂuorescent protein (anti-GFP) (B-2;
Santa Cruz), anti-Nrf1 (D5B10; Cell Signaling Technology and H285;
Santa Cruz), anti-USP15 (2D5; Santa Cruz), anti-hemagglutinin
(anti-HA) (Y-11; Santa Cruz), and anti-Histone H3 (06-755; EMD
Millipore).
2.2. Expression plasmids
3 ! Flag-Nrf1, DNHB1 and DbZip have been described previously
[8]. 3 ! Flag-Nrf3 was generated by subcloning the PCR-ampliﬁed
mouse Nrf3 cDNA into the p3 ! FLAG-CMV™10 vector (Sigma).
Flag-Nrf2 and Flag-p45 were kindly provided by Ken Itoh.
2.3. Cell culture and transfection
HEK293T cells and HeLa cells were cultured as described [8]. The
transfection of plasmid DNA and short interfering RNA (siRNA) was
performed using Lipofectamine Plus and RNAiMAX (Invitrogen),
respectively, according to the manufacturer’s protocols.
2.4. Cycloheximide chase experiments
HEK293T cells were transfected with the expression vectors
containing wild-type or deletion mutants of 3 ! Flag-Nrf1 [8],
along with a GFP expression vector (Clonetech, pEGFP-N1). At 24 h
after transfection, the cells were treated with 10 mg/ml cycloheximide (CHX), and the whole cell extracts were prepared at the
indicated time points. Immunoblot analyses were conducted with
the indicated antibodies. When USP15 siRNAs were transfected into
the cells, the cells were pretreated at 32 h after the transfection
with 10 mM MG132 for 8 h, followed by the CHX treatment.

Healthcare) and the anti-V5 antibody (2D5; Abcam) at 4 " C for 2 h
by rotating. The Protein G beads were washed three times with
wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl and 0.1% NP40). The immunocomplexes were visualized with immunoblot
analysis using the indicated antibodies. Ubiquitination assay was
performed as described [8].
2.6. Immunoﬂuorescence staining
HEK293T cells were transfected with wild-type or deletion
mutants of 3 ! Flag-Nrf1 and/or V5-USP15. At 24 h after transfection, the cells were washed with PBS and ﬁxed with 4% formaldehyde for 15 min at room temperature (RT). After the PBS
washing, the cells were permeabilized with 0.5% Triton X-100 in
PBS for 10 min at RT, washed with PBS and subsequently blocked
with 1% skim milk (Nacalai tesque) for 1 h. A primary antibody
treatment (anti-FLAG or anti-V5 antibody) was conducted at RT for
1 h. After washing with PBS, the cells were incubated with the
Alexa488 or Alexa546 Fluor secondary antibody (Invitrogen) for 1 h
in the dark. The nuclei were stained with 40 ,6-diamidino-2phenylindole (DAPI). The immunoﬂuorescence was viewed using
an Olympus IX7 microscope.
2.7. Luciferase assay
HeLa cells were transfected with DNHB1 and V5-USP15, along
with a luciferase reporter plasmid containing three tandem copies
of the ARE of PSMA4 [2] and pRL-TK (Promega) as an internal
control. At 24 h after transfection, the luciferase activities were
measured using the PicaGene luciferase assay system (Toyo Ink)
and a Berthold Lumat LB9507 luminometer according to the
manufacturer’s protocols.
2.8. RNA extraction and real-time quantitative PCR (RT-qPCR)
Total RNA was prepared using the ISOGENⅡ (Wako). One mg of
total RNA was utilized for cDNA synthesis using random hexamer
primers (Takara Bio) and Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Invitrogen). Real-time quantitative PCR was
conducted using the FastStart Universal SYBR Green Master Mix
(Roche) and the Thermal Cycler Dice Real Time System Ⅱ (Takara
Bio). All target gene expression levels were normalized to 18S rRNA
expression. The sequences of the primers are listed in Table 1.
2.9. Proteasome ﬂuorogenic peptidase assay
The in vitro measurement of proteasome activities was performed as previously described [16]. HeLa cells were transfected
Table 1
Sequences of siRNA and primers for real time PCR.

2.5. Immunoprecipitation, immunoblot analysis and ubiquitination
assay
The expression vectors for 3 ! Flag-Nrf1 and V5-USP15 were
transfected into HEK293T cells. At 24 h after transfection, whole cell
extracts were prepared using lysis buffer (50 mM Tris-HCl [pH 8.0],
10% glycerol, 100 mM NaF, 50 mM NaCl, 2 mM EDTA, 2 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 mM b-glycerophosphate, 0.1% NP-40, and 1 ! protease inhibitor cocktail
[Roche]). The whole cell extracts were subjected to immunoprecipitation with Protein G Sepharose 4 Fast Flow beads (GE
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Gene

Sense strand sequence (5′e3′) Antisense strand sequence (5′e3′)

NRF1
USP15-1
USP15-2
USP15-3
Control

gggauucggugaagauuugTT
uauuuguuccacaaucuggTT
gguuggaauaaacuugucaTT
ccagucacuuaaggaacauTT
uucuccgaacgugucacguTT

caaaucuucaccgaaucccTT
ccagauuguggaacaaauaTT
ugacaaguuuauuccaaccTT
auguuccuuaagugacuggTT
acgugacacguucggagaaTT

Gene

Forward primer (5′e3′)

Reverse primer (5′e3′)

