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Crystal Structure of Quinone Reductase 2 in Complex with Resveratrol
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ABSTRACT. Resveratrol has been shown to have chemopreventive, cardioprotective, and antiaging properties.
Here, we report that resveratrol is a potent inhibitor of quinone reductase 2 (QR2) activity in vitro with

a dissociation constant of 35 nM and show that it specifically binds to the deep active-site cleft of QR2
using high-resolution structural analysis. All three resveratrol hydroxyl groups form hydrogen bonds with
amino acids from QR2, anchoring a flat resveratrol molecule in parallel with the isoalloxazine ring of
FAD. The unique active-site pocket in QR2 could potentially bind other natural polyphenols such as
flavonoids, as proven by the high affinity exhibited by quercetin toward QR2. K562 cells with QR2
expression suppressed by RNAi showed similar properties as resveratrol-treated cells in their resistance
to quinone toxicity. Furthermore, the QR2 knockdown K562 cells exhibit increased antioxidant and
detoxification enzyme expression and reduced proliferation rates. These observations could imply that
the chemopreventive and cardioprotective properties of resveratrol are possibly the results of QR2 activity
inhibition, which in turn, up-regulates the expression of cellular antioxidant enzymes and cellular resistance
to oxidative stress.

Resveratrol tffans-3,4,5-trihydroxystilbene) is a phyto- explain its functions: antioxidant effects, proapoptotic ef-
polyphenol that occurs in grapes and a variety of medicinal fects, cell-cycle regulation, inhibition of protein kinases,
plants. Because of its abundance in grapes, it is present inregulation of NikB and kB, and modulation of estrogen
significant amount in grape products such as grape juice andeffects @3, 6). As a polyphenol, resveratrol will evidently
wines, particularly red winelj. The revealing of resveratrol  exhibit reductive properties and consequently will scavenge
as a cancer chemopreventive agent in 198y sparked reactive oxygen species (ROS, such a®#HO-, and G")
extensive research on its chemopreventive properfes ( (7). In addition, resveratrol is also a moderate inhibitor of
Resveratrol has been tested on a variety of cancers in animasome oxidative and antioxidative enzymes, such as lipooxy-
model studies. As in the case of the 1997 study, Jang et al.genase, peroxidases, catalases, and otl@&r&késveratrol
(2) demonstrated in a mouse model that resveratrol is has also been shown to inhibit free-radical formation induced
effective in prevention of DMBA- (dimethylbenzanthracene) by lipopolysaccharide (LPS) and phorbol est&)slowever,
and TPA- (tetradecanoylphorbol-13-acetate) induced skin these studies used artificially high concentrations of resvera-
cancer. Application of 1, 5, 10, or 28V of resveratrol with trol, and their relevance to the true biological targets of
TPA twice a week for 18 weeks reduced the number of skin resveratrol is unclear.
tumors per mouse by 68, 81, 76, or 98%, respectively, and The observations that are believed to be relevant to cancer
the percentage of mice with tumors was lowered by 50, 63, prevention are the reported up-regulation of antioxidant and
63, or 88%. In mouse models of colon cancer and small detoxification enzymes by resveratrol(( 11) such as
intestinal cancer, resveratrol prevents cancer formation with catalase, quinone reductase 1 (QREnd glutathiones
100 and 70% efficacy, respectivel, (5). transferase (GST)1Q). The increased enzymatic activities

Resveratrol has been suggested to block the multistepwill protect cellular components from oxidative damage as
process of carcinogenesis, namely, tumor initiation, promo- the results of environmental oxidative insult or reactive
tion, and progression3]. Despite extensive investigation, metabolites, which can cause carcinogendsis-(5). In fact,
no clear molecular basis for the actions of resveratrol hasinduction of QR1 in vitro has been used as a method to
emerged. A variety of hypotheses have been proposed toidentify potential prostate cancer-preventive ageh6. (A
variety of natural products, including natural polyphenols,
. T This Wocr:k W(:)as ;upported in part by National Institute of Health such as flavonoids (quercetir)d) and chalconoidsl@), also

t R21 CA104424. i oxi i A i i

r?'rll'he atomic coordinates and structure factors (PDB code 1SGO) induce r_:mtlomdant and detoxification enzyme gxpressmn. A
have been deposited in the Protein Data Bank, Research Collaborator)pompar'sqn of the structures of these flavonoids and chal-
for Structural Bioinformatics, Rutgers University, New Brunswick, NJ ~conoids with resveratrol reveal that they share some apparent

(http:/www.rcsb.org/). chemical similarities with two phenolate rings similarly
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spaced and oriented. These similarities might indicate a Crystallographic AnalysisAll diffraction data were col-
shared mechanism in their actions. lected at 100 K using a CCD detector at beamline 19BM of
Recently, we identified quinone reductase 2 (QR2) as a Advanced Photon Source (APS), Argonne National Labo-
potential target of resveratrol function through an affinity ratories. Raw data were processed using the HKL2000
chromatographic method using a resveratrol-affinity column. software g0). Crystals of the native QR2 and QR2
The structure of QR2 in complex with resveratrol reveals resveratrol complex all belong to th2.2,2, space group.
that resveratrol specifically binds to the active-site cleft of The cell dimensions of all of the crystals are nearly identical,
QR2. The unique active-site pocket in QR2 could potentially and consequently the complex structures were directly refined
bind other natural polyphenols, such as flavonoids and With the native structure previously solved by another
chalcone derivatives, as proven by the high affinity exhibited laboratory 21) (1qr2 for apoprotein and 2QR2 for the QR2
by quercetin toward QR2, which could indicate a shared menadione complex; Protein Data Bank) with Ci28)(and
mechanism in their chemopreventive properties. Using the the density of resveratrol was clearly shown after Fourier-
RNAi method, we also have established a stable K562 cell difference transformation. Figures were prepared using
line (K562RNAi) with QR2 expression suppressed to PDBviewer 3) and rendered with POV-rayp4) software
undetectable levels judged by Western blot analysis. K562 packages.
cells with QR2 expression suppressed by RNAi showed Generation of QR2 Knockdown Cell Line by RNFe
similar properties as resveratrol-treated cells in their resis- Ambion’s “siRNA Target Finder and Design Tool” was
tance to quinone toxicity. Furthermore, the QR2 RNAi used for the identification of an appropriate target
knockdown K562 cells exhibit increased antioxidant and sequence in QR2 mRNA. Two target sequences have
detoxification enzyme expression and reduced proliferation been chosen following a BLAST search analysis to
rates, similar to cells treated with resveratrol reported in the confirm the uniqueness of the selected sequences. Even-

literature 6, 11). tually, the construct targeted the sequence in the exon
I of QR2 MRNA that has been chosen to create the
MATERIALS AND METHODS stable K562 subline. K562 cells were transfected

) o with pSilencer 3.1-HI hygrovector (Ambion) bearing QR2

Chemicals, Reagents, and AntibodiBesveratrol, quer-  RNAj (corresponding oligos: ‘Sgatcccgaatgtggetgtagatgaat-
cetin, N-(2-hydroxylethylnicotinamide), and anti-actin anti- - {ca5gagattcatctacagccacaticttitttggaaa sag@tticcaaaaaa-
body were from Sigma. QR2 antibody was raised in rabbits yaatgtggctgtagatgaatctctigaaticatctacagecacattcgg) using Fu-
immunized with full-length recombinant human QR2 protein. Gene 6 Transfection Reagent (Roche) according to the
All other chemicals were of the highest purity commercially rotocol of the manufacturer. A total of 24 h after transfec-
available. Reduction di-(2-hydroxylethylnicotinamide) to  {jon, conditioned medium RPMI 1640 with 10% fetal bovine
N-(2-hydroxylethyldihydronicotinamide) was carried outjust serym (Invitrogen) was changed for fresh media containing
before use by sodium hydrosulfité9). 200 ug/mL Hygromycin B (Invitrogen). As a negative

