
Review

Flavin-dependent quinone reductases
S. Deller, P. Macheroux* and S. Sollner

Institute of Biochemistry, Graz University of Technology, Petersgasse 12/II, A-8010 Graz (Austria),
Fax: +43-316-873 6952, e-mail: peter.macheroux@tugraz.at

Received 30 June 2007; received after revision 13 August 2007; accepted 6 September 2007
Online First 15 October 2007

Abstract. Quinones are abundant cyclic organic com-
pounds present in the environment as well as in pro-
and eukaryotic cells. Several species have been shown
to possess enzymes that afford the two-electron
reduction to the hydroquinone form in an attempt to
avoid the generation of one-electron reduced semi-
quinone known to cause oxidative stress. These
enzymes utilize a flavin cofactor, either FMN or
FAD, to transfer a hydride from an electron donor,
such as NAD(P)H, to a quinone substrate. This family
of flavin-dependent quinone reductases shares a

flavodoxin-like structure and reaction mechanism
pointing towards a common evolutionary origin.
Recent studies of their physiological functions in
eukaryotes suggest a role beyond detoxication of
quinones and involvement in the oxygen stress
response. Accordingly, mammalian quinone reduc-
tases emerge as central molecular switches that
control the lifespan of transcription factors, such as
p53, and hence participate in the development of
apoptosis and cell transformation.

Keywords. Semiquinone, hydroquinone, redox cycling, reactive oxygen species, detoxication, flavodoxin-fold,
transcription factor, proteasome.

Introduction

Quinones can be reduced by two- or one-electron
reduction to the hydroquinone or semiquinone form
(Scheme 1). Flavin-dependent quinone reductases
(QRs) afford the strict two-electron reduction of the
quinone to its hydroquinone form and avoid the
generation of the semiquinone form which is prone to
react with molecular dioxygen leading to the gener-
ation of superoxide radicals (�redox cycling�). This
species is well known to cause oxidative stress in
eukaryotic as well as prokaryotic organisms and hence
QRs have a protective effect against quinone-related
oxidative cell damage. In contrast to the strict two-
electron reduction performed by flavin-dependent

QRs, transfer of a single electron to quinones, leading
to the generation of potentially harmful semiquinone
species, is also known. The enzymes that catalyze
these one-electron reductions appear to be a rather
heterogeneous family of enzymes with either a flavin-
or metal-dependent catalytic activity.
Since the handling of oxidative stress is important for
both eukaryotic and prokaryotic organisms, flavin-
dependent QRs have been identified in bacteria,
fungi, plants and mammals. Originally, QRs were
classified as �DT-diaphorases� to express the fact that
the enzyme utilizes both DPNH (NADH) or TPNH
(NADPH) as a source of reducing equivalents [1]. At
the time, the term �diaphorase� was generally used to
describe an enzyme (mostly a flavoprotein) that is
capable of transferring electrons from reduced pyri-
dine nucleotides to electron acceptors [2]. This
nomenclature led to confusions concerning the iden-* Corresponding author.
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tity of the enzyme activity as �diaphorases� could be
detected in numerous biological systems. The first
�DT-diaphorase� reported by Ernster and Navazio [3]
is now known as mammalian NAD(P)H:quinone
oxidoreductase (NQO1, isozyme 1). However, the
acronym �NQO� has been traditionally confined to

QRs from mammalian sources. This review focuses on
the family of flavin-dependent QRs sharing strong
similarities with regard to sequence, structure and
reaction mechanism with mammalian NQOs. First, we
will discuss the common general features of QRs
before we summarize the current understanding of
their role in pro- and eukaryotes.

General properties

Primary sequence analysis
QRs can be classified according to their primary
sequence into one of three classes [4]: (1) sequences
which contain an NQO1-like C-terminal domain of
~ 40 amino acids; (2) sequences that lack this C-
terminal domain (e.g. human NQO2 and QR from
Pseudomonas putida), and (3) a subgroup of the
shorter sequences that additionally have a deletion of
about 18 residues between position 64 and 82 of
NQO1 (these amino acids are also absent in bacterial
flavodoxin, hence these QRs are considered more
�flavodoxin-like�, e.g. Escherichia coli and Saccharo-
myces cerevisiae) (Fig. 1). Consequently, the sequence
length varies between 174 (ca 19 kDa) and 334 amino
acids (35 kDa).