18S rRNA
USP15
NRF1
PSMA4
PSMC4
PSMB6

cgccgctagaggtgaaattc
ggtgctgaagatccctgg
tggaacagcagtggcaagatctca
cattggctgggataagca
ggaagaccatgttggcaaag
ctgatggcgggaatcatc

cgaacctccgactttcgttct
tactggaggcagggacca
ggcactgtacaggatttcacttgc
atgcatgtggccttccat
aagatgatggcaggtgcatt
ccaatggcaaaggactgc
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with DNHB1 or DbZip along with V5-USP15. At 24 h after the
transfection, the cells were treated with Epoxomicin for 16 h
(10 nM) and whole cell extracts were prepared. Twenty mg of total
protein of cell lysates were utilized for the assay using Suc-LLVYAMC (Peptide Institute), Z-GGL-AMC (Santa Cruz) or Z-LLE-AMC
(Peptide Institute). After incubation for 30 min at 37 " C, ﬂuorescence (380 nm excitation, 460 nm emission) was monitored on a
microplate ﬂuorometer (Inﬁnite 200PRO, Tecan). Protein concentration of the cell lysates was determined using the BCA protein
assay (Pierce). Each peptidase activity (arbitrary unit) was
expressed as [AMC ﬂuorescence (a sample - a background)] per
micro gram lysate protein.
2.10. Statistical analysis
Statistical signiﬁcance was evaluated with Student’s t-test for
repeated measurements. All values are represented as the
means ± standard error of the mean in at least three-independent
experiments.
3. Results
3.1. Identiﬁcation of USP15 as an Nrf1-associated factor
To elucidate the molecular mechanisms underlying Nrf1 activation, we attempted proteome analysis to identify the Nrf1associated proteins using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. HEK293 cells that transiently
expressed C-terminal Flag-tagged Nrf1 (Nrf1-Flag) were subjected
to immunoprecipitation with an anti-FLAG antibody to isolate Nrf1
complexes, and these complexes were analyzed using LC-MS/MS
[8]. We succeeded in the identiﬁcation of numerous factors, such
as Keap1, proteasome subunits and mitochondria-related factors
(data not shown). Among these factors, we focused on the deubiquitinating enzyme USP15, as we had previously discovered that
Nrf1 is degraded by two-independent ubiquitin ligases, including
Hrd1 and b-TrCP [1,8]. This result allowed us to make a hypothesis
that USP15 antagonistically stabilizes Nrf1 against Hrd1 or b-TrCPmediated degradation through its deubiquitination. To address this
hypothesis, we ﬁrst examined an association between USP15 and
Nrf1 using immunoprecipitation. Whole cell extracts of HEK293T
cells expressing 3 ! Flag-Nrf1 and V5-USP15 were subjected to
immunoprecipitation using the anti-V5 antibody (Fig. 1A). Consistently, 3 ! Flag-Nrf1 was coprecipitated with V5-USP15, indicating
that USP15 physically interacts with Nrf1 in cells.
3.2. USP15 stabilizes Nrf1 through its deubiquitination
We next examined whether USP15 stabilizes Nrf1 through its
deubiquitination. The overexpression of V5-USP15 markedly stabilized 3 ! Flag-Nrf1 in HEK293T cells (Fig. 1B). A cycloheximide
chase experiment also revealed that USP15 increases the turnover
time of Nrf1 (Fig. 1C). Moreover, the siRNA-mediated knockdown of
endogenous USP15 reduced the protein turnover time of endogenous NRF1 (Fig. 1D). As a result, these data strongly suggest that
USP15 stabilizes endogenous NRF1.
We further conducted a ubiquitination assay to examine
whether USP15 deubiquitinates Nrf1. 3 ! Flag-Nrf1 was ubiquitinated in HEK293T cells in the presence of hemagglutinin (HA)tagged ubiquitin (HA-Ub), immunoprecipitated using the anti-FLAG
antibody and visualized by immunoblot analysis using an anti-HA
antibody (Fig. 1E). The coexpression of HA-Ub along with
3 ! Flag-Nrf1 caused smeared bands, implying that Nrf1 is ubiquitinated in cells. Under these experimental conditions, USP15
signiﬁcantly reduced the smear patterns of 3 ! Flag-Nrf1,
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suggesting that USP15 promotes the deubiquitination of Nrf1. We
concluded that USP15 is a contributing factor to the stabilization of
Nrf1 through its deubiquitination.
3.3. USP15 stabilizes Nrf1 through deubiquitination in the nucleus
To conﬁrm the colocalization of Nrf1 and USP15 in cells, we
conducted immunoﬂuorescent staining of HEK293T cells in the
transient expression system (Fig. 2A). The overexpression of
3 ! Flag-Nrf1 showed its nuclear localization. This result is
consistent with our previous observation that 3 ! Flag-Nrf1 is
localized in the nucleus, despite the presence of the ER anchor
domain NHB1 [8]. V5-USP15 alone was localized to both the cytoplasm and nucleus (a bottom right panel). Nevertheless, the coexpression of 3 ! Flag-Nrf1 caused the nuclear translocation of V5USP15, implying a physical interaction between USP15 and Nrf1
in cells (top panels). We further examined the colocalization of
endogenous USP15 with 3 ! Flag-Nrf1 using immunostaining with
the anti-USP15 antibody (Fig. 2B). Indeed, endogenous USP15 also
colocalized with 3 ! Flag-Nrf1 in the nucleus of HEK293T cells.
Collectively, these data strongly highlight that endogenous USP15
colocalizes with 3 ! Flag-Nrf1 in the nucleus.
The current results further allowed us to hypothesize that USP15
stabilizes Nrf1 in the nucleus, where Nrf1 is subjected to b-TrCPmediated degradation. To conﬁrm this hypothesis, we investigated
whether USP15 stabilizes a nuclear localizing Nrf1 mutant. We
generated the 3 ! Flag-tagged Nrf1 mutant vector by deleting the
ER retention motif in the NHB1 domain (Fig. 2C, DNHB1). As a
control, a cytoplasm-localizing Nrf1 mutant vector was constructed
by deleting the nuclear localization signal (NLS) in the basic region
of the bZip domain (DbZip). We veriﬁed by immunostaining that
the DNHB1 and the DbZip mainly localize to the nucleus and the
cytoplasm, respectively (Fig. 2D). The effects of USP15 on the
turnover of these Nrf1 mutants were determined using a cycloheximide chase experiment. Predictably, USP15 stabilized DNHB1
but not DbZip (Fig. 2E). These results indicate that USP15 stabilizes
Nrf1 in the nucleus but not the cytoplasm.
3.4. USP15 augments the Nrf1-mediated gene expression
We further deciphered the effect of USP15 on the Nrf1 transcriptional activity using a luciferase reporter assay (Fig. 3A). The
DNHB1 and V5-USP15 vectors were transfected into HeLa cells,
along with a luciferase reporter containing three tandem copies of
PSMA4 gene-derived ARE [2]. DNHB1 slightly increased the
expression of the reporter. The coexpression of V5-USP15 signiﬁcantly augmented the DNHB1-mediated reporter activity in a dosedependent manner. This effect of USP15 was not observed in the
absence of DNHB1 mutant. These results clearly suggest that USP15
activates the transcriptional activity of Nrf1. Furthermore, we
examined whether USP15 can activate the NRF1-induced endogenous proteasome activity (Fig. 3B). HeLa cells were transfected by
DNHB1 mutant along with V5-USP15. After Epoxomicin treatment
of the cells for proteasome recovery, chymotrypsin-like or caspaselike activities of endogenous proteasome were measured using
ﬂuorogenic Suc-LLVY-AMC, Z-GGLY-AMC or Z-LLE-AMC. While
DNHB1 alone did not affect proteasome activity, V5-USP15
ameliorated the Nrf1-dependent proteasome activity. Thus, we
concluded that USP15 activates proteasome activity through
regulating Nrf1 function.
We next examined whether the knockdown of endogenous
USP15 reduces the NRF1-mediated expression of the proteasome
subunit genes in response to proteasome inhibition (Fig. 3CeH).
HeLa cells were transfected with siRNA against USP15 and were
then treated with three different proteasome inhibitors, MG132,
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Fig. 1. USP15 stabilizes Nrf1 by its deubiquitination. (A) Nrf1 associates with V5-USP15 in HEK293T cells in immunoprecipitation analysis (IP). (B) V5-USP15 stabilizes 3 ! Flag
Nrf1 protein in HEK293T cells. Cells were treated with MG132 (10 mM) for 8 h before harvesting. The graph shows the quantiﬁed band intensities of 3 ! Flag-Nrf1 normalized to the
cotransfected GFP expression. The error bars show the standard error of the means (SEM) (n ¼ 3). *P < 0.05 compared to 3 ! Flag-Nrf1 (two-tailed unpaired t-test). (C) V5-USP15
stabilizes 3 ! Flag-Nrf1 in the cycloheximide (CHX) chase experiments using HEK293T cells. The data were normalized to the GFP levels and presented as the means ± SEM (n ¼ 3).
*P < 0.05 compared to Control (two-tailed unpaired t-test). (D) Three independent USP15 siRNAs (siUSP15-1, siUSP15-2 and siUSP15-3) promote the proteasomal degradation of
endogenous Nrf1 in the CHX chase experiments using HEK293T cells. The graph shows the quantiﬁed band intensities of endogenous NRF1. The data were normalized with aTubulin
and presented as the means ± SEM (n ¼ 3). *P < 0.05 compared to Control (two-tailed unpaired t-test). (E) V5-USP15 deubiquitinates 3 ! Flag Nrf1 in HEK293T cells.