Protein Methods.To produce recombinant QR2, the control, a flask of mock-transfected K562 cells, i.e., trans-
coding region of QR2 cDNA fragments was amplified by fected with salmon sperm DNA, was grown under selective
PCR and cloned into pET23d vector (Novagen) between pressure. The cells were allowed to grow under selection
Ncd and Xhd sites with the first Met as part of thecd for approximately 40 days, changing media every 4 days,
sequence and the native termination codon beforeXtia before cells were completely eliminated from the negative
site. The insert was verified by DNA sequencing. The control flask and visibly enriched in the RNAi-transfected
plasmid of the full-length protein of QR2 without any change flask. Western blot analysis revealed nearly 100% suppres-
in amino acids is transformed into B8¥scherichia coli  sjon of QR2 expression in transfected cells, and the stable
strain (Novagen). The recombinant protein was purified by cell line is termed K562RNAi cells. The K562RNAi cells
passing through DEAE Sepharose, Superdex 75 (Pharmaciajwere then maintained in normal growth media.
and Mono-Q column (Pharmacia) sequentially to obtain the  Affinity Characterization by Fluorescence Quenchifigr
homogeneous protein samples. Protein concentration washe fluorescence-quenching experiments, two to three con-
determined by BioRad protein assay kit according to the centrations of protein solutions, from 16600 nM in pH
protocol of the manufacturer. Crystals of the native protein 8.5 buffer (50 mM Tris, 140 mM NacCl, and 0.1% Tween
as well as the complex with resveratrol were all grown in 20) were used, respectively. Samples with increasing con-
conditions containing 0.1 M HEPES (pH 7.0), A0 FAD, centrations of a specific polyphenol but constant concentra-
and 1.2-2.0 M ammonium sulfate. tions of QR2 were prepared. Similar samples were prepared

QR2 Refolding in the Presence of Different Metal lons containing the corresponding polyphenols without QR2 as
Recombinant QR2 (5 mg) was dissolved in 10 mL of 7 M controls. The fluorescence was measured at an emission of
guanidine hydrochloride (50 mM Tris and 0.5 mM DTT at 340 nm with an excitation wavelength of 280 nm with a
pH 8.5) solution. The resulting solution was passed through Varian fluorescence spectrophotometer. The fluorescence of
a 5-mL metal-chelating column pre-equilibrated with the the samples with QR2 subtracted by that of the samples
same buffered guanidine hydrochloride solution. A total of without QR2 is used as the fluorescence of the QR2
2 mL each of the resulting protein solution was diluted into polyphenol complex. The obtained values were globally fitted
100 mL of refolding buffer (50 mM Tris and 50M FAD) to an exhaustive binding modé®g) with the software Prism.
containing 0.5 mM different metal ions (Zh Mn?*, Fe*, Enzymatic Assay€QR2 activity was assayed according
or CU*t) or without metal ions. Resulting proteins from each to Zhao et al. 19). The enzyme activity was determined
refolding condition were purified by mono-Q column (Phar- spectrophotometrically at either 37 or 25 in pH 8.5 buffer
macia). (50 mM Tris, 140 mM NaCl, and 0.1% Tween 20) with
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menadione as the substrate and 1-(2-hydroxyethyl)dihydroni-in absorbance were recorded at 340 nm, and enzyme activity
cotinamide as the cosubstrate. The reaction was initiatedwas calculated as nmol of CDNB conjugate formed mhin

by addition of 2-8 ng of QR2, and the catalysis was mg of proteirn’, using a molar extinction coefficient of 9.6
monitored at a wavelength of 360 nm with a UnicamtdV  x 106 M~tcm™

vis spectrophotometer. The apparefy, values for the The total NADH-dependent quinone reductase activity was
cosubstrate in the presence of respective concentrations Ogssayed by the reduction of menadione and subsequent
resveratrol were obtained with the integrated Henri equation roqyction of MTT. The assay mixture (0.4 mL) contained
(26). TheK; was obtained by plotting the apparét values 0.1 M Tris (pH 8.5), 120uM NADH, 10 M menadione,

versus the resveratrol concentration. 0.3 mg/mL MTT, and 0.1% Tween 20. The activity was

Menadione Toxicity AssaysMenadione toxicity was  getermined spectrophotometrically by measuring the reduc-
measured by cell-survival assays. A defined number of cells 4, of MTT at 570 nm, using a molar extinction coefficient
were incubated with defined concentrations of menadione ;¢ 17 18 M~ cm2 at 25°C.

in the presence or absence of other reagents (such as
resveratrol) in a cell-culture incubator for 4 h. After the cells
were changed to normal growth media, they were allowed
to recover for 24 h. The number of living cells was analyzed
by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet- RESULTS

razolium) assay according to the protocol of the manufacturer Potent Inhibition of QR2 Actity by Reseratrol. To

(RXCh.e)'. (f" ass%y;%/v ere Itl:oDnduct_?d a_t Ie‘?t 3 tlme;s. investigate the biological targets of resveratrol function, we
ntioxidant an ase etoxification Enzyme ASSays. nqircted a resveratrol-affinity column, in which resveratrol
Al of .the cells were grown under _|dent|c_:al conditions was immobilized on a solid matrix by cross linking to an
glongsme gach other for a defined period of tlmg. These CeIISepoxy-activated agarose resin. When prostate cancer cell-
mclllu?e;l Wlllld-type K|562 dcglls anq I<t562_RNA| d‘.f"j'glgi line (PC3) lysates and leukemia cell-line (K562) lysates were
peteted cells were lysed by sonicalion in modilie analyzed with the resveratrol-affinity column, QR2 was the
buffer with a complete protease inhibitor cocktail (Roche) major protein bound specifically to this column (will be

(20 mM HEPES at pH 7.5, 140 mM NacCl, 1% Triton X-100, : I
) . X published elsewhere). QR2 (also called NQO2, NRH:quinone
and 5% glycerol). After centrifugation, the protein contents oxireductase) was first described in 19@9)( but its in vivo

in the supermatants were normalized by BioRad protein biological function is still a mystery. Its homologous protein,

assays. The enzymatic activity assays were performed a :
. , U R1 (also termed DT-diaphorase and NQOZ1), on the other
described Z7) with modification, except the total NAD(P)H- Sgan d( has been weII—chaFr)acteriz ) andQ ca'zalyzes the

dependent quinone reductase assays, which were ad0pteobligatory two-electron reduction of quinones with NADH

from Chen et al. 8). Briefly, glucose-6-phosphate dehy- or NADPH as the electron donors. In contrast, QR2 cannot

drogenase activity is measured by the reduction of NADP. . o .
The reaction buffer of 0.4 mL consisted of 0.1 M HEPES US€ the phosphorylated dihydronicotinamides as cosubstrates,
' : and it has been shown that QR2 can use the reduced

