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ABSTRACT. NAD(P)H quinone oxidoreductase 1 (NQOL1) is a ubiquitous flavoenzyme that catalyzes two-
electron reduction of quinones to hydroquinones utilizing NAD(P)H as an electron donor. NQOL1 binds
and stabilizes several short-lived proteins including the tumor suppressors p53 and p73 and the enzyme
ornithine decarboxylase (ODC). Dicoumarol is a widely used potent competitive inhibitor of NQO1
enzymatic activity, which competes with NAD(P)H for binding to NQO1. Dicoumarol also disrupts the
binding of NQOL1 to p53, p73, and ODC and induces their ubiquitin-independent proteasomal degradation.
We report here the crystal structure of human NQO1 in complex with dicoumarol at 2.75 A resolution.
We have identified the interactions of dicoumarol with the different residues of NQO1 and the
conformational changes imposed upon dicoumarol binding. The most prominent conformational changes
that occur in the presence of dicoumarol involve Tyr 128 and Phe 232 that are present on the surface of
the NQOL1 catalytic pocket. On the basis of the comparison of the NQO1 structure in complex with different
NQOL1 inhibitors and our previous analysis of NQO1 mutants, we propose that the specific conformation
of Tyr 128 and Phe 232 is important for NQO1 interaction with p53 and other client proteins.

NAD(P)H quinone oxidoreductase 1 (NQA13 a ubig- coumarins [warfarin and esculetin (6,7-dihydroxycoumarin)]
uitous flavoenzyme that catalyzes two-electron reduction of (7), flavones [phenindione, chrysin, and DHF (7,8-dihy-
various quinones utilizing NAD(P)H as an electron donor droxyflavone)] 8, 9), and Cibacron blue¥ 10) are less
(2). NQO1-mediated reduction of quinones to hydroquinones potent inhibitors of NQO1 than dicoumarol and appear to
is an important cellular defense mechanism against oxidativebind differently to the enzyme. The for NQO1 inhibition
stress 2). In addition to its role in the detoxification of by Cibacron blue is 170 nM. Another NQO1 inhibitor, ES936
quinones, the enzyme catalyzes the reductive activation of (5-methoxy-1,2-dimethyl-3-[(4-nitrophenoxy)methyljindole-
quinolic chemotherapeutic compounds such as mitomycins4,7-dione), is a mechanism-based inhibitor witk;af 450
and g-lapachone %, 4). Studies of NQO1 structure and nM. The inhibition of NQO1 by ES936 is NADH-dependent
function have shown that NQOL1 is a homodimer that and involves the generation of reactive iminium species that
functions via a “ping-pong” mechanism. NAD(P)H binds to alkylate a tyrosine residue of NQO11). Recently, we have
NQO1, reduces the FAD cofactor, and is then released, found that curcumin, a natural phenolic compound found in
allowing the quinone substrate to bind the enzyme and to the spice turmeric, also inhibits NQOL1 activity2).
be reduced. The NAD(P)H and the quinone binding sites of  |n addition to its role in the detoxification of quinones,
NQO1 have a significant overlap, thus providing a molecular NQOL1 is also a 20S proteasome-associated protein that plays
basis for this ping-pong mechanisi®).( an important role in the stability of the tumor suppressor

Certain coumarins, flavones, and the reactive dye Cibacronps3 and several other short-lived proteins including73
blue are competitive inhibitors of NQO1 activity, which  and ornithine decarboxylase (ODQ)3¥-20). NQO1 binds
compete with NAD(P)H for binding to NQO1. Dicoumarol  and stabilizes p53, protecting p53 from ubiquitin-independent
[3,3-methylenebis(4-hydroxycoumarin)] is the most potent 20S proteasomal degradatiots( 18, 21). Dicoumarol and
competitive inhibitor of NQO1 with & of 1-10 nM (6). several other inhibitors of NQO1 activity, which compete
Dicoumarol competes with NAD(P)H for binding to NQO1  with NADH for binding to NQO1, disrupt the binding of
and prevents the electron transfer to FAB).(Other  NQOL1 to p53 and induce ubiquitin-independent p53 degra-
dation (6, 18). However, the molecular basis of NQO1
" This work was supported by grants from the Israel Academy of association and dissociation from p53 and its other client

