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Activation of electrophilic signal
transduction pathways

Cell survival, cell proliferation or cell death

Postulated cellular responses through covalent modification of sensor proteins during
metabolic activation of napthalene to produce 1,2-naphthoquinone and 1,4-naphthoquinone.
NADPH, nicotinamide adenine dinucleotide phosphate, reduced form; NADP", nicotinamide
adenine dinucleotide phosphate, oxidized form; CYPs, cytochrome P450 isozymes; EH,
epoxide hydrolase; AKRs, aldo-keto reductase isozymes; 1,2-NQH,,
1,2-dihydroxynaphthalene; 1,2-NQ, 1,2-naphthoquinone; 1,4-NQH,,
1,4-dihydroxynaphthalene; 1,4-NQ, 1,4-naphthoquinone.
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X] 2 Chemical modification of mouse Keapl by 1,2-NQ

(A) Covalent attachment of 1,2-NQ to cellular Keapl. Primary mouse hepatocytes were exposed to
1,2-NQ (10 or 25 uM) for 1 h, and the cell lysates were analyzed by using BPM-labeling assay. (B)
Concentration-dependent covalent attachment of 1,2-NQ to recombinant mouse Keapl. Recombinant
mouse Keapl (0.5 pg) was incubated with 1,2-NQ (0.25-5 pM) at 25°C for 30 min in 20 mM
Tris-HCI (pH 8.5). The reaction mixture was then analyzed by Western blot with the indicated

antibodies.
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3 MALDI-TOF/MS analysis of 1,2-NQ-modified cysteine residues in mouse Keap1

Recombinant mouse Keapl (10 pg) was incubated at 25°C for 30 min in the absence (A) or presence
(B) of 1,2-NQ (10 uM) in a total volume of 20 pL of 20 mM Tris-HCI (pH 8.5). After reaction, the
Keapl proteins were digested with trypsin and analyzed using MALDI-TOF/MS. Compared with the
calculated mass of the unmodified peptides, modified peptides P-1 to P-5, showed an increased mass

of 156 Da, corresponding to the addition of a single equivalent of 1,2-NQ.
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% 1 Target Sites of 1,2-NQ Modification in Mouse Keapl

Peak Position Peptide sequence Calculated  Observed
MS MS

P-1  273-279  CHALTPR+1,2-NQ 953.4 953.5

P-2 255261  YDCPQRR+1,2-NQ 1093.4 1093.7

P-3 288296 CEILQADAR+1,2-NQ 1174.5 1174.6

P-4 484-494  LNSAECYYPER+1,2-NQ 1500.6 1500.7

P-5 151-169 CVLHVMNGAVMYQIDSVVR+1,2-NQ 2290.1 2290.3

Amino acid sequences of the tryptic peptides containing 1,2-NQ-modified mouse Keapl. Position

corresponds to amino acid sequences of wild-type mouse Keapl. Peak no. corresponds to the number

of the peak in Figure 2 (arrows). Mouse Keapl (0.5 mg/mL) was incubated with 10 uM 1,2-NQ at
25°C for 30 min in 20 mM Tris-HCI (pH 8.5).
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4 Involvement of hydrogen peroxide in Nrf2 activation during exposure of primary mouse
hepatocytes to 1,2-NQ

(A) Accumulation of Nrf2 by 1,2-NQ. Primary mouse hepatocytes were exposed to 1,2-NQ at the
indicated concentrations for 1.5, 3, or 6 h, and total cell lysates (20 pug) were analyzed by Western blot
with the indicated antibodies. Actin was used as the internal control. (B) Detection of intercellular
oxidants during exposure to 1,2-NQ. Cells were pretreated with 20 pM H,DCFDA for 1 h before
incubation with DMSO or 10 pM 1,2-NQ for 20 min. To scavenge intercellular hydrogen peroxide,
hepatocytes were pretreated with PEG-CAT (1,000 U/mL) for 1 h. The panels represent intercellular
oxidant generation (top) and bright field (bottom). (C) Effect of PEG-CAT on Nrf2 activation by
1,2-NQ. Cells were pretreated with PEG-CAT (1,000 U/mL) for 1 h before incubation with DMSO or
10 uM 1,2-NQ for 1.5 or 3 h. Total cell lysates (20 pg) were analyzed by Western blot with the
indicated antibodies (top). Actin was used as the internal control. The relative intensity of each band
was quantified (bottom). Each value represents the mean + SD of three independent experiments. N.S.,

not significant.