(pH 7.6), 0.1 mM NADP, 0.8 mM glucose-6-phosphate, and N-substituted nicotinamide analogues as cosubstrates in vitro
8 mM MgCl,, and the reaction was initiated by addition of . L 9 )
40 ug of total cell lysate protein and quenched with the (30), with the in vivo cosubstrate yet to be defined.
addition of SDS to the final concentration of 2% from a 20%  Upon identification of QR2 as the major protein bound to
stock. The changes in absorbance were recorded at 340 nmfesveratrol-affinity column, we analyzed the effect of res-
and the enzyme activity was calculated as nmol of NADP Vveratrol on the enzymatic activity of QR2. Using N-
reduced min mg of protein?, using a molar extinction  hydroxyethyldihydronicotinamide as the cosubstrate and
coefficient of 6.22x 10* M~ cm. menadione as the substrate, resveratrol was shown to be a
Glutathione reductase activity was measured by the potentinhibitor of QR2 enzymatic activity (Figure 1A). The
oxidation of NADPH. The reaction mixture consisted of 0.1 QR2 catalysis is indicated by the decrease of UV absorbance
M HEPES (pH 7.6), 0.5 mM EDTA, 1.0 mM oxidized at the wavelength of 360 nm, which corresponds to the
glutathione, and 0.1 mM NADPH. The enzyme activity was consumption of the dihydronicotinamide. Further analysis
quantified by measuring the disappearance of NADPH at of the inhibitory properties reveals that resveratrol is a
340 nm and was calculated as nmol of NADPH oxidized competitive inhibitor in respect to dihydronicotinamide with
min~' mg of protein, using a molar extinction coefficient ~a Ki value of 50 nM. To determine the true affinity of
of 6.22x 1 M~tcm™ resveratrol to QR2, we monitored quenching of the intrinsic
The catalase activity was measured by the decompositionprotein fluorescence. Addition of resveratrol partially quenched
of hydrogen peroxide. Specifically, the assay mixture the fluorescence of tryptophan when monitored at a wave-
consisted of 0.1 M HEPES (pH 7.0) and 0.019 M hydrogen length of 340 nm (excitation wavelength of 280 nm). Using
peroxide. The catalase activity was calculated following this method, we have determined that resveratrol binds to
decomposition of hydrogen peroxide measured as a decreas®R2 with aKy of 34 &+ 15 nM (Figure 1B). With this high
in absorbance at 240 nm, using a molar extinction coefficient affinity, QR2 is by far the highest affinity target of
of 43.6 M1 cm™ resveratrol. The projected concentration attainable (less than
GST activity was measured with 1-chloro-2,4-dinitroben- a few micromolar) 81) from the consumption of grape
zene (CDNB) as the substrate. Specifically, the reaction products such as red wine is also in the range that will exhibit
mixture consisted of 0.1 M MES (pH 6.5), 1.0 mM reduced robust inhibition of QR2 activity, while most of the earlier
glutathione, and 1.0 mM CDNB. The reaction was initiated in vitro studies used artificially higher concentrations to
and terminated similarly as mentioned above. The changesobtain various biological effects.

All of the assays were conducted at least 3 times and
reproduced with two separate lysates.
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A QR2—resveratrol complex (Figure 2A), sitting parallel to the
05 isoalloxazine ring of the bound cofactor FAD. The bound
g resveratrol adopts a perfectly flat conformation (Figures 2C
© 041 500 nM and 3), binds deep into the QR2 dimeric interface, and fits
8034 into a deep hydrophobic cleft. The side chains of Y132
=" nM F178, F128, M164, and C121 from one of the two
802 - 50 protomers form one side of the hydrophobic cleft, whereas
E 0 the other side of the cleft is formed by side chains from Y155
501 - and F106 from the other protomer in addition to the
§ 0 nM isoalloxazine ring of FAD. The side chain of W105 forms

0 . . . the bottom of the hydrophobic cleft, wedged between the
0 200 400 600 800 two phenolate rings of resveratrol. We surmise that the

Time (second) binding of ligand or substrates will quench the fluorescence

of this tryptophan. On one end of the cleft resides side chains
of N161 and hydroxyl groups from Y155 and Y132. These
groups form a relatively hydrophilic surface, whereas at the
other end of the cavity, the hydroxyl group of T&hd main-
chain carbonyls from G68 and D117 all point toward the
cavity. All of these features indicate a unique cavity, in which
three sides are very hydrophobic, but both ends have
numerous moieties accessible for hydrogen-bond formation.
The forth side is accessible to the solvent (Figure 3). The
cavity is deep and narrow, and resveratrol seems to fit
. T ' ' perfectly. In contrast to resveratrol, the substrate menadione
0 250 500 750 1000 1250 occupies about two-thirds of the active-site cavRf)( The
Concentration (nM) snugness of the fit of resveratrol into the cleft suggests that
Ficure 1: Resveratrol exhibits high affinity toward QR2 and  |onger molecules or those with a nonflat conformation will

inhibits QR2 activity. (A) QR2 enzymatic activity is strongly . . . . S
inhibited by the presence of resveratrol. Five concentrations of not fit into the cavity. This explains why QR1 inhibitors such

resveratrol (16-500 nM, labeled on the corresponding curve) were s dicumarol and cibacron blue do not potently inhibit QR2
used to analyze the inhibition of QR2 activity. (B) Titration of the activity (19).

tryptophan fluorescence of QR2 by resveratrol. The fluorescence  Whereas the two benzene rings of resveratrol interact with
of two concentrations of QR2 (100 nNM; and 200 nM.a) was  many peighboring residues through hydrophobic and van der
measured with increasing concentrations of resveratrol.Kijis Waals i . Il of the th hvd | f

35+ 15 nM, obtained by globally fitting the data to an exhaustive Vaals Interactions, all of the three hydroxyl groups form

[y
[y

[y
o

o
o

o O

Relative Fluorescence W
o
o <4 ®

o
(8]

titration model. The correlation coefficient is 0.996. hydrogen bonds with the amino acids of QR2 (Figure 2C).
The 4-hydroxyl group forms two tight hydrogen bonds
Table 1: QR2-Resveratrol Structure Refinement Statistics through two ordered water molecules with two QR2 main-
data collection statistics QR2Zesveratrol chain carbonyl oxygens, Dllﬁn_d T7L The 5-h_ydr0xy|
space group 222, group forms a.hydrogen bond with the side chain of N161,
unit cell (A) a— 83.33b= 106.37.c = 56.98 a residue that_ is not cqnseryed between QRl and QR2. The
resolution (A) 50.6-1.5 nonconservation of this residue may be important to dif-
completeness (%/o > 0) 99.0 (98.5) ferentiate between QR1 and QR2 in their catalytic activities
averagd/o 32.7 and substrate preference, because H161 among QRI1s is
Rrerge(%0)° i 5.8(308) conserved and suggested to be involved in the catalysis of
refinement statistics
resolution range (A) 501.5 the quinone reductior8@). The hydrogen bond between the
R factor/Raee (%) 21.4/123.4 side chain of N161 and 5-hydroxyl group of resveratrol also
rmsd bond length 0.007 provides the anchor point for resveratrol binding, because it
m:ffngr}ggirvalue 116.79 seals a very hydrophobic pocket from the solvent. The

- - — 3-hydroxyl group forms a strong hydrogen bond with the
aValues for the highest resolution shell are given in parentheses.

b Rrerge= 2|l — OV=0C wherel andCare the measured and averaged carbonyl oxygen of G1742.' & A)' Al thr?e hydrpgen bond.s
intensities of multiple measurements of the same reflection. The @nchor a flat resveratrol in parallel with the isoalloxazine

summation is over all of the observed reflectiohR. factor = X||F,| ring of FAD, with a distance of 3.5 A. Thus, the three
— |F[I/Z|F,|, whereF, denotes the observed structure factor amplitude hydroxyl groups of resveratrol provide not only enthalpy for
andF. denotes the structure factor calculated from the model. the high-affinity binding to QR2 but also maintain the flat
conformation of resveratrol.
Structure of the QR2Regeratrol Complex.We have A close examination of the active site in QR2 reveals a

solved the crystal structure of QR2 in complex with 17-A long and 7-A wide cavity that is a perfect fit for a
resveratrol to a 1.5 A resolution (Table 1 for crystallographic trans-stilbene structure (Figure 3). Because of its narrow
statistics) by the molecular replacement method with the width, this cavity can only accommodate molecules that can
apoprotein structure solved by another group ear). ( adopt flat conformations. A number of classes of natural
The overall structure of QR2 in the complex is indistinguish- polyphenols, includingrans-stilbene derivatives, flavonoids,
able with the apoprotein structur@1). An unmistakable chalcones, and 3-phenylcoumarins (Figure 4), all share the
density of resveratrol was observed at the active site in thetwo aromatic ring structures and can adopt flat conforma-
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FiGure 2: Structure of the QR2resveratrol complex. (A) Electron densityH2— F, 1.50 cutoff) covering part of the active site. Resveratrol,