Sciences and Humanities and the Samuel Waxman Cancer Researc - . . P
Foundation. IESrotelns is unknown. Studying the structure of NQOL1 in a
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NADH, nicotinamide adenine dinucleotide phosphate; ODC, ornithine  Several studies investigated the binding of dicoumarol to

decarboxylase; FAD, flavin adenine dinucleotide; DHF, 7,8-dihydroxy- ; i ic inhihi indi
flavone; PMSF, phenylmethanesulfonyl fluoride; PEG, poly(ethylene NQO]‘. using site-directed mu_tagene5|s, m.hl.b.ltor binding
glycol); Ni-NTA, nickel nitrilotriacetic acid; TEV, tobacco etch virus; analysis, and computer modeling, but a definitive structure

DMSO, dimethyl sulfoxide. of NQO1 bound to dicoumarol has not yet been resolved
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Table 1: Summary of the Crystallographic Data Collection and

Analysis

Crystal Parameters

Biochemistry, Vol. 45, No. 20, 2006373

space group Py
unit cell
a(A) 76.24
b (A) 86.19
c(A) 100.56
o (deg) 91.14
f (deg) 107.91
7 (deg) 93.17
Data Collection
resolution range (A) 402.75
no. of observations 325967
no of unique reflections 63333
completeness (%) 96.9 (95.2)
(10 7.6(2)
Ronl (%) 9.4 (35.3)
refinement and model statistics
total no. of reflections 61222
no. of reflections in test set 6220
water molecules 400
R(%)° 225 FiGURe 1: Electron density map of dicoumarol. (A) Omit electron
Riree (%)° 26.9 density map, — F.) in the dicoumarol binding site contoured at
Stereochemical Parameters 30 level at 2.75 A resolution. (B) Omit electron density map of
RMSD from ideal values dicoumarol approximately 90rotated around th&-axis. Carbon
bond lengths (A) 0.009 atoms are colored in green; oxygen atoms are colored in red.
bond angles (deg) 1.4
torsion angles (deg)l ’ 215 method under oil, using the IMPAX 1-5 robot (Douglas
est'mgt%%ecrégrrf;i?g;ng”e;( eg) 0.98 Instruments, East Garston, Hungerford, Berkshire, U.K.). The
low-resolution cutoff (&) 5 protein was crystallized at a concentration of 10 mg/mL.
ESD from Luzzati plot (A 0.37 Crystals of NQO*-dicoumarol were grown from a precipi-
Ralfnsazg;rgriﬁl\lféﬁ% A) 0.48 tating solution of 0.2 M NaOAc, 190 mM Na-Tricine, pH
residues in most favored regions (%) 84.2 8.1, and 22% PEG 3350 with 10 mM dicoumarol |n.1%
residues in additionally allowed regions (%) 15.0 DMSO. A complete data set was collected from a single
residues in disallowed regions (%) 0.4 crystal on a Rigaku R-AXIS I¥+ imaging plate area

aast resolution shell 2:82.75 A. R= Y ||Fo| — |F||/3|Fol, where
F, denotes the observed structure factor amplitudeRartde structure
factor calculated from the modélRye. is for 10% of the randomly
chosen reflections excluded from the refineméfESD, estimated

standard deviation.

detector using a Rigaku RU-H3R rotating anode operated at
5 kW and osmic multilayer X-ray focusing mirrors. Diffrac-
tion data were integrated, scaled, and reduced using the HKL
program package2@). Crystals formed in space grouf,

with cell constantst = 76.24 A,b = 86.19 A,c = 100.56

A, a=91.14, = 107.9F, andy = 93.17. The crystals

(9, 22). In this study, we report the crystal structure of human contain four dimers in the asymmetric unit cell wittVg of
NQO1 complexed with dicoumarol at 2.75 A resolution. By 2.6 A%Da and diffracted to 2.75 A resolution. The structure
analyzing the crystal structure, we have identified the was solved by molecular replacement using the program
interactions of dicoumarol with the different residues of PHASER @4) by using the refined structure of a native
NQO1 and the consequent conformational changes. INNQO1 dimer (1DXO in the Protein Data Bank) as a model.
addition, comparison of the NQOL1 structures in complex with  Atomic refinement was carried out with the program CNS
different NQO1 inhibitors led us to propose a model whereby (25). Map display and model rebuilding were performed
the conformation of two key NQO1 residues present on the using the program O26) and model inspection using
surface of the NQOL1 catalytic pocket, Tyr 128 and Phe 232, WHATIF and PROCHECK 27). The figures were created
may determine the binding affinity of NQO1 to p53 and to using the program PyMOL. The atomic coordinates of the
other client proteins. NQO1—dicoumarol crystal structure were deposited in the