Scheme 1. Reduction mechanism of quinones. Direct formation of
a hydroquinone is achieved by the two-electron reduction process,
whereas the one-electron reduction of quinones supports the
formation of a semiquinone radical intermediate.

Figure 1. Sequence alignment of quinone reductases from Homo sapiens (Hs), Pseudomonas putida (Pp), Triphysaria versicolor (Tv),
Arabidopsis thaliana (At), Phanerochaete chrysosporium (Pc), Saccharomyces cerevisiae (Sc), Escherichia coli (Ec) and Bacillus subtilis
(Bs). Residues with high sequence similarity are highlighted with a black background, those with lower similarity with a gray background.
The alignment was prepared using the program AliBee [117] and manually adjusted. Secondary-structure elements of QRs are indicated: a
helices, black on gray background; b sheets, white on black background; loops, black on white background.
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Overall structure
The first successful crystallization of NAD(P)H:(qui-
none-acceptor) oxidoreductases was reported in the
late 1980s, by Amzel et al. [5] and Ysern and
Prochaska [5, 6]. However, the large unit cell of the
enzyme isolated from mouse liver hampered the
elucidation of the protein structure [5] and another
couple of years were needed before Li and coworkers
[7] eventually solved the X-ray structure of rat liver
QR. The 2.1-� crystal structure revealed that the fold
of the N-terminal portion is similar to that of
flavodoxin (Fig. 2), a bacterial FMN-containing en-
zyme. However, the structure of the C-terminal, non-
catalytic domain bears no similarities to other known
protein domains. This two-domain structure of the
mammalian QR had been postulated by Chen and
coworkers [8] based on proteolysis experiments
revealing a compact N-terminal domain and a flexible
C-terminal domain.
The biological unit of NQO1, as for most other QRs
crystallized so far, is a dimer (Fig. 3), some bacterial
and plant enzymes forming exceptions (Table 1). The
overall fold of the N-terminal catalytic domain
resembles that of flavodoxins which consists of a

twisted central parallel b sheet surrounded by a

helices on both sides (Fig. 2). Extensive contact
between the two monomers confers high stability on
the dimer. The FAD cofactor is non-covalently bound
at the interface of the monomers (yellow model in
Fig. 2). The redox-active isoalloxazine ring is posi-
tioned at one side of two equivalent crevices, forming
two identical independent catalytic sites.
The determination of the X-ray structure of NQO2
confirmed the close structural relationship between
NQO1 and NQO2 [9]. The NQO2 dimer also contains
two identical active sites, located far from each other
and at opposite ends of the dimer interface. Similar to
NQO1, each catalytic site is a large cavity, lined by
residues from both peptide chains with the isoallox-
azine ring system of the cofactor forming the bottom
[10]. In contrast to NQO1, NQO2 contains one metal-
binding site per monomer. This site is tetracoordi-
nated, with two histidine residues (His-173 and His-
177) and one cysteine residue (Cys-222) implicated in
coordination. Based on this finding, Foster et al. [9]
proposed that NQO2 is a copper enzyme in which the
metal may be involved in electron transfer rather than
in structural stabilization, since the metal site may be

Figure 2. Ribbon representation
of flavodoxin from E. coli (pdb
code: 1ahn) (A), YhdA from B.
subtilis (pdb code: 1nni) (B),
superposition of flavodoxin
(blue) and YhdA (red) (C) and
superposition of YhdA (red) and
NQO1 (green) from H. sapiens
(pdb code: 2flo) (D). Only mon-
omers are shown to facilitate
comparison (see also the figure
legend to Fig. 3).
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linked to the active site by an electron transfer route
similar to type I copper sites. However, the presence of
the metal in vivo has not yet been established. Above
all, it was recently shown that EDTA does not notably
affect NQO2 activity, suggesting that the metal is not
required for catalytic activity [11].
The crystal structure of Lot6p from baker�s yeast is
more similar to human NQO2 since it lacks the C-
terminal non-catalytic domain found in NQO1 [12]
(Fig. 3). However, the metal found in NQO2 is not
present in the structure of the yeast quinone reductase
Lot6p [12]. Although Lot6p adopts a similar flavo-
doxin-like fold and self-associates as a homodimer
(Fig. 3), it binds one FMN per protomer instead of
FAD as in the case of the two mammalian QRs.