Bortezomib and Epoxomicin. The gene expression levels of USP15,
NRF1 and the proteasome subunits PSMC4 and PSMA4 were determined using real time-quantitative PCR (RT-qPCR). Consistent with
previous reports [1,2,8,17], treatment with proteasome inhibitors
signiﬁcantly activated the gene expression of PSMC4 and PCMA4
(Fig. 3E and G, siControl). Unexpectedly, USP15 siRNA alone induced
the mRNA expression of NRF1 (Fig. 3D, DMSO and siUSP15-1),
thereby augmenting the expression of these proteasomal genes
(Fig. 3E and G, DMSO and siUSP15-1). We also conﬁrmed that other
USP15 siRNAs can cause the mRNA induction of NRF1 (data not
shown). Furthermore, we observed that USP15 siRNAs signiﬁcantly

increased the protein expression levels of endogenous NRF1 in
HeLa cells (Fig. 1D). Nevertheless, USP15 siRNA signiﬁcantly
reduced the induction of proteasome genes by the proteasome
inhibitors (Fig. 3F and H). All proteasome gene induction was
silenced by NRF1 siRNA, implying their NRF1-dependency. Collectively, we concluded that endogenous USP15 enhances the NRF1mediated gene expression for proteasome recovery.

3.5. USP15 stabilizes Nrf1 and p45 among the CNC family proteins
Finally, we examined the biological relationship between USP15
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Fig. 2. The overexpression of Nrf1 causes the nuclear translocation of USP15. (A) Immunostaining of HEK293T cells expressing the indicated proteins with the anti-V5 antibody
and the anti-Nrf1 antibody (CST D5B10). 10! magniﬁcation. The bar graph shows the results of the quantitative analysis of the subcellular localization of V5-USP15 and 3 ! FlagNrf1. The localization was classiﬁed into three categories: roughly equal localization between the cytoplasmic and nuclear compartments (C ¼ N, green bars), predominantly
cytoplasmic localization (C > N, red bars), and predominantly nuclear localization (C < N, blue bars). (B) The colocalization of endogenous USP15 with 3 ! Flag-Nrf1 in HEK293T
cells. The nuclei were stained with DAPI. 40! magniﬁcation. (C) The schematic structures of the 3 ! Flag-tagged nuclear- and cytoplasm-localizing Nrf1 deletion mutants (DNHB1
and DbZip). (D) The subcellular localization of DNHB1 or DbZip in HEK293T cells was veriﬁed by immunostaining using the anti-FLAG antibody. 40! magniﬁcation. (E) USP15
speciﬁcally stabilizes Nrf1 in the nucleus in the CHX chase experiments using HEK293T cells.