122



1,2-NQ (uM) 5 10
Time(h) 0 6 9 12 6 9 12

GCLC
GCLM
GSTA1
GSTA4
GSTM1
UGT1A
NQO1
Actin

|5 Upregulation of Nrf2 downstream gene-products during exposure of primary mouse hepatocytes

to 1,2-NQ
Primary mouse hepatocytes were exposed to 1,2-NQ at the indicated concentrations for 6, 9, or 12 h,

and total cell lysates (20 pg) were analyzed by Western blot with the indicated antibodies. Actin was

used as the internal control.
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X| 6 Steady-state protein expression levels of Nrf2 and its downstream proteins in primary mice
hepatocytes

(A) Primary hepatocytes isolated from Nrf2"*, Nrf2”", Alb-Cre::Keapl**, or Alb-Cre::Keap1™™ mice
were cultured for 2 days, and total cell lysates (20 pg) were analyzed by Western blot with the
indicated antibodies. Actin was used as the internal control. (B) Primary hepatocytes isolated from
Nrf2*"*, Nrf2™", Alb-Cre::Keapl™*, or Alb-Cre::Keapl™ mice were cultured for 2 days, and crude
plasma membrane fractions (30 pg) were prepared and analyzed by Western blot with the indicated

antibodies. 5°-NT was used as the internal control.
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7 Chemical modification of cellular proteins and cytotoxicity during 1,2-NQ exposure in primary
mouse hepatocytes

(A) Primary hepatocytes isolated from Nrf2"*, Nrf2”", Alb-Cre::Keapl™, or Alb-Cre::Keap1™™ mice
were exposed to 10 pM 1,2-NQ for 1 h, and total cell lysates (20 pg) were analyzed by Western blot
with anti-1,2-NQ antibody. (B) Primary hepatocytes isolated from Nrf2"", Nrf2”", Alb-Cre::Keapl™”,
or Alb-Cre::Keap1™™ mice were exposed to 1,2-NQ (10-60 pM) for 24 h, and then an MTT assay
was performed. Each value represents the mean + SD of four independent experiments. *, P < 0.05. **,

P <0.01.
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8 Effects of a variety of inhibitors on cytotoxicity during exposure of primary mouse hepatocytes
to 1,2-NQ

(A) Primary mouse hepatocytes wild-type were treated with 1 mM BSO for 6 h prior to exposure to
1,2-NQ (040 uM) for 24 h, and an MTT assay was performed. (B) The cells were treated with 50 uM
dicumarol for 6 h prior to exposure to 1,2-NQ (0—40 uM) for 24 h, and an MTT assay was performed.
(C) The cells were treated with 100 uM diclofenac for 1 h prior to exposure to 1,2-NQ (040 uM) for
24 h, and an MTT assay was performed. (D) The cells were treated with 100 uM MKS571 for 1 h prior
to exposure to 1,2-NQ (0-15 uM) for 24 h, and an MTT assay was performed. Each value represents

the mean * SD of three independent experiments. *, P <0.05. **, P <0.01.
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9 Role of Nrf2 in the metabolic activation associated with oxidative stress and detoxification of
1,2-NQ

1,2-NQR, semiquinone radical of 1,2-NQ; 1,2-NQ-SG, GSH adduct of 1,2-NQ; 1,2-NQH,,
1,2-dihydroxynaphthalene; 1,2-NQHG, monoglucuronide of 1,2-NQH,.

127



X 10

A 35 B 0.5
31 05
= i
c 2.5 g 0.4 -
g 2] 2
0.3 -
Y 15 o
a4 pH 3 a 02 - pH 3
© s l © o l
0 4 3 0 b
0 10 20 30 40 0 5 10 15 20
Fraction number Fraction number
c 35 D ;s
3 - 3 7
£ 25 - E 25 -
< [l
Q 5 4 9 2] ~8-1 4-NQ-KLH
T 15 T g5 T
- -1 4-NQ-KLH 5 e
8 | K o ! \‘ﬂ_.
0 T o T T 1]
10 102 10° 10¢ 10 10 107 10° 10¢ 10
Anti-1,4-NQ dilution Anti-1,4-NQ dilution

Titration curves of rabbit polyclonal antibodies against 1,4-NQ (C and D) following
purification of anti-1,4-NQ by Protein A-Sepharose CL-4B and KLH-Affi-Gel 15 column
chromatographies (A and B).