Monomer structure
The NQO fold is a distinct fold within flavin-contain-
ing proteins. The N-terminal catalytic domain is
similar to that of Clostridium flavodoxin but contains
FAD instead of FMN. However, the flavin cofactor is
bound in a very similar manner. The main part of the
fold is a twisted five-stranded parallel b sheet encased
by five a helices, which connect successive strands in
an alternating a/b topology. In contrast to bacterial
flavodoxins, there is an 18-amino-acid cross-over

between b2 and a2 which participates in stabilization
of the protein and is thought to prevent the active-site
flavin from interacting with other proteins [13].
The NQO catalytic domain can be regarded as a
modified Rossman fold in which the third a/b pair is
either lost or included in the cross-over element
between the two sections of the parallel b sheet [4].
This insertion forms an additional anti-parallel hairpin
and an a helix that participates extensively in the
dimer interface. In the yeast protein Lot6p, the
interface is made up of hydrophobic interactions and
further stabilized by 14 hydrogen bonds.
The bacterial QRs listed in Table 1 also adopt a
flavodoxin-like fold consisting of 5 a-helical layers
sandwiching a five-stranded parallel b sheet in the
center. The QRs from Bacillus subtilis (strain OY1 –
2), Enterococcus faecalis (AzoA), E. coli (AcpD) and
Rhodobacter sphaeroides (AzoR) possess an amino
acid sequence typical for an NAD(P)H-binding motif
[14 – 17]. Furthermore, members of the WrbA family
share typical features of flavodoxins such as the
PROSITE flavodoxin signature sequence (LIV)-ACHTUNGTRENNUNG(LIVFY) ACHTUNGTRENNUNG(FY) ACHTUNGTRENNUNGX(ST) ACHTUNGTRENNUNG(V) ACHTUNGTRENNUNGX(AGC)XT(P)-ACHTUNGTRENNUNGXXA ACHTUNGTRENNUNGX ACHTUNGTRENNUNGX(LIV), indicative of the N-terminal region
that spans the FMN-binding site [18]. Unlike flavo-
doxins, WrbA proteins feature an a/b unit in addition

Table 1. Soluble flavoproteins with quinone reductase activity sharing the flavodoxin-like fold.

Acronym Species Cofactor Reducing agent Reaction Oligomerization References

Mamma-
lians

NQO1 Homo sapiens FAD NADH/NADPH ping-pong,
bi-bi

dimer 4, 83

NQO2 Homo sapiens FAD N-ribosyl-, N-methyl
derivates

ping-pong,
bi-bi

dimer 73, 74

Plants Beta vulgaris FMN NADPH ping-pong, bi-
bi

tetramer 101

Nicotiana tabacum FMN NADH/NADPH two-electron
transfer

tetramer 100

Hevea brasiliensis FMN NADH/NADPH two-electron
transfer

tetramer 103

FQR1 Arabidopsis thaliana FMN NADH/NADPH not reported not reported 104
NQR Arabidopsis thaliana FMN NADH/NADPH two-electron