and other Cap’n’Collar (CNC) family proteins. Nrf1 belongs to a
member of the CNC family, which contains Nrf1, Nrf2, Nrf3 and p45/
NF-E2 [5,6]. V5-USP15 was transiently expressed in HEK293T cells,
along with the CNC family proteins Nrf2, Nrf3 and p45, and the
protein level of each was determined using immunoblot analysis
(Fig. 4A). Under our experimental conditions, USP15 also stabilized
p45, as well as Nrf1. We did not observe a USP15-driven reduction
in Nrf2, although USP15 has been reported to destabilize Nrf2 by
activating the Keap1-mediated ubiquitination activity by its deubiquitination [15]. The reason for this discrepancy between our
results is unknown. Further examination is required to determine
the molecular basis of the USP15-mediated regulation of the CNC
family proteins.
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4. Discussion
This study demonstrates a new molecular mechanism of Nrf1
activation by the deubiquitination enzyme USP15 (Fig. 4B). USP15
stabilizes Nrf1 in the nucleus through its deubiquitination and
consequently augments its transcriptional activity. It has been
identiﬁed that the b-TrCP-based E3 ubiquitin ligase causes proteasomal degradation of Nrf1 in the nucleus [8]. Therefore, our
current data reveal the presence of competitive regulation of Nrf1
stability by b-TrCP and USP15 in the nucleus. Under physiological
conditions, Nrf1 is repressed by its ER sequestration and proteasomal degradation. This implies the presence of stresses and/or
signals that activate Nrf1 from these repression mechanisms,
although such stress is still missing, except for proteasomal
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Fig. 3. USP15 promotes the Nrf1-induced proteasome gene expression. (A) Effects of V5-USP15 on the transcription activity of Nrf1 DNHB1 mutant were determined using a
luciferase reporter containing three tandem copies of PSMA4 gene-derived ARE. The data were normalized using Renilla luciferase and presented as the means ± SEM (n ¼ 3).
*P < 0.05, **P < 0.01 compared to 3 ! Flag-Nrf1 (two-tailed unpaired t-test). (B) Whole cell extracts of HeLa cells expressing DNHB1 or DbZip along with V5-USP15 were subjected to
the proteasome ﬂuorogenic peptidase assay using Suc-LLVY-AMC (LLVY), Z-GGL-AMC (GGL) or Z-LLE-AMC (LLE). The cells were treated with Epoxomicin (10 nM) for 16 h before
preparing the cell extracts. Means ± SEM (n ¼ 3). *P < 0.05. (CeH) HeLa cells were transfected with siControl, siUSP15 or siNrf1, followed by treatment with the indicated proteasomal inhibitors for 16 h. The mRNA expression levels were determined by real-time quantitative PCR analysis. The data were normalized using 18S rRNA and presented as the
means ± SEM (n ¼ 3). The fold changes in the mRNA expression compared with values of DMSO treatment were shown as an induction (F, H). *P < 0.05 compared to siControl (twotailed unpaired t-test).

inhibition. We surmise that Nrf1-activating stresses facilitate the
USP15-mediated deubiquitination rather than the b-TrCP-mediated
ubiquitination, thereby promoting the expression of Nrf1 target
genes.

The data presented show that USP15 signiﬁcantly activated the
Nrf1-mediated luciferase reporter (Fig. 3A) and endogenous proteasome activity (Fig. 3B) in the transient transfection experiments
and the knockdown of USP15 reduced the induction of proteasome
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Fig. 4. Biological relevance between USP15 and CNC family proteins. (A) V5-USP15 stabilizes 3 ! Flag-Nrf1 and Flag-p45 but not Flag-Nrf2 or 3 ! Flag-Nrf3 in HEK293T cells. The
arrow and arrowhead stand for 3 ! Flag-Nrf1 and Flag-p45 expression, respectively. (B) A schematic model of the new Nrf1 activation mechanism by USP15 for the proteasome gene
expression. In the nucleus, b-TrCP and USP15 competitively regulate the Nrf1 stability for the proteasome gene expression.