FAD, and W105 are labeled. (B) Two views of the resveratrol-binding site are shown in a surface representation shaded according to the
cavity. The left panel shows the cavity occupied by resveratrol in the-Q8eratrol complex, while the right panel shows the fit of
resveratrol (ball representation) to the cavity. The cofactor FAD is represented as a stick model. (C) Hydrogen-bond network between
resveratrol and QR2. All three hydroxyl groups on resveratrol form hydrogen bonds with side chains of amino acids from QR2. The

distance labeled on the hydrogen bond is in angstroms.
OH
@ HO O ‘

Stilbene Resveratrol

[}

ﬁ?).\‘..: . S
n" .:\I._ = % ._"_'-"- =
3-'-&"??_'-. Chalcone
I = o @ on  °  Quercetin
AR @ |
FIGURE 3: Resveratrol-binding cavity. The 17-A long and 7-A wide
cavity is formed by hydrophobic side chains from QR2 and the )

isoalloxazine ring of FAD on two sides and the side chain of Flavonoid (Flavone)
tryptophan 105 at the bottom. The cavity can presumably accom-
modate other polyphenols.

tions. These two aromatic rings are superimposable when
those molecules are aligned. The similar lengths and
hydrophobicity could be reasonably postulated to fit into the
active-site cavity of QR2. The relatively hydrophilic ends
of the cavity provide hydrogen-bonding partners for potential
hydroxyl groups on the polyphenols. Evidently, proper 3-phenylcoumarin

po_SI'Flonlng .Of theS(_e hydroxyl groups is essentla_l for high Ficure 4: Structural comparison of natural polyphenols. Natural
affinity binding, as in the case of resveratrol. This leads t0 oyphenols, such as chalcone derivatives, flavonoids, and 3-phen-
the hypothesis that some of these molecules are potentiallyylcoumarin derivatives, share the basic two-ring structures (A and
potent inhibitors of QR2 activity as well. One of the B) similar to resveratrol.

Baicalein
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1.05) K562 cells. In the presence of 2eM menadione in the
8 0.95 culture media for 4 h, the number of viable cell was reduced
H to 50% for the wild-type K562 cell, while close to 90% of
g 085 the K562RNAI cells survived and 70% of cells pretreated
2 075 with 5 uM resveratrol survived under identical conditions,
2 0.65 which lay between these of the wild-type and K562RNAI
e cells (Figure 6B). The similarity in the resistance to mena-
= 055 dione toxicity between the cells treated with resveratrol and
0.45 cells with QR2-expression suppressed indicates a possible
0 200 400 600 800 1000 link between those two events, because we have shown that
Quercetin Concentration (nM) resveratrol is a potent inhibitor of QR2 activity. The

FIGURE 5: Afflnlty determination of quercetin toward QR2 The resistance to menadione toxicity was also observed in the

fluorescence of two concentrations of QR2 (200 rif,and 400 . . .
nM, A) was measured in the presence of increasing concentrationsQR2 gene knockout animal84), which further validates

of quercetin. The<q obtained is 50.Gt 5.4 nM with a correlation ~ oUr observation. This is in sharp contrast to QR1 gene

coefficient of 0.9965. knockout animals, which exhibit increased sensitivity to
quinone toxicity 85). Those data indicate that the biological
AB-Actin BOR3 B roles of QR1 and QR2 are very different, albeit their high

sequence and structural homologies. The enhanced resistance
to oxidative stress could be the first step in the chemopre-
vention (L5, 36).

Another property of resveratrol is the antiproliferative
effect on a variety of cancer cell line8)( as we have also
observed with K562 cells. In the presence of 5/
resveratrol, the doubling time of K562 cells increased from
26 h for the wild type to 35 h, whereas the doubling time of
e K562RNAi cells has increased to 40 h under identical growth
Menadione Concentration (uM) conditions (data not shown).

The resistance to the quinone toxicity for cells treated with

FiGure 6: Increased resistance of resveratrol-treated and QR2 agyeratrol and other natural polyphenols has been attributed
knockdown K562 cells. (A) Western blot analysis of QR2 expres- . - S

sion in wild-type K562 and K562RNAI cells. The expression of to the Ih(;reased expression of antioxidant and phase-Il
QR2 in K562RNAi cells was undetectable in Western blot analysis metab()"Z'ng enzymesl(), such as catalase, GST, and
(right panel) using QR2-specific antibodies. After stripping off the quinone reductase&l, 27, 37). Resveratrol treatment of cells
antibodies, the same membrane was blotted with anti-actin antibodyresulted in the up-regulation of catalase, QR1, and glutathione
as the loading control (left panel). (B) K562 cells untreated (white reductase, and the extent of up-regulation depends on the

bars) and treated with %M resveratrol (hatched bars), and . . .
K562RNAI (shaded bars) cells were treated with menadione (10, concentration and time duration, from 10 to 20% to a few

20, and 40uM) for 4 h. The number of cells that survived was folds when analyzed on cardiac HO9C2 cellsl); These
analyzed by MTT assays (Roche). enzymes can convert reactive oxidative chemicals to non-

) i o oxidative chemicals and thus protect cellular components,
flavonoids, quercetin, exhibits &4 value of 50 nM toward especially DNA, from damagelf). To understand the
QR2 when assayed by the tryptophan fluorescence quenchingq e ased resistance to quinone toxicity of K562RNAI cells,
method (Figure 5) and shows potent inhibition of the QR2 ;e analyzed five antioxidant and phase-Il metabolizing
enzymatic activity (data not shown), whereas flavone and g7y mes in the total cell lysates of wild-type K562 cells and
baicalein, close analogues of quercetin, showed no inhibitory k5gorRNAI cells (Table 2). The enzymes analyzed were
activities toward QR2, which further indicates the importance glutathione reductase, glucose-6-phosphate dehydrogenase,
of the properly posmoned_ hydroxyl groups. Furthermore, catalase, GST, and total NAD(P)H-dependent quinone re-
some of the chemopreventive properties shared among thesgciase (not necessarily QR1 alone), which are enzymes that
compounds may be arisen from the common mechanism of joiect cellular components from oxidative damage and
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QR2 inhibition, such as quercetin and 4, 2@hydroxychal-  onsequently carcinogenesBSs]. We observed that K562-
cone, which are all reported to have cancer-preventive pnaj cells showed markedly increased catalase activities,
properties 17, 18). moderate but not significant increases of the total NAD(P)H-

Similar Properties of Cells with QR2 Knockdown and Cells yenendent quinone reductase activities, and GST activities.
Treated with Resratrol. In this study, we compared the  There is no change in the glucose-6-phosphate dehydrogenase

cellular resistance to menadione toxicity of resveratrol (S gtjyities, which provided us with an excellent internal assay
uM) treated cells with those of the QR2-expression-sup- .qntrol.