transfer
tetramer 99

Fungi Lot6p Saccharomyces cerevisiae FMN NADH/NADPH ping-pong,
bi-bi

dimer 36

Planerochaete
chrysosporium

FMN NADH/NADPH ping-pong,
bi-bi

dimer 98

Bacteria WrbA Escherichia coli,
Archaeoglobus fulgidus

FMN NADH two-electron
transfer

monomer-dimer-tetramer
equilibrium

18

MdaB Helicobacter pylori FAD NADPH two-electron
transfer

not reported 81, 82

AzoA Enterococcus faecalis FMN NADH two-stage
ping-pong

dimer 15, 41

YhdA Bacillus subtilis 168 FMN NADPH not reported tetramer 28
Bacillus sp.
OY1-2

not
reported

NADPH not reported monomer 16, 17

AcpD Escherichia coli FMN NADH ping-pong,
bi-bi

not reported 49

AzoR Rhodobacter sphaeroides FMN NADH ping-pong not reported 14
Azo1 Staphylococcus aureus FMN NADPH not reported tetramer 29
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to the typical a/b twisted open-sheet fold unique to
this family [19, 20]. Moreover, WrbA proteins contain
a motif strictly conserved in the family of iron-sulfur
flavoproteins, but the cysteine motif involved in 4Fe-
4S cluster formation is not found in WrbA [18].
Several other bacterial proteins have been reported to
possess QR activity (Table 2); however, it appears
that this is, in some cases, an adventitious activity and
quinones are not cognate substrates of these enzymes.
Examples for this class of enzymes are FRase I and
NfsB from Vibrio fischeri and E. coli, respectively
[21]. These enzymes have an NAD(P)H:FMN oxido-ACHTUNGTRENNUNGreductase activity which provides reduced FMN for
various other FMNH2-dependent cellular reactions,
such as the bioluminescence reaction in the marine
bacterium V. fischeri [21, 22]. The structure of these
proteins is also quite distinct from that of the
flavodoxin-like QRs discussed above and consists of
a three-layer a-b-a sandwich, a common fold in the
NADH oxidase superfamily [23]. Another apparent
member of this group of proteins is ChrR from P.
putida, which was first described as a chromate
reductase [24, 25]. As pointed out recently by Matin�s
group, quinones are physiologically relevant sub-
strates for ChrR with an involvement of the enzyme
in the oxygen stress response [26]. This clearly
indicates that QR activity is not confined to enzymes
with a flavodoxin-like fold and these two non-
homologous and structurally unrelated protein fami-
lies possibly cooperate in the event of oxygen stress.

Oligomerization
All mammalian QRs form stable dimers with the
flavin-binding site near the dimer interface (Fig. 2)
[27]. The yeast and bacterial QRs lack the C-terminal
extension of the mammalian NQO1 (dark blue in
Fig. 3) and hence the dimer exhibits a concave surface
(Fig. 3). In the case of the B. subtilis QR YhdA and
members of the WrbA family (e.g. WrbA from
Deinococcus radiodurans), this concave surface is
used to form a tetrameric protein in which one dimer is
rotated 908 such that the two saddle-like surfaces
assume complementarity (Fig. 3). This tetrameric
assembly is further stabilized by hydrophobic packing
and four additional salt bridges between lysine and
aspartate residues in YhdA and hydrophobic, polar
and hydrogen-bonding interactions in WrbA [19, 28].
Similarly, a QR from Staphylococcus aureus (Azo1)
was found to be a tetramer in solution with four non-
covalently bound FMN molecules, i.e. one FMN per
subunit [29]. Removal of the FMN leads to the
dissociation of the tetramer to its dimeric form,
indicating that the cofactor plays a role in stabilization
of the tetrameric state. Although both YhdA and
Azo1 are from Gram-positive bacteria, the proteins

Figure 3. Ribbon representation of human NQO1 (the additional
C-terminal structure is shown in blue) (pdb code: 2flo). (A), Lot6p
from S. cerevisiae (pdb code: 1t0i) (B) and YhdA from B. subtilis
(pdb code: 1nni) (C). NQO1 and Lot6p form dimers in solution
whereas YhdA is a tetramer. The flavin cofactor is shown in yellow.
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share only 32% sequence identity, and the latter
protein also appears to lack the salt bridge involved in
tetramer stabilization in YhdA. Obviously, shape and
charge complementarity are sufficient for tetramer-
isation of Azo1, while additional stabilization of the
tetramer has evolved in other Gram-positive bacteria.
In the case of the bacterial WrbA, a monomer-dimer-
tetramer equilibrium was reported [30]. As seen
before for Azo1, FMN binding promotes WrbA
association into tetramers, shifting the melting tem-
perature by 408C. Again, this finding emphasizes the
critical role of flavin binding for the oligomerization
state of QRs and can be correlated to its structural
position between two polypeptide chains. It should be
noted in this context that all flavodoxins are found as
monomers in solution and that their flavin cofactor is
less accessible than that of QRs (see Fig. 2) [31].