gene expression by endogenous Nrf1 in response to proteasome
inhibition (Fig. 3F and H). Hence, these results strongly suggest that
USP15 mediates the transcriptional activities of Nrf1. Intriguingly,
we found that the knockdown of USP15 induced both the mRNA
and protein expression levels of Nrf1 (Figs. 3D and 1D, respectively). Consequently, USP15 siRNA activated the expression of
proteasome genes, such as PSMC4 and PSMA4. Nevertheless, we
observed that the knockdown of USP15 signiﬁcantly reduced the
Nrf1-mediated proteasome gene induction. These results imply
that the Nrf1-USP15 axis comprises multiple negative and positive
feedback loops. In this regard, we consider that the induction of
NRF1 mRNA by USP15 knockdown compensates reduced protein
expression level of NRF1, although the detailed mechanism remains
to be elucidated. Collectively, the presence of multiple feedback
loops in the Nrf1-USP15 axis further strengthens the fact that
USP15 actually functions as a positive regulator for Nrf1.
We surmise that USP15 could endow Nrf1 and Nrf2 with distinct
physiological roles, because a recent report described that USP15
negatively regulates the Nrf1-related factor Nrf2 [15]. Under
physiological conditions, Nrf2 is degraded by the Keap1-Cul3 Ub
ligase [18e21]. USP15 activates ubiquitin ligase activity by deubiquitinating Keap1 as its adaptor, promoting the proteasomal
degradation of Nrf2. We did not observe that USP15 has any effects
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on Nrf2 stability (Fig. 4A), although the reason for this is unknown.
Nevertheless, these data could imply opposite effects of USP15 on
the transcriptional activities of Nrf1 and Nrf2. It has been recently
reported that oxidative stress inhibits the deubiquitination activity
of USP15 in vitro [22]. Given that Nrf2 exerts gene regulation in the
oxidative stress response, it is quite reasonable that oxidative stress
could repress the Keap1-mediated proteasomal degradation of Nrf2
by suppressing USP15. On the contrary, oxidative stress might
eliminate Nrf1 on ARE genes for the Nrf2 binding by inhibiting the
function of USP15 because Nrf1 binds to the ARE of NQO1 and
proteasome subunit genes under physiological conditions [6,17].
The accumulated data of mouse gene targeting experiments
strongly support that Nrf1 and Nrf2 play distinct roles in the activation of ARE-dependent genes [5,6]. Collectively, these data provide an attractive hypothesis that USP15 possesses physiological
roles that enable it to switch between Nrf1 and Nrf2.
USP15 regulates the stabilization of many substrate proteins in
diverse cellular processes, such as MDM2 [13] and TGF-b receptor I
[23]. Most of reports reveal the biological function of USP15 in the
cytoplasm. We report that USP15 also exerts a function in the nucleus. Supporting our observation, one report found that USP15
deubiquitinates R-SMAD in both the cytoplasm and nucleus [14].
Furthermore, the overexpression of Nrf1 markedly promotes the
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nuclear translocation of USP15 (Fig. 2A), similar to the case of the
nuclear protein Tip110 [24]. Taken together, it is fully possible that
USP15 deubiquitinates Nrf1 in the nucleus.
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The transcription factor Nrf1 (NFE2L1) maintains protein homeostasis (proteostasis) by regulating the
gene expression of proteasome subunits in response to proteasome inhibition. The deletion of the Nrf1
gene in neural stem/progenitor cells causes severe neurodegeneration due to the accumulation of
ubiquitinated proteins in Purkinje cells and motor neurons (Nrf1 NKO mice). However, the molecular
mechanisms governing this neurodegenerative process remain unclear. We demonstrate herein that the
loss of Nrf1 leads to the reduced gene expression of the deubiquitinating enzymes (DUBs) but not
proteasome subunits in Nrf1 NKO mice between P7 and P18. First, we show that K48-linked polyubiquitinated proteins accumulate in Nrf1-deﬁcient Purkinje cells and cerebral cortex neurons. Nevertheless, loss of Nrf1 does not alter the expression and proteolytic activity of proteasome. A signiﬁcantly
reduced expression of deubiquitinating enzymes was also demonstrated in Nrf1-deﬁcient cerebellar
tissue using microarray analysis. The genome database further reveals species-conserved ARE, a Nrf1
recognition element, in the regulatory region of certain DUB genes. Furthermore, we show that Nrf1 can
activate Usp9x gene expression related to neurodegeneration. Altogether these ﬁndings suggest that
neurodegeneration in Nrf1 NKO mice may stem from the dysfunction of the ubiquitin-mediated regulation of neuronal proteins.
© 2017 Elsevier Inc. All rights reserved.
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1. Introduction
The transcription factor Nrf1 (NFE2L1), a member of the CNCbZip transcription factor family, maintains protein homeostasis
(e.g., proteostasis) [1,2]. Nrf1 induces the gene expression of proteasome subunits through the antioxidant response element (ARE)
by heterodimerizing with a small Maf protein in response to

Abbreviations: ARE, antioxidant response element; CNC, Cap'n'Collar; DUB,
deubiquitinating enzyme; Nrf1, NF-E2-related factor 1; NFE2L1, NF-E2-like 1; qRTPCR, quantitative real time- PCR; SD, standard deviation; TSS, transcription start
site; Usp, ubiquitin-speciﬁc protease.
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proteasome inhibition [3,4]. Consistently, previous papers have
reported that the deletion of the Nrf1 gene in neural cells leads to
severe neurodegeneration and the accumulation of ubiquitinated
proteins in mice [5,6]. Late-stage Nrf1 gene deletion in neuronal
cells prompts late-onset neurodegeneration. The pathogenesis of
this neurodegeneration process is due to the dysfunction of the
proteasome. We also conducted conditional Nrf1 gene targeting in
neural stem cells and progenitor cells using the Nestin gene
promoter-driven Cre transgenic mice (Nrf1 NKO mice). Nrf1 NKO
mice show severe neurodegenerative disease with the concomitant
accumulation of polyubiquitinated proteins in neurons. These mice
all die within three weeks of their birth. However, the molecular
mechanisms governing the neurodegeneration found in Nrf1 NKO
mice have yet to be elucidated.
The ubiquitin-proteasome pathway mediates physiological
processes in many different cell types including those of the central
nervous system [7,8]. The proteasome rapidly degrades substrate
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proteins conjugated with a polyubiquitin chain by way of the E3
ubiquitin ligase. This in turn eliminates the biological function of
target proteins. Deubiquitinating enzymes, in contrast, stabilize
substrates by removing the polyubiquitin chain from substrates. In
this regard, the key feature of ubiquitin modiﬁcation is that it is
rapid and reversible. This allows cells to mediate regulatory pathways in response to intrinsic and extrinsic signals. Dysfunction of
the posttranslational modiﬁcation system causes many human
diseases, including neurodegenerative diseases [7,8]. For example,
it has been reported that lower levels and activities of Usp9x may
contribute to the pathogenesis of Parkinson's disease [9,10].
Here, we report that Nrf1 NKO mice have reduced gene
expression of deubiquitinating enzymes. Furthermore, polyubiquinated proteins accumulate in the nucleus and/or cytoplasm
of Nrf1-deﬁcient Purkinje cells in the cerebellum and in cerebral
cortex neurons. We found that the expression and activity of proteasomal proteins are similar to those found in control mice at P18.
Nevertheless, the expression of deubiquitinating enzymes (DUBs) is
signiﬁcantly reduced following Nrf1 gene deletion. Speciesconserved ARE sequences have also been found in the promoter
region of certain types of DUB genes. Among them, Nrf1 was
identiﬁed to regulate the expression of the Usp9x gene through the
ARE. The pathogenesis of neurodegeneration in Nrf1 NKO mice may
therefore be due to an imbalance in the ubiquitination and deubiquitination of neural factors.
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cDNA synthesis with oligo dT primers and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) according
to the manufacturer's protocol. qRT-PCR was performed with
FastStart Universal SYBR (Roche) and the Thermal Cycler Dice Real
Time System II (TP900; Takara Bio). The PCR primers employed in
this study are listed in Table S1 and 18S rRNA or Gapdh were used
for normalization.
2.5. Western blotting
Whole extracts of mouse cerebellar tissues were prepared as
follows. Mice were sacriﬁced by cervical dislocation and cerebellum
tissues were immediately dissected from the brain and homogenized in SDS sample buffer (25 mM Tris-HCl [pH 6.5], 5% glycerol
and 1% SDS). After sonication and centrifugation at 20,000"g for
5 min at 4 ! C, supernatants were collected as whole cerebellum
extracts. The protein concentration was determined using the
Pierce BCA Protein Assay kit (Pierce). The samples were boiled in
the presence of 2% 2-mercaptoethanol at 95 ! C for 5 min, separated
by SDS-polyacrylamide gel electrophoresis and transferred to PVDF
membranes. After blocking with Blocking One (Nacalai Tesque), the
membrane was incubated with a primary antibody diluted in TBST
(20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.1% Tween20) containing
10% Blocking One, followed by a secondary antibody conjugated
with horseradish peroxidase and developed with ECL western
blotting detection reagents (RPN2106; GE Healthcare).