Protein Data Bank (PDB accession code 2F10).
MATERIALS AND METHODS

Purification of Recombinant NQOBL21(DE3) bacteria
expressing pET28-His-TEV-NQO1 were lysed by sonication
in 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 1 mM
PMSF. Soluble His-TEV-NQO1 was purified using a Ni- determined at 2.75 A resolution and was refine@®tealues
NTA column (HiTrap chelating HP) followed by gel filtration  of 22.5% andRye vValues of 26.9% with good stereochemistry
chromatography (HiLoad 16/60 Superdex 200). Purified His- (Table 1). Final maps show good density for most portions
TEV-NQO1 was then cleaved by TEV protease, and the His- of the polypeptide chains including the FAD and the bound
TEV was removed upon binding to a Ni-NTA column. dicoumarol (Figure 1).

Crystallization and Data CollectionSingle crystals of Crystal Structure of the hNQGIDicoumarol Complex.
NQO1 with dicoumarol were obtained by the microbatch NQO1 is a physiological homodimer composed of two

RESULTS

Structure Determination and Refinemerithe crystal
structure of the hNQOL1 in complex with dicoumarol was
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Ficure 2: Overall structure of the hNQO1 homodimer with
dicoumarol. Ribbon representation of the human NQO1 homodimer
with FAD and dicoumarol. FAD colored in red and dicoumarol Phe 236(C)

colored in blue are shown in stick representation. FIGURE 3: Schematic representation of dicoumarol/hNQO1 interac-

interlocked monomers of 273 residues related by a noncr s_tions. Protein amino acid residues and FAD and dicoumarol
y YS“molecules are labeled (C and A refer to the first and second NQO1

tallographic 2-fold axis of symmetry. Each monomer is monomers, respectively). Nitrogen atoms are colored in blue,
composed of two domains: a large catalytic domain with oxygen atoms are colored in red, and carbon atoms are colored in
a/p fold with flavodoxin topology (residues-1220) and a  black. Hydrogen bonds are represented by dashed green lines along
small C-terminal domain (residues 22273). Two catalytic ‘(’j".'th their distances. Residues making hydrogen bonds together with
. 4 . icoumarol are shown in stick representation. Residues making van
sites are formed and are present at the dimer interface. TWOye; waals interactions with the inhibitor are represented by a
FAD molecules are present; each one is bound to the catalyticdecorated arc. The schematic representation was created using the
domain of each monomer. The FAD moiety in the catalytic program LigPlot 29).
domain of one of the monomers forms one wall of the
catalytic pocket, while residues from both monomers gener- Phe 232 of hNQO1 upon binding of dicoumarol are clearly
ate the other wallsg( 28). apparent on the surface of NQO1 (Figure 5; compare panels
Dicoumarol is a competitive inhibitor of NQO1 with A and C).
respect to NAD(P)H&). Our hNQOZX-dicoumarol structure Comparison of the Structure of the hNQ©eRicoumarol
shows that dicoumarol is bound to each of the catalytic sites Complex with the hNQGiDuroquinone ComplexXNQO1
interacting with FAD and with residues from both monomers catalyzes two-electron reduction of quinones to hydroquino-
(Figure 2). The plane of dicoumarol stacks parallel to the nes. The crystal structure of hNQO1 with duroquinone
isoalloxazine ring of the FAD that forms one of the walls of (2,3,5,6-tetramethy-benzoquinone), an NQO1 substrate,
the catalytic pocket. The average distance between the planewas previously determined (PDB accession code 1DXO).
of the two rings is 4 A. Dicoumarol binds to the active site Duroquinone binds to the active site through a series of
through a series of hydrophobic and hydrogen bonds with interactions involving the FAD and several hydrophobic and
residues from both monomers and the FAD (Figure 3). One hydrophilic residues28). The duroquinone stacks parallel
coumarin ring of dicoumarol makes two hydrogen bonds: 3.5 A from the isoalloxazine ring of the FAD, forming
05 of dicoumarol with the OH of Tyr 128 of the first hydrogen bonds with Tyr 126, Tyr 128, and His 1@B)(

monomer and the O17 of dicoumarol with the Wf His Alignment of hNQO1 dimer in complex with duroquinone
161 of the second monomer (Figure 3). with the hNQO1 in complex with dicoumarol yields 0.33
Comparison of the Structure of the hNQ©Ricoumarol RMS deviation for the 546x-carbon atoms. The major