pressed cells, because metabolizing of quinones such as

menadione can generate oxidative reactive oxygen speciegH|scUsSION

(14), and oxidative stress is suggested to be a major pathway

in carcinogenesislé, 15, 33). We have established a stable Regeratrol Is a Potent Inhibitor of QR2 Enzymatic
K562 cell line with QR2-expression suppressed by RNAi to Activity. Resveratrol has been reported to affect multiple
undetectable levels judged by Western blot analysis (Figure proteins, including kinases such PKC and numerous oxyge-
6A). The new cell line (K562RNAI) is viable and can be nases and reductasé.(Resveratrol was reported to inhibit
cultured under identical conditions to those of wild-type ribonucleotide reductase with dg£of 4—10 uM (39); it
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Table 2: Antioxidant Enzymatic Activity Analysis

enzyme activities cell type enzyme activity percentage of wild type

glutathione reductase wild type 40+70.4

(nmol of NADPH oxidized min* mg of proteir?) RNAI 38.7+0.7 95
glucose-6-phosphate dehydrogenase wild type 16608

(nmol of NADP reduced mint mg of protein?) RNAI 106.2+ 1.5 100
catalase wild type 542848 72.2

(nmol of H,O, consumed min' mg of proteir?) RNAI 8360.1+ 61.9 154
GST activity wild type 31.8:0.5

(nmol of CDNB formed min* mg of protein?) RNAI 352+ 0.6 111
quinone reductase activity wild type 24410.4

(nmol of MTT formed mir® mg of proteirr?) RNAI 26.0+ 0.5 108

aData represent meah standard error® Statistically significant versus wild-type group;< 0.001.¢ Statistically significant versus wild-type
group; p < 0.005.¢ Statistically significant versus wild-type group;< 0.05.

inhibits PKC activity with an 1G, of about 2uM. Resveratrol active-site cleft that can accommodate trans-stilbene
was also reported to be an inhibitor of lipoxygenase, structure, which is shared among these classes of natural
polyphenol oxidase, peroxidase, and superoxide dismutaseolyphenols: dransstilbene structure that can adopt a flat
with K; values ranging from 10 to 4Q@M. In the first report conformation. It is tempting to suggest that human QR2 is
of chemopreventive properties of resveratrol, the authors a sensor molecule for some natural ligands, polyphenols in
attributed the functions of resveratrol to the inhibition of particular, and the inhibition of QR2 activity could modulate
cyclooxygenase activity with 1§ of about 15uM (2). the reductive potential of cells and hence the cellular
Evidently, high concentrations of resveratrol will affect a resistance to oxidative stress. We have tested a number of
variety of protein targets. However, the relevant biological related compounds, including quercetin and baicalein. Quer-
targets should exhibit much higher affinity, because the cetin is shown to be a strong inhibitor of QR2 enzymatic
consumption of grape products such as red wine could only activity, with similar affinity toward QR2 as resveratrol,
supply modest concentrations and the amount of resveratrolconsistent with an earlier repor3@), whereas baicalein, a
in red wine was reported to be in the range from 0 tq:80 strong QR1 enzymatic activity inhibitod9), does not inhibit
(40). Thus, the biological target of resveratrol function that QR2 activity significantly. Also, flavone itself does not
can explain the “French Paradox41) could not be these inhibit QR2 enzymatic activity. This reinforces the notion
proteins identified so far, because they require resveratrolthat the hydrogen bonds between resveratrol and amino acids
concentrations much higher than can be attained in thefrom QR2 are critical for the affinity and specificity, and
consumption of wine products to exert any effect. We could the variation of the positioning of the hydroxyl groups will
not rule out the possibility that other chemicals in grape determine the affinity and specificity toward certain protein
products exerted the cardioprotective effect; however, the targets. Certainly, the various health benefits of natural
present study demonstrates that resveratrol is a much morgolyphenols could be attributed to their effects on different
potent inhibitor of QR2 enzymatic activity, with a dissocia- molecular targets, as in the case of lifespan regulation, which
tion constant of 35 nM. The concentrations attainable from was reported to be the result of sirtuin activatid®)(
the consumption of grape products should exhibit robust Implication of the Catalytic MechanisnThe catalytic
inhibition of QR2 enzymatic activities. mechanism of QR2 and QR1 is likely very similar, a classic
QR2 has also been identified as one of the bound proteinsping-pong mechanisng). FAD is reduced by accepting a
in a number of affinity matrix studies, including quinoline hydride from the reduced nicotinamide to form the FADH
derivatives 42), bisindolylmaleimide-type protein kinase C enzyme complex, and subsequently, nicotinamide is released
inhibitors @3), and melatonin derivativegl4). Recently, it from the active site. The quinone is then bound to the vacated
was reported that those quinoline derivatives bind to QR2 active site and subsequently accepts a hydride from FADH
with an apparent affinity of about zM (45). Even though completing the obligatory two-electron transfer from reduced
these compounds exhibit much lower affinity toward QR2 nicotinamide to quinone3@, 45). In the case of QR1, Y155
than resveratrol, it is still noteworthy that a broad spectrum is involved in the catalysis in the protonation of the O2F
of compounds could potentially affect QR2 enzymatic oxygen (FAD) during catalysis, which is further assisted by
activity. a neighboring histidine residue (H161). Tyrosine 155 is
QR2 Could Be the Common Target of the Chemaogme conserved between QR1 and QR2; however, histidine 161
tive PolyphenolsA variety of natural polyphenols have been in QR1 is not conserved, which is replaced by an asparagine
suggested to have chemopreventive properties, includingresidue in QR2. The involvement of N161 in QR2 catalysis
stilbene derivatives (resveratrofg), flavonoids (quercetin  is not clear, because it could not stabilize a developing
and apigenin) 47), chalcone derivativeslg), and some  negative charge as a histidine does.
coumarin derivatives. All those compounds share acommon It was suggested that the metal ion, zinc ion, which is
structural feature in which two phenolate rings are spaced unigue to QR2, might be involved in the catalysiS)( Zhao
similarly, as also observed by Howitz et &48]. Therefore, et al. also suggested that the endogenous protein may use a
it is a feasible hypothesis that these polyphenols could work copper ion instead of a zinc ion as in the recombinant protein,
through a common target (or targets) to exert their chemo- and the copper ion could potentially be involved in the
preventive functions, because their shared chemical featureslectron transfer process such as in a number of other
could be more than a coincidence. The structure of QR2 in reductases (rebredoxin and cytochromes). However, the
complex with resveratrol reveals that QR2 possesses a uniquénvolvement of the metal ion is not clear, even though there
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is a possible bonding network that can connect the metalresidues of Keapl and thus regulate the expression of
ion to the catalytic active site. The side chains involved detoxification enzymes. These endogenous electrophiles can
include residues H172, Y132, N161, and Y155. H172 is be further regulated by QR2 through reduction. Thus,
directly coordinating the metal ion while also forming a inhibition of QR2 would increase the concentration of the
hydrogen bond with the hydroxyl group of Y132. Most endogenous electrophiles and consequently they will modify
likely, the metal ion is required for the stability of the Keapl and thus up-regulate the expression of these antioxi-
structure only, because we tested a number of metal ions indant enzymes. Evidently, this is purely speculative, and much
a refolding protocol to identify the optimum metal ion for more work needs to be done to elucidate the biological
the catalysis. After QR2 denaturation wi?¥ M guanidine functions of QR2.
hydrochloride, the denatured protein solution was passed Altogether, our results suggest that QR2 is a novel target
through a chelating column to get rid of any possible metal of polyphenol function. Resveratrol and other natural polyphen-
ions. We tried to refold the denatured protein in solutions ols such as quercetin are potent inhibitors of QR2 enzymatic
containing different metal ions. The denatured QR2 can activity, and we hypothesize that the inhibition of QR2
refold in the presence of Fg Mn?*, or Zr?t ions, and the activity induces the up-regulation of antioxidant enzymes,
resulting proteins exhibited near identical activity in the even though the mechanism is yet to be elucidated. The up-
reduction of menadione to the purified recombinant protein, regulation of antioxidant enzymes in turn increases cellular
which contains Z#" ion. However, the protein cannot refold  resistance to oxidants such as menadione and further protects
into the active form in the absence of any metal ions in the cellular components from oxidation-related damage.
refolding buffer. Consistent with our studies, Kwiek et al.
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_red-blood cells contained partially zinc and partially copper  \ye thank the personnel from APS of Argonne National
ions @9). _ , Laboratories, especially Drs. Rongguang Zhang and Stephan
Antioxidant Enzyme Expression Regulation and Cellular ging|| for assistance in data collection, and Dr. Qinjian Zhao
Implications.Much evidence supports the notion that induc- 54 pr. David Frick for critical reading of the manuscript.
tion of the phase-ll response is an efficient strategy for
reducing the risk of a variety of diseaseB2(50). The REFERENCES
indgct?on goes through the transcription acti\_/ati_on of the 1. Soleas, G. J., Diamandis, E. P., and Goldberg, D. M. (1997) Wine
antpmdant response glement (ARE) upon binding of the ‘asa bioldgi'(;al fluid: Hi’sto'ry,"production, and role in disease
leucine zipper transcription factor Nrf251, 52). Gene prevention,J. Clin. Lab. Anal 11, 287-313.
knockout animal studies, including Nrf2, GST, and QR1, 2.Jang, M., Cai, L., Udeani, G. O., Slowing, K. V., Thomas, C. F.,