2. Materials and methods
2.6. Immunoﬂuorescence staining
2.1. Generation of neural stem and progenitor cell-speciﬁc Nrf1
knockout mice
Neural stem and progenitor cell-speciﬁc deletion of the Nrf1
gene was accomplished as described [6]. Mice were housed in a
speciﬁc pathogen-free facility, and the experimental protocol was
approved and executed under the ethics review committee for
animal experiments of Doshisha University.
2.2. Antibodies
The antibodies utilized in this study were anti-FLAG (M2;
Sigma), anti-a-tubulin (DM1A; Sigma), anti-Calbindin (AB1778;
Chemicon), anti-Nrf1 (#8052; CST), anti-p62/SQSTM1 (PM045;
MBL), anti-ubiquitin (P4D1; Santa Cruz), anti-ubiquitin (Z045801;
Dako), anti-K48 linked poly-ubiquitin (#4289; CST), antiProteasome 20S a1, 2, 3, 5, 6 & 7 subunits (Psma1-3 & 5e7)
(Enzo; BML-PW8195), anti-Proteasome 20S a2 (Psma2) (Gene Tex;
GTX103620) and anti-LC3 antibodies (PD014; MBL).
2.3. Cell culture and transfection
Neuro2A cells were cultured in Dulbecco's modiﬁed Eagle's
medium (DMEM) (Wako) supplemented with 10% fetal calf serum
(FCS) (Invitrogen), 4500 mg/l glucose, 40 mg/ml streptomycin, and
40 units/ml penicillin (Invitrogen) in a humidiﬁed incubator at 5%
CO2 and 37 ! C. The transfection of plasmid DNA and short interfering RNA (siRNA) into Neuro2A cells was performed using Lipofectamine Plus and RNAiMAX (Invitrogen), respectively, according
to the manufacturer's protocols. The sequences of siRNAs employed
in the present study are listed in Table S1 in the supplemental
material section.

Mice were perfused with 4% paraformaldehyde (PFA) under
anesthesia. Isolated brains were further ﬁxed overnight with 4%
PFA and kept in 0.1% sodium azide containing phosphate-buffered
saline (PBS) to avoid decaying. The ﬁxed brains were processed
for vibratome sectioning (50 mm). Sliced tissues were autoclaved in
10 mM citrate buffer [pH 6.0] at 100 ! C for 10 min and washed twice
with PBS containing 0.1% Tween20 (PBST) for 10 min. Next, the
sliced tissues were permeabilized with 0.5% Triton X-100 in PBS for
1 h at room temperature (RT), washed twice with PBST for 10 min
and blocked with 10% horse serum/PBST at RT for 1 h. The sections
were then incubated with primary antibodies diluted with PBST
containing 1% bovine serum albumin (BSA) for 48 h at RT. After
washing 4 times with PBST for 30 min, the sections were incubated
with Alexa Fluor 488/546-conjugated secondary antibody (A11029, A-11035, Invitrogen) diluted in PBST containing 1% BSA for
48 h at RT. The nuclei were then stained with 40 , 6’-diamidino-2phenylindole (DAPI) (0.5 mg/ml) for 1 h at RT and washed 3 times
with PBST for 30 min. Finally, the samples were sealed using ﬂuorescence mounting medium (Dako). Fluorescence images were
captured by a Carl Zeiss confocal microscope (LSM710).
2.7. Reporter construction and luciferase assay
A mouse Usp9x gene reporter was generated by inserting a 2kbp PCR-ampliﬁed promoter region into pGL-basic (Promega).
The primers were 50 -CGAAGATCTAAGGCTCAGCGCTTCTCCGCCC-30
and 50 -GGGGTACCACATGTGCTTACCAGGCTTGTTG-30 . The reporter
was transfected into Neuro2a cells along with p3xFlag mNrf1 [11]
and pRL-TK (Promega) as an internal control. Forty-eight hours
after transfection, luciferase activity was measured using the PicaGene luciferase assay system (Toyo Ink) and a Berthold Lumat
LB9507 luminometer.