Complex with Apo hNQORlignment of the apo hNQO1  differences observed between the two structures involve the
dimer (PDB accession code 1D4A) with hNQO1 in complex positions of Tyr 128 and Phe 232 of the first monomer
with dicoumarol yields 0.36 RMS deviation for the 546 (Figure 4B). The distance between these two residues
a-carbon atoms. The structural changes associated withincreases significantly from abbé A in the hNQOL1 in
dicoumarol binding occur on several residues involving both complex with duroquinone to about 12 A in the NQO1
monomers. Maximal movement is observed with Tyr 128 dicoumarol complex (Table 2). The position of Tyr 128 and
and Phe 232 of the first monomer (Figure 4A). The distance Phe 232 in the apo hNQO1 and the hNQOL1 in complex with
between these two residues increases from ebduin the duroquinone is similar (Figure 5; compare panels A and B).
apo hNQO1 to about 12 A in the hNQ&d#icoumarol Comparison of the Structure of the hNQ©Ricoumarol
complex (Table 2). Other residues exhibit more limited Complex with the hNQG1ES936 ComplexThe quinone
movement and include Phe 236 of the first monomer and ES936 is a mechanism-based inhibitor of NQO1. ES936
Phe 106 and His 161 of the second monomer. The FAD undergoes NADH-dependent reduction by NQO1 followed
molecule and Tyr 126 (not shown) adopt identical conforma- by the loss ofp-nitrophenol, generating a reactive iminium
tions in both apo hNQO1 and hNQ®©#tlicoumarol structures  species that alkylates either Tyr 126 or Tyr 128, resulting in
(Figure 4A). The allosteric changes in residues Tyr 128 and irreversible inactivation of the enzyme. The structure of
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Ficure 4: Comparison of the binding of different inhibitors and a substrate to the active site of NOQ1. (A) Superposition of the active site
of hNQO1 in complex with dicoumarol colored in pink with the apo hNQO1 (PDB accession code 1D4A) colored in blue. Dicoumarol is
colored in green; FAD is colored in yellow. (B) Superposition of the active site of hNQO1 in complex with dicoumarol colored in pink
with the hNQO1 in complex with duroquinone (PDB accession code 1DXO) colored in blue. Dicoumarol is colored in green; duroquinone
is colored in yellow. (C) Superposition of the active site of hNQO1 in complex with dicoumarol colored in pink with the hNQOL1 in
complex with ES936 (PDB accession code 1KBQ) colored in blue. Dicoumarol is colored in green;ES936 is colored in red. (D) Superposition
of the active site of hNQOL1 in complex with dicoumarol colored in pink with the rat NQO1 in complex with Cibacron blue (PDB accession
code 1QRD) colored in blue. Dicoumarol is colored in green; Cibacron blue is colored in orange. Residues of the active site, FAD, the
different inhibitors, and a substrate are represented in stick representation.

Table 2: Summary of the Major Distances and Hydrogen Bonds are again highlighted on the surface of NQO1 (Figure 5;

within the NQO1 Active Site upon Binding of the Different compare panels C and D).
Inhibitors and a Substrate Comparison of the Structure of the hNQERicoumarol
distance (A) Complex with the Rat NQGiCibacron Blue Complex.
FAD— Cibacron blue is a water-soluble triazine dye that binds to
Tyr128- isoallozaxine the nucleotide-binding site of many enzymes. It is a
substrate/inhibitor Phe 232 ring hydrogen bonds competitive inhibitor of NQO1 with respect to NAD(P)H
dicoumarol 12 4 Tyr 128, His 161 with aK; of 170 nM. The crystal structure of the rat NQO1
duroquinone 28) 4 35 Tyr 126, Tyr 128, together with duroquinone and Cibacron blue (PDB accession
ES936 (1) 8 a6 . l;ii1821661 code 1QRD) shows that Cibacron blue interacts with residues
Cibacron blue®) 9 =4 Tgr 128, Phe 232 from both NQO1 monomer$). Alignment of the rat NQO1