Catalytic site
The crystal structures of rat NQO1 complexed with
either NADP+ or duroquinone as the electron-accept-
ing substrate identified the active site of the enzyme as
a pocket at the dimer interface [4, 7]. The shape and
size of the catalytic site accommodates a broad range
of ring-containing substrates. The NQO1 and NQO2
active sites are very similar, with the exception of the
three residues Tyr-126, Tyr-128 and Met-131 that are
replaced by Phe-126, Ile-128 and Phe-131 in NQO2,
thus making the NQO2 cavity slightly larger and more
hydrophobic than that of NQO1. In the active sites of
both enzymes, aromatic amino acids (Trp-105 and
Phe-106) form the bottom of the pocket. The entrance
to the catalytic site is limited by glycines 149 and 150 of
loop L6, by His-194 and by Pro-68 of the N-terminal
a7 helix of the second monomer. In NQO1, Tyr-128
gates the pocket and is thought to protect the reduced
flavin from reoxidation through reaction with molec-
ular dioxygen. In comparison to yeast QR Lot6p,
NQO1 features a more apolar active site by contain-
ing several aromatic residues (Phe-106, Phe-178, Tyr-
128, Trp-126, Trp-105). Most of those residues are
replaced by non-aromatic or even polar amino acids in
Lot6p. Conserved residues only comprise Tyr-126 and
Gly-149 (Tyr-111 and Gly-126, respectively, in the case

of Lot6p). Interestingly, the loop containing Tyr-128
thought to protect the cofactor against reoxidation by
molecular oxygen is missing in Lot6p, which also
resists reoxidation by molecular oxygen [Sollner et al. ,
unpublished results]. Thus, the structural basis for
oxygen reactivity of reduced QRs is currently not
understood.
The NADPH phosphate-binding site of NQO1 is a
cleft that ends in the catalytic site between the hairpin
(b8-L9-b9) and L5. Three hydrogen bonds are ex-
pected to be missing when NADH instead of NADPH
is bound to the enzyme. As judged from the NQO1-
NADP+ crystal structure [4, 7] , the hydride transfer is
expected to take place from the 4-pro-S hydrogen (B
side) of the reduced nicotinamide. In that conforma-
tion, Tyr-126 and Tyr-128 do not provide hydrogen
bonds to the nicotinamide. In addition, the hydrogen
bond involving Phe-232 is lost in the case of the
unphosphorylated nucleotide. This lack of hydrogen
bonds may explain the slight preference of NQO1 for
NADPH over NADH [32]. However, the stereo-
chemistry suggested by the crystal structure is in
contrast to results reported much earlier, where
NQO1 was proposed to be A stereospecific [33].
Further experimental evidence is needed to resolve
this contradiction.
While FAD-protein interactions are well conserved
between NQO1 and NQO2, several amino acid
residues are replaced in the NADPH/NQO1 inter-
action and one is lost by truncation of the non-catalytic
C-terminal domain of NQO1 [7, 9, 10]. This of course
may explain the incapacity of NQO2 to use classical
hydride donors such as NAD(P)H. In NQO1, aro-
matic stacking of the nicotinamide ring and the flavin
isoalloxazine ring provides additional stabilization of
NAD(P)H. This kind of interaction may also be
responsible for the binding and stabilization of non-
phosphorylated electron-donating cosubstrates in the
NQO2 active site, as this enzyme is capable of using
both polar and non-polar N-substituted dihydronico-
tinamide substrates [9].
Two NQO1 structures (human and rat) show the
catalytic pocket occupied by duroquinone (2,3,4,6-
tetramethyl-1,4-benzoquinone), a small quinone sub-

Table 2. Other soluble bacterial flavoproteins with reported quinone reductase activity.