; i o i ; Beecher, C. W., Fong, H. H., Farnsworth, N. R., Kinghorn, A.
firmly support the hypothesis that Nrf2 is involved in the D.. Mehta, R. G., Moon, R. C.. and Pezzuto, J. M. (1997) Cancer

regulation of detoxification genes and the roles of those chemopreventive activity of resveratrol, a natural product derived
detoxification proteins involving in the prevention of car- from grapesScience 275218-220. _
cinogenesis §3—57). Furthermore, the human population 3. Bhat, K. P., and Pezzuto, J. M. (2002) Cancer chemopreventive

; ; activity of resveratrolAnn. N.Y. Acad. Sci. 95210-229.
polymorphic for certain phase-Il enzymes are more suscep- 4. Schngder, Y., Duranton, B., Gosse, F., Schleiffer, R., Seiler, N.,

tible to chemical toxicity and carcinogenes&3{-63). and Raul, F. (2001) Resveratrol inhibits intestinal tumorigenesis
Inducers of phase-ll genes can be divided into two and modulates host-defense-related gene expression in an animal
classes: electrophiles and some natural polyphenols. The g“g‘)dl%'z‘ifl%‘;ma” familial adenomatous polyposisitr. Cancer
electrpphlles ar? a diverse C|a3$ of chemicals that are 5. Cc;rpet, D. E., and Pierre, F. (2003) Point: From animal models
chemically reactive and can modify sulfhydryl groups by to prevention of colon cancer. Systematic review of chemopre-
alkylation, oxidation, or reductior6@). Even though these vention in min mice and choice of the model syste@ancer

; ; e Epidemiol., Biomarkers Pee 12, 391—-400.
inducers enhance the expression of an array of detoxification 6.Cal. C.. Garban, H.. Jazirehi. A.. Yeh, C.. Mizutani, Y.. and

enzymes, such as QR1, GST, catalase, anfj others, the}’ do " Bonavida, B. (2003) Resveratrol and cancer: Chemoprevention,
not induce the expression of QR2 protein, further dif- apoptosis, and chemo-immunosensitizing activit@srr. Med.

ferentiating the biological functions of QR2 from QR34J. Chem. Anti-Cancer Agents 37-93. _
7.Cai, Y. J., Fang, J. G, Ma, L. P, Yang, L., and Liu, Z. L. (2003)

The recent_work by Waka_lk_)ay’c_15| and co-wor_kers |r_1d|cated Inhibition of free radical-induced peroxidation of rat liver mi-
the mechanism of detoxification enzyme induction by crosomes by resveratrol and its analogischim. Biophys. Acta
electrophiles§4). Under basal conditions, Keapl, a recently 1637 31-38. ) o o
identified protein associated with the actin cytoskeleton, binds 8- Fan. X., and Matthis, J. P. (2001) Inhibition of oxidative and

. . L . antioxidative enzymes hiyansresveratrol,). Food Sci. 66200—
very tightly to Nrf2, anchors this transcription factor in the 203.

cytoplasm, and targets it for ubiquitination and proteasome 9. Martinez, J., and Moreno, J. J. (2000) Effect of resveratrol, a
degradation, thereby repressing the ability of Nrf2 to induce natural polyphenolic compound, on reactive oxygen species and

~ - : prostaglandin productiorBiochem. Pharmacob9, 865-870.
phase-Il genes5¢, 65-69). Inducers disrupt the Keapl 10. Floreani, M., Napoli, E., Quintieri, L., and Palatini, P. (2003) Oral

Nrf2 pomplex by modifying cysteine residues in Keap_l, administration ofransresveratrol to guinea pigs increases cardiac
allowing Nrf2 to translocate to the nucleus where, in DT-diaphorase and catalase activities, and protects isolated atria
heterodimeric combinations with other basic leucine zipper __ from menadione toxicitylife Sci. 72 2741-2750.

. oo 11. Cao, Z., and Li, Y. (2004) Potent induction of cellular antioxidants
proteins, it binds to AREs of phase-Il genes and accelerates and phase 2 enzymes by resveratrol in cardiomyocytes: Protection

their transcription §4). against oxidative and electrophilic injurizur. J. Pharmacol. 489
However, the mechanism of induction of detoxification 39-48. _
enzymes by natural polyphenols, a class of antioxidants, is 12-Dinkova-Kostova, A. T., and Talalay, P. (2000) Persuasive

. . evidence that quinone reductase type 1 (DT diaphorase) protects
still to be understood. We propose that there might be cells against the toxicity of electrophiles and reactive forms of
endogenous electrophiles that could modify the cysteine oxygen,Free Radical Biol. Med. 29231—240.



QR2—Resveratrol Complex Structure

13

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Cerutti, P. A. (1994) Oxy-radicals and candsancet 344 862—

863.

. Bolton, J. L., Trush, M. A., Penning, T. M., Dryhurst, G., and
Monks, T. J. (2000) Role of quinones in toxicologyhem. Res.
Toxicol. 13 135-160.

Marnett, L. J. (2000) Oxyradicals and DNA damag@eayrcino-
genesis 21361—-370.

Brooks, J. D., Goldberg, M. F., Nelson, L. A., Wu, D., and Nelson,
W. G. (2002) Identification of potential prostate cancer preventive
agents through induction of quinone reductase in vi@ancer
Epidemiol., Biomarkers Pre 11, 868-875.

Valerio, L. G., Jr., Kepa, J. K., Pickwell, G. V., and Quattrochi,
L. C. (2001) Induction of human NAD(P)H:quinone oxidoreduc-
tase (NQOL1) gene expression by the flavonol querc&txjcol.

Lett. 119 49-57.

Jang, D. S., Park, E. J., Hawthorne, M. E., Vigo, J. S., Graham,
J. G., Cabieses, F., Santarsiero, B. D., Mesecar, A. D., Fong, H.
H., Mehta, R. G., Pezzuto, J. M., and Kinghorn, A. D. (2003)
Potential cancer chemopreventive constituents of the seeds of
Dipteryx odorata(tonka bean),). Nat. Prod. 66 583-587.