dimer in complex with Cibacron blue and duroquinone with
hNQO1 in complex with ES936 was previously resolved the human NQOZxdicoumarol complex yields 0.75 RMS
(PDB accession code 1KBQ). The ES936 stacks parallel to deviation for the 54@.-carbon atoms. The distance between
the isoalloxazine ring of the FAD and interacts with FAD residues Tyr 128 and Phe 232 increases from abok in

and residues from both monomer$l). The enzyme the hNQOZ-duroquinone complex to abb@ Ain the rat
inhibitor interactions are mostly hydrophobic contacts, with NQO1 in complex with Cibacron blue together with duro-
only one hydrogen bond between the indolequinone 07 andduinone (Table 2). The movement of Tyr 128 and Phe 232
Tyr 126 (L1). Alignment of the hNQO1 dimer in complex I the case of Clba_cron blue is reducgd compared to the
with ES936 with the hNQOZdicoumarol complex yields changes that occur in the presence of dicoumarol (Table 2).
0.45 RMS deviation for the 546-carbon atoms. The only However, in contrast to dicoumarol and ES936, the three
apparent change in the presence of ES936 is in the positior/iNd moieties of Cibacron blue are extending outside the
of Phe 232 (Figure 4C). The movement of Phe 232 upon surface of the enzyme (Figure 5; compare panel E with panels
binding of ES936 is more limited compared to the effect of C and D).

dicoumarol. The distance between Tyr 128 and Phe 232 is

abou 8 A in thehNQO1-ES936 complex, while the distance DISCUSSION
in the hNQOZX-dicoumarol complex increases to about 12 We report here the crystal structure of the human NQO1
A (Table 2). The relative positions of Phe 232 and Tyr 128 in complex with dicouamrol at 2.75 A resolution. Analysis
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Ficure 5: Comparison of the surface of NQO1 upon binding of
different inhibitors and a substrate. (A) Apo hNQO1 colored in
blue (PDB accession code 1D4A). (B) hNQO1 colored in blue with

Asher et al.

dicoumarol. We also identified another hydrogen bonds
between dicouamrol and His 161. Indeed, mutation of His
161 to GIn in the human NQOL1 increases Hevalue for
dicoumarol from 0.5 to 70 nM9)). Gly 150 is another residue
that plays an important role in the binding of dicoumarol to
NQOL1. Replacement of Gly 150 with valine in the rat NQO1
strongly increases the value for dicoumarol from 2 to 970
nM (9). Our hNQOZX-dicouamrol structure clearly shows
that Gly 150 is in close vicinity to dicoumarol (3.3 A) and
might form a hydrophobic interaction with dicoumarol.

The crystal structure of hNQO1 in complex with dicou-
marol also provides insight into the mechanism of NQO1
interaction with the tumor suppressors p53 andogp@sd
with ODC, since the binding of NQOL1 to these proteins is
disrupted in the presence of dicoumarab,(18, 21). Our
results indicate that the structural changes that occur upon
binding of dicoumarol to NQO1 are limited to the active
site of NQOL1 (Figure 4, panel A). Therefore, the ability of
dicoumarol to disrupt the binding of NQOL1 to p53, jp73
and ODC suggests that the binding is dependent on the active
site conformation. The major changes that occur within the
active site are in positions of Tyr 128 and Phe 232. The
distance between these two residues significantly increases
from abou 5 A in the apohNQO1 to 12 A in the hNQO1
bound to dicoumarol. Previously, we showed that Tyr 128
of NQO1 is essential for p53 and pX®inding because its
replacement by valine or phenylalanine abrogates the binding
to p53 and p7& (18). Therefore, we propose that the
observed dicoumarol-induced conformational changes in the
positions of Tyr 128 and Phe 232 on the surface of NQO1
might interfere with the binding of NQOL to p53, px,3and
ODC.