2.4. RNA extraction and quantitative real-time PCR (qRT-PCR)
2.8. Proteasome ﬂuorogenic peptidase assay
Total RNA was extracted from cells with ISOGEN II (311e07361;
Nippon Gene) or the RNAeasy minikit (Qiagen) and subjected to
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The in vitro measurement of proteasome activities was
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performed as previously described [12]. Twenty micrograms of
total protein of cell lysates was utilized for the assay using SucLLVY-AMC (Peptide Institute), Z-GGL-AMC (Santa Cruz), Z-LLEAMC (Peptide Institute) or Ac-RLR-AMC (R&D systems). After
mixing the lysate with the substrate, ﬂuorescence (380 nm excitation, 460 nm emission) was monitored on a microplate ﬂuorometer (Synergy HTX; BioTek) every 5 min for 1 h at 37 ! C. The
protein concentration of the cell lysates was determined using the
BCA protein assay (Pierce). Relative proteasome activity was
expressed as the slope of the linear ﬁtting curves.
2.9. Microarray
Three independent RNA samples of the mouse cerebellum from
each genotype (P7) were mixed and used for the microarray analyses. Microarray analysis was performed using slides (Afﬁmetrix,
Mouse Gene 1.0 ST Array). The data were analyzed with Expression
Console and Transcriptome Analysis Console (Afﬁmetrix). GSEA
analysis was performed using open source software (v2.2.3, Broad
Institute, http://software.broadinstitute.org/gsea/index.jsp) and
the gene set annotated as the GO term “protein deubiquitination”
(GO:0016579,
http://amigo.geneontology.org/amigo/term/GO:
0016579).
2.10. Statistical analyses
Statistical analyses were performed using Student's t-test;
P < 0.05 was considered signiﬁcant.
3. Results and discussion
3.1. Accumulation of K48-linked ubiquitinated proteins in Nrf1deﬁcient Purkinje cells and cerebral cortex neurons
We previously reported that polyubiquitinated proteins accumulate in various central nervous system cells including Purkinje
cells in the cerebellum and cerebral cortex neurons [6]. To elucidate
the characteristics of the proteins accumulated in the Nrf1-deﬁcient
neurons, we ﬁrst determined their cellular localization by immunoﬂuorescence staining (Fig. 1). Generally, ubiquitinated proteins
accumulated in the nucleus of Nrf1-deﬁcient Purkinje cells,
whereas more variable patterns, including cytoplasmic accumulation and both cytoplasmic and nuclear accumulation, were found in
cerebral cortex neurons. These ﬁndings may imply a speciﬁcity of
the ubiquitin-conjugated proteins.
Next, we sought to determine whether the proteins that accumulated in Nrf1 NKO Purkinje cells were conjugated with K48linked polyubiquitin chains, which is a hallmark of proteasome
substrates. We stained Purkinje cells using an antibody against the
K48-linked polyubiquitin chain (Fig. 1C), indicating that the accumulated proteins were conjugated with K48-linked polyubiquitin
chains. Thus, the dysfunction of Nrf1 expression leads to the
accumulation of K48-typed ubiquitinated proteins in Purkinje cells.
3.2. The expression and activity of proteasome proteins are not
altered in Nrf1-deﬁcient cerebellum
A growing body of evidence reveals that Nrf1 mediates the gene
expression of proteasome subunits in response to proteasomal
dysfunction (e.g., proteostasis) [1,2]. It has also been reported that
the deletion of the Nrf1 gene in differentiated neurons leads to
neurodegeneration due to the dysregulation of proteasome genes
[5]. Accordingly, we hypothesized that proteasome dysfunction
promotes the accumulation of ubiquitinated proteins in Nrf1 NKO
mice. To conﬁrm our hypothesis, we ﬁrst analyzed proteasome

subunit gene expression alterations in Nrf1 NKO mice (P18) by
quantitative realtime PCR (qRT-PCR) (Fig. 2A). Surprisingly, the
gene expression of the proteasome subunits, Psma2, Psma6 and
Psmc4 in Nrf1-deﬁcient cerebellar tissue was not suppressed. The
expression of these genes was slightly increased compared to that
found in age-matched control mice (Nrf1 ﬂox/ﬂox mice). In addition, neither the proteasome subunit protein expression levels nor
the proteasomal activity, including the chymotrypsin, trypsin and
caspase-like activities, were altered (Fig. 2B and C). We then performed immunostaining experiments to semi-quantitatively
examine the protein levels of Psma2 in Purkinje cells (Fig. 2D).
This excluded the possibility that a reduction in proteasome function and expression could be masked in whole cerebellum samples
because Nrf1 is mainly expressed in cerebellar Purkinje cells [6].
Similarly, no signiﬁcant reduction in the Psma2 protein levels was
found in Nrf1-deﬁcient Purkinje cells. Finally, western blot analyses
of p62 and LC3 demonstrated that autophagy as an alternative
proteostasis system was unaltered when compared to cerebellar
tissue of control mice (Fig. 2E). Collectively, we concluded that the
neurodegeneration observed in Nrf1 NKO mice is not due to proteasome dysfunction. The exact cause underlying the divergent
results observed between our mice and those of Chan's group mice
remains unknown. Our differing results may be due, in part, to the
different Nrf1 deletion strategies employed by both groups. Our
group used Nestin-Cre transgenic mice, while they utilized CamK2Cre transgenic mice [5]. Alternatively, it is also possible that only
early stage (before P7) Nrf1 NKO mice suffer from proteasomal
dysregulation, which subsequently triggers neurodegeneration.
3.3. Reduced gene expression of deubiquitinating enzymes in Nrf1deﬁcient cerebellar tissue
To identify the Nrf1 target gene(s) in which reduction exerts
neurodegeneration, we carried out microarray analysis using
cerebellar tissue from Nrf1-deﬁcient mice (P7) that had not yet
demonstrated an abnormal phenotype (Fig. 3). The expression of
1705 genes were reduced as a result of Nrf1 deletion. Among them,
1198 genes possess the Nrf1-recognition ARE sequence within 2kbp upstream and downstream regions from the transcriptional
start site (Fig. 3A). Gene ontology analysis indicated that these
genes possess biological functions related to mitotic nuclear division, microtubule cytoskeleton organization, mitotic cell cycle and
protein deubiquitination (Fig. 3B and C). Because polyubiquitinated
proteins accumulate in Nrf1 NKO mice, we focused our attention on
the protein deubiquitination genes. Indeed, the microarray data
demonstrated that the expression levels of a variety of genes
encoding deubiquitinating enzymes (DUBs) were reduced due to
the deletion of the Nrf1 gene (data not shown). A marked reduction
in DUB expression was also conﬁrmed by qRT-PCR in cerebellar
tissue from Nrf1 NKO mice at both P7 and P18 (Fig. 3D). Further
bioinformatics analysis strengthened the physiological relevance
between Nrf1 and DUBs, because the AREs of these DUB genes are
mostly conserved within the regulatory region of several species
(Table S2). Our ﬁndings demonstrate that Nrf1 may play a role in
regulating DUB genes in the cerebellum.
3.4. Nrf1 governs neural homeostasis by regulating Usp9x gene
expression
Next, we investigated the biological relationship between Nrf1
and Usp9x, because USP9X dysfunction has been noted in Lewy
Body Disease and Parkinson's disease [9,10]. Interestingly, similar
to Nrf1, the Usp9x gene is abundantly expressed in the cerebellar
Purkinje cells of mice [6,9,10,13]. The ChIP-seq data from the UCSC
database suggest that the ARE of Usp9x gene is functional because
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Nrf2, a Nrf1-related factor, and its heterodimerizing partner MafK
have both been shown to recognize this ARE sequence in mouse
erythroleukemia CH12 cells and MEL cells (Fig. 4A). Luciferase
reporter analysis was used to demonstrate that Nrf1 directly activates the Usp9x gene expression through the ARE (Fig. 4B). The
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transient expression of Nrf1 markedly activated the expression of
a luciferase reporter containing the 2-kbp upstream region of the
Usp9x gene in mouse neuroblastoma Neuro2A cells. Finally, we
conﬁrmed that siRNA-mediated Nrf1 knockdown reduces the
expression of the Usp9x gene in Neuro2A cells (Fig. 4C).