A. The antiserum (0.6 g) was loaded on a Protein A-Sepharose CL-4B column (6.6 cm x 1.2
cm i.d.) and washed with 20 mM potassium phosphate buffer (pH 7.2)-1.5 M NaCl and then
0.1 M glycine-HCI (pH 3). Up to 5 ml per fraction of IgG fractions 30-37 were collected. The
IgG fractions were neutralized immediately by 0.5 ml of 1 M Tris-HCI (pH 8). B. The IgG
fraction (1 mg) was loaded on a KLH-Affi-Gel 15 column (4 cm X 0.7 ¢m i.d.) and circulated
at 4°C for 12 hr. Then, the column was washed with TTBS (anti-1,4-NQ fraction, No. 1-3) and
0.1 M glycine-HCI (pH 3) (anti-KLLH fraction, No. 13-14). Up to 1.5 ml per fraction were
collected. C. The titer of the IgG fraction (5 mg/ml) was determined by measuring the binding
of serial dilutions of IgG (1/100 to 1/25600) to plates coated with native KLH (®) or
1,4-NQ-KLH (m). D. The titer of the anti-1,4-NQ fraction (1 mg/ml) was determined by
measuring the binding of serial dilutions of anti-1,4-NQ antibody (1/100 to 1/25600) to plates
coated with native KLH (e) or 1,4-NQ-KLH (m).
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Cross-reactivity of the polyclonal antibody against 1,4-NQ with aromatic hydrocarbon
quinones.

A. Structures of aromatic hydrocarbon quinones: 1, 1,4-benzoquinone; 2, TBQ; 3, 1,2-NQ; 4,
B-lapachone; 5, 1,4-NQ; 6, 5-hydroxy-1,4-NQ; 7, 5,8-dihydroxy-1,4-NQ; 8,
2-methyl-1,4-NQ; 9, 2-anillino-1,4-NQ. B. Dot blot analysis. The S9 (0.1 mg/ml) was
incubated with each aromatic hydrocarbon quinone (10 pM) for 30 min at 25°C in 0.1 M
Tris-HCl, pH 7.5. Anti-1,2-NQ antibody was prepared as reported previously (Miura and

Kumagai, 2010).
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Two-dimensional SDS-PAGE of cellular proteins from A431 cells exposed to 1,4-NQ.

A431 cells were exposed to DMSO (A and C) or 10 pM 1,4-NQ (B and D) for 1 hr. Cell
lysates (60 pg) were subjected to isoelectric focusing on Immobiline DryStrip pH 3-10, and
then separated by SDS-PAGE. These gels were immunoblotted with anti-1,4-NQ (upper) and
stained with CBB stain (lower). Numbered arrows indicate proteins that were subjected to

tryptic digestion followed by nanoUPLC-MS/MS analysis, as shown in Table 1.
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% 2. Summary of 1,4-NQ modified proteins identified in A431 cells

No. Accession Description kDa 2l Coverage (%)

1 Unknown

2 Unknown

3 P08238 Heat shock protein HSP 90 beta 83.2 4.77 10.9
4 P11142 Heat shock cognate 71 kDa protein 70.9 5.20 613
5 P0O8107 Heat shock 70 kDa protein 1A 1B 70.0 5.32 61.9
6 P12956 X ray repair cross complementing protein 6 69.8 6.20 325
7 Q5SU1L6 Beta 5 tubulin 49.6 4.59 37.6
8 P31943 Heterogeneous nuclear ribonucleoprotemn H 492 5.85 49.4
9 Q33588 Poly RC binding protemn 1 375 6.71 315
10 P6O709 Actin cytoplasmic 1 41.7 5.14 28.5
i DOPNII Tyrosmne 3 monooxygenase tryptophan 5 277 453 514

monooxygenase activation protein zeta polvpeptide

Numbered proteins, which are shown in Fig. 4, were analyzed by LC-MS/MS following in-gel tryptic
digestion. Protein identification was achieved using the ProteinLynx Global Server Browser version
2.3 software (Waters Co.). The accession number, theoretical molecular weight (kDa), and theoretical

isoelectric point (pl) indicate the UniProtKB/Swiss-Prot entry. Coverage (%) shows the percentage of

the protein sequence covered by identified peptides.
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X 13  Disruption of HSP90 and HSF1 interaction by 1,4-NQ exposure in A431 cells.
A431 cells were treated with 1,4-NQ for 1 h, then lysed by modified RIPA buffer with
protease inhibitor cocktail. Immunoprecipitation was performed by using HSF1 specific

antibody with Dynabeads.
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X| 14  Nuclear translocation of HSF1 induced by 1,4-NQ in A431 cells.
A431 cells were treated with 1,4-NQ (5 pM or 10 uM) for the indicated times, the nuclear

was extracted then analyzed by immunoblotting. PMA (1 uM) was used as a positive control.
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X 15  HSFI knockdown increased 1,4-NQ toxicity in A431 cells.
A. A431 cells were transfected with control or HSF1 siRNA for 72 h. B. Control or HSF1
siRNA-transfeted cells (72 h) were exposed to 1,4-NQ (10, 15, 20, 25, 30 uM) for 24 h, after
that cell viability was measured by MTT assay.
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