ES936 is a mechanism-based inhibitor that inhibits NQO1

duroquinone colored in green, not apparent on the surface (PDBactivity by alkylating either tyrosine 126 or tyrosine 128 in

accession code 1DXO). (C) hNQOL1 colored in pink with dicou-

marol colored in green. (D) hNQOL1 colored in blue with ES936

colored in red (PDB accession code 1KBQ). (E) Rat NQO1 colored
in blue with Cibacron blue colored in orange (PDB accession
code 1QRD). Tyr 128 and Phe 232 are labeled and colored in
yellow.

of the hNQOZX-dicoumarol crystal structure shows that one

the active site of NQO11(l). In contrast to dicoumarol,
Cibacron blue, and several other competitive inhibitors of
NQOL1 activity, ES936 was reported neither to induce p53
degradation nor to inhibit p53NQO1 binding (6, 21). It

is interesting that the hNQOGIES936 structure exhibits a
more limited movement of both Tyrl28 and Phe 232
compared to the hNQO4dicoumarol structure. Such a
limited movement might be insufficient to disrupt the binding

coumarin ring of dicoumarol stacks parallel to the isoallox- of NQOL1 to p53. While a similar degree of limited movement
azine ring of FAD and forms hydrogen bonds with Tyr 128 was observed in the case of Cibacron blue, that induces p53
and His 161. Comparison of the hNQ®©dicoumarol degradation although less effectively than dicoumat6).(
structure with the apo hNQOL structure shows that, upon However, Cibacron blue is a larger molecule that extensively
binding of dicoumarol, there is a significant movement of protrudes from the surface of NQO1. This generates ad-
two residues in the catalytic pocket, Tyr 128 and Phe 232. ditional steric effects that might interfere with the binding
This movement is probably critical for the entrance and of NQOL1 to p53, even if the position of Tyr 128 and Phe
binding of dicoumarol to the enzyme active site. 232 still enables such association. Although less effective
Our hNQOX-dicoumarol structure is in line with previous than dicoumarol, several additional NQO1 inhibitors, includ-
mutational studies of human and rat NQO1, which shares ing chrysin, DHF, and curcumin, block the ability of NQO1
86% amino acid sequence homology with human NQOL1. to stabilize its interacting proteind, 21). The resolution
Previous mutational analysis of the rat NQO1 showed that of the NQO1 structure in complex with these different

replacement of tyrosine 128 with valine increasesthelue
for dicoumarol about 12-fold2?2). Replacement of tyrosine
128 with aspartic acid further increases tevalue for
dicoumarol about 70-fold9). Our hNQOZX-dicoumarol

inhibitors should provide useful information to substantiate
the proposed model.

We have previously shown that the binding of NQOL1 to
p53 and p7& is increased in the presence of NADH.

structure provides a structural basis for the observation thatDicoumarol disrupts the binding of NQOL1 to p53 and @73

Tyr 128 is important for dicoumarol binding and demon-
strates that Tyr 128 is positioned in close vicinity to
dicoumarol (3.26 A) and forms a hydrogen bond with

and induces ubiquitin-independent proteasomal degradation
of these proteins1@). Several other competitive inhibitors
of NQO1, which compete with NADH, induce p53 degrada-
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tion and inhibit p53-dependent apoptosi§)( Thus, NADH 6
not only serves as an electron donor in the enzymatic activity

of NQO1 but also promotes the binding of NQO1 to p53 5
and p7& possibly by inducing a conformation that favors
these interactions. It is also possible that NQO1-associated
NADH plays a direct role in binding of the client proteins.

The binding of NQO1 to p78@ is mediated via its
C-terminal SAM domain. p78 a p73 isoform that lacks the
C-terminal SAM domain, does not bind to NQO1 whereas
the C-terminal SAM domain itself is sufficient for NQO1
binding (18). p53 shares significant homology with p73, in
particular with p78, and does not harbor a SAM domain;
however, it binds NQO1 with affinity similar to that of p@3
(18). Furthermore, the “hot spot” p53 mutants, p53 R175H
and p53 R273H, exhibit increased binding of NQO1 com-
pared to wild-type p53, and the ability of dicoumarol to
disrupt their binding to NQO1 is reducetiZ 16). Finally,
NQOL1 also binds the enzyme ODC which does not share
any significant structural homology with p53 or pr819).
However, the fact that dicoumarol disrupts the binding of
these different proteins to NQO1 suggests that they all share
a common binding site on NQO1LE 19). Thus, it seems
that a defined region within NQOL1 is capable of binding
different protein substrates with different structural require-
ments.

The crystal structure of hNQG4dicoumarol described 14
here and the comparison to the NQO1 structure in the
presence of other NQOL1 inhibitors provide a useful tool for
understanding the mechanism of action of the different
inhibitors and for the development and identification of
additional potent inhibitors of NQO1 activity. Furthermore,
analysis of the hNQOzdicoumarol structure provides the
first step in the molecular understanding of NQOZ1 interaction
with p53 and other short-lived proteins.
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