Zhao, Q., Yang, X. L., Holtzclaw, W. D., and Talalay, P. (1997)
Unexpected genetic and structural relationships of a long-forgotten
flavoenzyme to NAD(P)H:quinone reductase (DT-diaphorase),
Proc. Natl. Acad. Sci. U.S.®4, 1669-1674.

Otwinowski, Z., and Minor, W. (1997) iMethods in Enzymology
(Carter, J. R. M. S. C. W., Ed.) pp 36826, Academic Press,
New York.

Foster, C. E., Bianchet, M. A,, Talalay, P., Zhao, Q., and Amzel,
L. M. (1999) Crystal structure of human quinone reductase type
2, a metalloflavoproteinBiochemistry 389881-9886.

Brunger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros,
P., Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges,
M., Pannu, N. S., Read, R. J., Rice, L. M., Simonson, T., and
Warren, G. L. (1998) Crystallography and NMR system: A new
software suite for macromolecular structure determinatiaia
Crystallogr., Sect. D 54Part 5), 905-921.

Guex, N., and Peitsch, M. C. (1997) SWISS-MODEL and the
Swiss-PdbViewer: An environment for comparative protein
modeling,Electrophoresis 182714-2723.

Harris, M., and Jones, T. A. (2001) MolraA web interface
between O and the POV-Ray ray tracacta Crystallogr., Sect.

D 57, 1201-1203.

Lam, A. M., Keeney, D., and Frick, D. N. (2003) Two novel
conserved motifs in the hepatitis C virus NS3 protein critical for
helicase action). Biol. Chem 278 44514-44524.

Kuby, S. A. (1991)Enzyme Catalysis, Kinetics, and Substrate
Binding Vol. 1, CRC Press, Boca Raton, FL.

Igbal, M., Sharma, S. D., Okazaki, Y., Fujisawa, M., and Okada,
S. (2003) Dietary supplementation of curcumin enhances anti-
oxidant and phase Il metabolizing enzymes in ddY male mice:
Possible role in protection against chemical carcinogenesis and
toxicity, Pharmacol. Toxicol. 9233—38.

Chen, S., Wu, K., Zhang, D., Sherman, M., Knox, R., and Yang,
C. S. (1999) Molecular characterization of binding of substrates
and inhibitors to DT-diaphorase: Combined approach involving
site-directed mutagenesis, inhibitor-binding analysis, and computer
modeling,Mol. Pharmacol 56, 272—-278.

Liao, S. W.-A., H. G. (1961) Enzymatic oxidation of some
nonphosphorylated derivatives of dihydronicotinamiBiechem.
Biophys. Res. Commu#, 208-213.

Wu, K., Knox, R., Sun, X. Z., Joseph, P., Jaiswal, A. K., Zhang,
D., Deng, P. S., and Chen, S. (1997) Catalytic properties of NAD-
(P)H:quinone oxidoreductase-2 (NQO2), a dihydronicotinamide
riboside dependent oxidoreductadech. Biochem. Biophys. 347
221-228.

Bertelli, A. A., Giovannini, L., Stradi, R., Urien, S., Tillement, J.
P., and Bertelli, A. (1996) Kinetics dfans andcis-resveratrol
(3,4,5-trihydroxystilbene) after red wine oral administration in
rats,Int. J. Clin. Pharmacol. Res. 1§7—81.

Li, R., Bianchet, M. A., Talalay, P., and Amzel, L. M. (1995)
The three-dimensional structure of NAD(P)H:quinone reductase,
a flavoprotein involved in cancer chemoprotection and chemo-
therapy: Mechanism of the two-electron reducti®npc. Natl.
Acad. Sci. U.S.A. 98846-8850.

Ross, J. S., Stagliano, N. E., Donovan, M. J., Breitbart, R. E., and
Ginsburg, G. S. (2001) Atherosclerosis: A cancer of the blood
vesselsAm. J. Clin. Pathol Suppl.116 S97-S107.

Long, D. J., Il, Iskander, K., Gaikwad, A., Arin, M., Roop, D. R.,
Knox, R., Barrios, R., and Jaiswal, A. K. (2002) Disruption of

35.

36.

37.

39.

40.

42.

44,

45.

48.

49.

Biochemistry, Vol. 43, No. 36, 200411425

dihydronicotinamide riboside:quinone oxidoreductase 2 (NQO2)
leads to myeloid hyperplasia of bone marrow and decreased
sensitivity to menadione toxicity). Biol. Chem. 2774613+
46139.

Long, D. J., Il, Gaikwad, A., Multani, A., Pathak, S., Montgomery,
C. A., Gonzalez, F. J., and Jaiswal, A. K. (2002) Disruption of
the NAD(P)H:quinone oxidoreductase 1 (NQO1) gene in mice
causes myelogenous hyperplastancer Res. §23030-3036.
Kelloff, G. J., Sigman, C. C., and Greenwald, P. (1999) Cancer
chemoprevention: Progress and promigeyr. J. Cancer 35
2031-2038.

Yang, S. H., Kim, J. S., Oh, T. J,, Kim, M. S,, Lee, S. W., Woo,
S. K., Cho, H. S., Choi, Y. H., Kim, Y. H., Rha, S. Y., Chung, H.
C., and An, S. W. (2003) Genome-scale analysis of resveratrol-
induced gene expression profile in human ovarian cancer cells
using a cDNA microarrayint. J. Oncol. 22 741—750.

. Kwak, M. K., Egner, P. A., Dolan, P. M., Ramos-Gomez, M.,

Groopman, J. D., Itoh, K., Yamamoto, M., and Kensler, T. W.
(2001) Role of phase 2 enzyme induction in chemoprotection by
dithiolethiones Mutat. Res. 486481, 305-315.

Fontecave, M., Lepoivre, M., Elleingand, E., Gerez, C., and Guittet,
0. (1998) Resveratrol, a remarkable inhibitor of ribonucleotide
reductaseFEBS Lett. 421277—279.

Gu, X., Creasy, L., Kester, A., and Zeece, M. (1999) Capillary
electrophoretic determination of resveratrol in win@sAgric.
Food Chem47, 3223-3227.

.Das, D. K., Sato, M., Ray, P. S., Maulik, G., Engelman, R. M.,

Bertelli, A. A., and Bertelli, A. (1999) Cardioprotection of red
wine: Role of polyphenolic antioxidant®rugs Exp. Clin. Res.

25, 115-120.

Graves, P. R., Kwiek, J. J., Fadden, P., Ray, R., Hardeman, K.,
Coley, A. M., Foley, M., and Haystead, T. A. (2002) Discovery
of novel targets of quinoline drugs in the human purine binding
proteome Mol. Pharmacol. 621364-1372.

. Brehmer, D., Godl, K., Zech, B., Wissing, J., and Daub, H. (2004)

Proteome-wide identification of cellular targets affected by
bisindolylmaleimide-type protein kinase C inhibitoipl. Cell
Proteomics 3490-500.

Nosjean, O., Ferro, M., Coge, F., Beauverger, P., Henlin, J. M.,
Lefoulon, F., Fauchere, J. L., Delagrange, P., Canet, E., and
Boutin, J. A. (2000) Identification of the melatonin-binding site
MT3 as the quinone reductase 2, Biol. Chem 275 31311
31317.

Kwiek, J. J., Haystead, T. A., and Rudolph, J. (2004) Kinetic
mechanism of quinone oxidoreductase 2 and its inhibition by the
antimalarial quinolinesBiochemistry 434538-4547.

. Aziz, M. H., Kumar, R., and Ahmad, N. (2003) Cancer chemo-

prevention by resveratrolln vitro andin vivo studies and the
underlying mechanisms (reviewipt. J. Oncol. 23 17—28.

. Caltagirone, S., Rossi, C., Poggi, A., Ranelletti, F. O., Natali, P.