Acronym Species Cofactor Reducing agent Reaction Oligomerization References

ChrR Pseudomonas putida FMN NADH two-electron transfer, ping-pong dimer 26

FerA Paracoccus denitrificans addition
of FMN

NADH not reported monomer 39

FerB Paracoccus denitrificans FAD NADH/ NADPH ping pong dimer 39

FRase I Vibrio fischeri FMN NADH/ NADPH two-electron transfer, ping pong, bi bi dimer 22, 23

NfsB Escherichia coli FMN NADH/ NADPH two-electron transfer, ping pong, bi bi dimer 21
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strate [7, 34]. Duroquinone occupies nearly the same
position vacated by the nicotinamide ring of NADP+.
The quinone substrate is bound to the active site
through a series of contacts involving both the flavin
cofactor and several hydrophobic and hydrophilic
residues. The substrate is sandwiched between the
rings of Phe-178 and isoalloxazine rings A and B, with
the quinoid carbonyl oxygens oriented roughly paral-
lel to the length of the flavin ring. A similar binding
was found for menadione (vitamin K3) bound to
NQO2, with the quinone ring of the substrate on top of
the benzene ring of the isoalloxazine system [9]. The
quinone oxygen is 3.5 � away from the flavin N(5),
ideally suited for hydride transfer during the oxidative
half-reaction.
Kinetic and docking studies using NQO1 have dem-
onstrated that the NQO1 active site is able to
accommodate quinones with one, two or three fused
rings, and that, with an increasing number of fused
rings, both binding affinity and maximal velocity
decrease [35]. Similar results were obtained for
Lot6p, the yeast ortholog [36]. The kinetic data
suggest that the larger quinones rotate along the
quinone carbonyl axis, relative to the duroquinone
position in the X-ray structure, in order to provide
optimal p stacking interactions with the isoalloxazine
ring of the flavin cofactor [35].
The observation that the binding sites for quinone
substrates and NADP+ are almost overlapping ac-
counts for the ping-pong kinetics observed for all QRs
so far: NQO1 with its bound FAD cofactor can only
bind one or the other compound at one time, either
electron donor [NAD(P)H] or electron acceptor
(quinone). This type of reaction mechanism is more
analogous to the reactions of electron carriers like
flavodoxin than other FAD-containing enzymes
which can bind both nicotinamide nucleotide and
electron acceptor at the same time, consistent with the
structural similarity between QRs and flavodoxin.

Reaction mechanism
The unique property of QR is its ability to transfer two
electrons to a quinone, resulting in the formation of a
two-electron reduced hydroquinone without genera-
tion of an one-electron reduced semiquinone as
documented by electron spin resonance studies [37].
This finding suggests that the enzyme does not support
the formation of a flavin semiquinone intermediate
but promotes a simultaneous two-electron transfer to
the substrate (Scheme 2). This mechanism was also
shown for the yeast ortholog, Lot6p, pointing towards
a conserved enzymatic mechanism involving the
transfer of a hydride from the flavin N(5) position to
the beta position of the carbon-carbon double bond
(Scheme 2) [36]. When obligatory one-electron ac-