Fig. 1. Nrf1-deﬁcient Purkinje cells and cortex neurons accumulate K48-linked polyubiquitinated proteins. A, B) Immunoﬂuorescence staining of polyubiquitinated proteins in
the cerebellar Purkinje cells and cortex neurons of the Nrf1 NKO mice (P18). Purkinje cells and cortex neurons were stained with anti-Calbindin and anti-NeuN antibodies,
respectively. Bottom panels are magniﬁed images of white squares in the upper panels. Nuclei were stained with DAPI. Scale bars represent 25 mm, 50 mm (left and right of upper
panels, respectively) and 10 mm (bottom panels). C) K48-linked polyubiquitinated proteins in the cerebellum were visualized by immunoﬂuorescence staining using anti-K48Ub
antibodies. Bottom panels are magniﬁed images of the white squares in the upper panels. Nuclei were stained with DAPI. Scale bars represent 50 mm (upper panels) and 10 mm
(bottom panels).
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Fig. 3. Nrf1-dependent induction of DUB genes in the cerebellum. A) A Venn diagram showing the overlap of gene expression reduced by Nrf1 deletion and genes containing the
species-conserved ARE sequence in 2-kbp upstream and downstream regions from the transcriptional start site. B) A table of the gene ontology analysis using PANTHER signiﬁcantly
enriched with genes downregulated in the cerebellum of Nrf1 NKO mice. C) Gene Set Enrichment Analysis (GSEA) histograms for the gene sets involved in protein deubiquitination.
The nominal P values is 0.0028, and the normalized enrichment score is 1.61. D) The mRNA expression levels of the deubiquitinating enzyme genes in the cerebellum of Nrf1 NKO or
control mice were determined by qRT-PCR (P7 and P18). Values were normalized with Gapdh and presented as the means ± SD (P7; n ¼ 3, P18; n ¼ 4, *, P < 0.05).

Accordingly, Nrf1 may govern neural homeostasis by regulating
Usp9x gene expression.
Our ﬁndings are consistent with a series of previous reports.
USP9X knock down induces the formation of toxic a-synuclein inclusions in SH-SY5Y cells upon proteolytic inhibition [10]. Reduced
Usp9x expression has been proposed to cause spinal muscular atrophy due to impaired motor neuron survival [14]. The ataxia

mouse model, which exhibits severe tremors and premature death,
is deﬁcient in Usp14 [15]. Moreover, several USPs have also been
found to regulate neural activities [7,8,16e18]. Thus, the loss of Nrf1
may lead to the imbalance of the ubiquitination status of neural
proteins, causing the accumulation of polyubiqutinated proteins
and, thus, the neurodegeneration observed in our study.

Fig. 2. Proteasome expression and activity are not reduced in Nrf1-deﬁcient cerebellar tissue. A) Quantitative-RT-PCR (qRT-PCR) analysis showing relative mRNA expression of
Psma2, Psma6 and Psmc4 in the cerebellum of Nrf1 NKO mice (P18, n ¼ 4). B) Western blotting demonstrating the unaltered proteasome subunit proteins in the cerebellum of Nrf1
NKO mice (P18, n ¼ 3). C) Proteasomal chymotrypsin, trypsin and caspase-like activity were not altered in Nrf1-deﬁcient cerebellar tissue. D) No signiﬁcant reduction in Psma2
protein levels was found in Purkinje cells by immunohistochemical staining using anti-Psma2 and anti-Calbindin antibodies. The scale bar represents 50 mm. E) The p62 protein
expression and LC3-II/I ratio as autophagic markers were also not altered in Nrf1 NKO cerebellar tissue in western blot analysis (P18, n ¼ 3).
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Fig. 4. Nrf1 governs Usp9x gene expression. (A) ChIP-seq data using the UCSC genome browser reveals species-conserved ARE sequences (red; dots stand for similar amino acids)
in the Usp9x gene promoter region, which is recognized by Nrf2 and small Maf proteins. (B) Transient overexpression of Nrf1 activated the expression of the Usp9x-ARE luciferase
reporter. Luciferase activity was normalized according to the Renilla luciferase activity of the internal control, pRL-TK, and presented as the means ± SD (n ¼ 3; *, P < 0.05). (C)
siRNA-mediated Nrf1 knockdown reduces the gene expression of Usp9x in Neuro2A cells. The reduced mRNA levels were determined by qRT-PCR.
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