G., Brunetti, M., Aiello, F. B., and Piantelli, M. (2000) Flavonoids
apigenin and quercetin inhibit melanoma growth and metastatic
potential,Int. J. Cancer 87595-600.

Howitz, K. T., Bitterman, K. J., Cohen, H. Y., Lamming, D. W.,
Lavu, S., Wood, J. G., Zipkin, R. E., Chung, P., Kisielewski, A.,
Zhang, L. L., Scherer, B., and Sinclair, D. A. (2003) Small
molecule activators of sirtuins extei®hccharomyces cernsiae
lifespan,Nature 425 191-196.

Chen, S., Hwang, J., and Deng, P. S. (1993) Inhibition of NAD-
(P)H:quinone acceptor oxidoreductase by flavones: A strueture
activity study,Arch. Biochem. Biophys. 30Z22—77.

. Talalay, P. (1989) Mechanisms of induction of enzymes that

protect against chemical carcinogenegidy. Enzyme Regul. 28
237-250.

. Dhakshinamoorthy, S., and Jaiswal, A. K. (2001) Functional

characterization and role of INrf2 in antioxidant response element-
mediated expression and antioxidant induction of NAD(P)H:
quinone oxidoreductasel ger@ncogene 203906-3917.

. McMahon, M., Itoh, K., Yamamoto, M., Chanas, S. A., Henderson,

C. J., McLellan, L. I., Wolf, C. R., Cavin, C., and Hayes, J. D.

(2001) The Cap'Collar basic leucine zipper transcription factor

Nrf2 (NF-E2 p45-related factor 2) controls both constitutive and
inducible expression of intestinal detoxification and glutathione
biosynthetic enzymes;ancer Res. §13299-3307.

. Kwak, M. K., Wakabayashi, N., Itoh, K., Motohashi, H., Yama-

moto, M., and Kensler, T. W. (2003) Modulation of gene
expression by cancer chemopreventive dithiolethiones through the
Keap1-Nrf2 pathway. Identification of novel gene clusters for cell
survival, J. Biol. Chem. 2788135-8145.



11426 Biochemistry, Vol. 43, No. 36, 2004

54.

55.

56.

57.

58.

59.

60.

61.

62.

Long, D. J., Il, Waikel, R. L., Wang, X. J., Perlaky, L., Roop, D.
R., and Jaiswal, A. K. (2000) NAD(P)H:quinone oxidoreductase
1 deficiency increases susceptibility to bergpfrene-induced
mouse skin carcinogenesiSancer Res60, 5913-5915.

Long, D. J., ll, Waikel, R. L., Wang, X. J., Roop, D. R., and
Jaiswal, A. K. (2001) NAD(P)H:quinone oxidoreductase 1 defi-
ciency and increased susceptibility to 7,12-dimethylbapz[
anthracene-induced carcinogenesis in mouse §kMatl. Cancer
Inst. 93 1166-1170.

Henderson, C. J., Smith, A. G., Ure, J., Brown, K., Bacon, E. J.,
and Wolf, C. R. (1998) Increased skin tumorigenesis in mice
lacking 7 class glutathion&transferasesRroc. Natl. Acad. Sci.
U.S.A. 955275-5280.

Wolf, C. R., Campbell, S. J., Clark, A. J., Smith, A., Bishop, J.
0., and Henderson, C. J. (1998) The use of transgenic animals to
assess the role of metabolism in target organ toxickygh.
Toxicol. Suppl.20, 443—-453.

Clairmont, A., Sies, H., Ramachandran, S., Lear, J. T., Smith, A.
G., Bowers, B., Jones, P. W., Fryer, A. A., and Strange, R. C.
(1999) Association of NAD(P)H:quinone oxidoreductase (NQO1)
null with numbers of basal cell carcinomas: Use of a multivariate
model to rank the relative importance of this polymorphism and
those at other relevant lodGarcinogenesis 201235-1240.
Lafuente, M. J., Casterad, X., Trias, M., Ascaso, C., Molina, R.,
Ballesta, A., Zheng, S., Wiencke, J. K., and Lafuente, A. (2000)
NAD(P)H:quinone oxidoreductase-dependent risk for colorectal
cancer and its association with the presence of K-ras mutations
in tumors,Carcinogenesis 211813-1819.

Smith, M. T., Wang, Y., Skibola, C. F., Slater, D. J., Lo Nigro,
L., Nowell, P. C., Lange, B. J., and Felix, C. A. (2002) Low NAD-
(P)H:quinone oxidoreductase activity is associated with increased
risk of leukemia with MLL translocations in infants and children,
Blood 100 4590-4593.

Zhang, J. H., Li, Y., Wang, R., Sarbia, M., Guo, W., Wen, D. G.,
Wei, L. Z., Chen, Z. F., Kuang, G., Zhang, L. W., He, M., Wu,
M. L., and Wang, S. J. (2003) The NAD(P)H:quinone oxi-
doreductase 1 C609T polymorphism and susceptibility to esoph-
ageal cancerZhonghua Yi Xue Yi Chuan Xue Za Zhi, 534—

546.

Zhang, J., Schulz, W. A,, Li, Y., Wang, R., Zotz, R., Wen, D.,
Siegel, D., Ross, D., Gabbert, H. E., and Sarbia, M. (2003)

65.

66.

67.

68.

Buryanovskyy et al.

Association of NAD(P)H:quinone oxidoreductase 1 (NQO1)
C609T polymorphism with esophageal squamous cell carcinoma
in a German Caucasian and a northern Chinese population,
Carcinogenesis 24905-909.

.Zhang, J. H., Li, Y., Wang, R., Geddert, H., Guo, W., Wen, D.

G., Chen, Z. F., Wei, L. Z.,, Kuang, G., He, M., Zhang, L. W.,
Wu, M. L., and Wang, S. J. (2003) NQO1 C609T polymorphism
associated with esophageal cancer and gastric cardiac carcinoma
in North China,World J. Gastroenterol. ,91390-1393.

. Wakabayashi, N., Dinkova-Kostova, A. T., Holtzclaw, W. D.,

Kang, M. I., Kobayashi, A., Yamamoto, M., Kensler, T. W., and
Talalay, P. (2004) Protection against electrophile and oxidant stress
by induction of the phase 2 response: Fate of cysteines of the
Keapl sensor modified by induceRroc. Natl. Acad. Sci. U.S.A
101, 2040-2045.

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O'Connor, T., and
Yamamoto, M. (2003) Keapl regulates both cytoplasmic-nuclear
shuttling and degradation of Nrf2 in response to electrophiles,
Genes Cells 8379-391.

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel,
J. D., and Yamamoto, M. (1999) Keapl represses nuclear
activation of antioxidant responsive elements by Nrf2 through
binding to the amino-terminal Neh2 domafenes De. 13 76—

86.

Sekhar, K. R., Spitz, D. R., Harris, S., Nguyen, T. T., Meredith,
M. J., Holt, J. T., Gius, D., Marnett, L. J., Summar, M. L.,
Freeman, M. L., and Guis, D. (2002) Redox-sensitive interaction
between KIAA0132 and Nrf2 mediates indomethacin-induced
expression of/-glutamylcysteine synthetaseree Radical Biol.
Med. 32 650-662.

Sekhar, K. R., Yan, X. X., and Freeman, M. L. (2002) Nrf2
degradation by the ubiquitin proteasome pathway is inhibited by
KIAA0132, the human homolog to INrfZDncogene 216829
6834.

9. McMahon, M., Itoh, K., Yamamoto, M., and Hayes, J. D. (2003)

Keapl-dependent proteasomal degradation of transcription factor
Nrf2 contributes to the negative regulation of antioxidant response
element-driven gene expressidnBiol. Chem. 27821592-21600.

BI0491620