ceptors, such as potassium ferricyanide, are used, no
flavin cofactor semiquinone could be detected, basi-
cally because the transfer of the second electron (to
another substrate molecule) was much faster than the
first-electron transfer [32]. Furthermore, it was ob-
served that NQO1 reconstituted with 5-deaza-FAD,
which can only be oxidized by a single two-electron
step, supports the reduction of quinones [38]. Taken
together, these results document a strict two-electron
transfer mechanism catalyzed by NQO1 and its fungal
and bacterial homologs. This enzymatic property also
appears to be crucial for understanding the physio-
logical role of this family of enzymes as a cellular
detoxification mechanism that avoids the formation of
semiquinones and hence the generation of harmful
reactive oxygen species.
The outlined substrate reduction process has been
proposed to occur via two direct hydride transfer
steps: one from the electron donor (a reduced nicotine
amide derivative) to the flavin cofactor (FAD or
FMN) and a second from the reduced flavin to the
substrate electron acceptor (e.g. a quinone). The X-
ray structures of QRs with either electron donor or
acceptor bound to the active site show that electron
donor and acceptor occupy the same site with respect
to the flavin cofactor [7]. Thus, binding of the electron
acceptor cannot occur before the electron donor is
released from the active site, thus providing a struc-
ture-based explanation for the observed ping-pong bi-
bi mechanism, which appears to be in operation in all
QRs (Scheme 2). Such a mechanism involves binding
of the electron donor such that a hydride can be
transferred directly to N(5) of the cofactor
(Scheme 2). Indeed, structural studies have revealed
binding of NAD(P)H to the active site with its 4-pro-S
hydrogen (B side) in close vicinity (3.4 �) to this
nitrogen enabling hydride transfer to the flavin
cofactor. Since the transfer of a hydride generates a
negative charge on the flavin cofactor, stabilization by
the enzyme is required especially upon dissociation of
NAD(P)+. A tyrosine residue (Tyr-155) near the
N(1) – C(2)=O locus of the isoalloxazine ring system,
where the negative charge is delocalized, appears to
be a very likely candidate for the stabilization of the
reduced flavin species, with a neighboring histidine
(His-161) potentially involved in charge stabilization
(Scheme 2) [4].
In the oxidative half-reaction, a quinone substrate
binds to the active site near the reduced flavin and
receives a hydrid in a process that involves the reversal
of steps described above. Hydride transfer to the
quinone gives rise to an ionized hydroquinone (hydro-
quinolate) and the enzyme may facilitate this reduc-
tion by providing a proton to the reduced substrate
(Scheme 2). Therefore, the net result of the oxidative
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half-reaction may involve not only hydride transfer
but also transfer of a proton from bulk water to the
hydroquinolate [4].
Several QRs, especially from bacterial sources, were
reported to accept other electron acceptors such as
chromate, ferric-iron complexes, nitro-aromatic com-
pounds and azodyes [16, 26, 39, 40]. The mechanism of
substrate reduction seems to be conserved with these
compounds; however, the reduction of azodyes re-
quires the transfer of four electrons, i.e. two complete
cycles have to be carried out instead of one. Moreover,
it is not entirely clear whether reduction of these
unphysiological substrates occurs in the active site or
is mediated by a reduced species, for example free
reduced flavin. These issues are further discussed in
the next section.

Substrate specificity
Some QRs utilize both NADH and NADPH as a
source for electrons (e.g. NsfB from E. coli and Lot6p
from S. cerevisiae [21, 36]) whereas others have
developed a clear preference for either NADH (e.g.

AzoA from E. faecalis [41]) or NADPH (e.g. YhdA
from B. subtilis [28]). In contrast, NQO2 is unable to
employ NADH or NADPH as a source of electrons
and uses reduced N-ribosyl- and N-alkyl-dihydroni-
cotinamide instead. Contradictory results were ob-
tained with recombinant NQO2 expressed in COS
cells, where NADH-dependent reduction of mena-
dione was observed [42]. However, others have
argued that this reaction could be due to an NQO1
contamination [10]. Therefore, the only confirmed
reducing substrates for NQO2 are the N-ribosyl and
N-methyl derivatives of dihydronicotinamide.
The issue of oxidizing substrates of QRs is far more
complicated. Generally, it is assumed that enzymes
involved in detoxification of xenobiotics do not
possess endobiotic substrate(s) and have developed
so that a broad range of chemical structures can be
processed. In fact, the shape and size of the active sites
of NQO1, NQO2 and Lot6p suggest that these
enzymes have evolved to accept a wide range of
ring-containing compounds. However, some naturally
occurring quinones comprising vitamin K derivatives

Scheme 2. Reaction mechanism of human NQO1. The substrate reduction process has been proposed to occur via two direct hydride
transfer steps: one from the electron donor (a reduced nicotine amide derivative) to the flavin cofactor (FAD or FMN) and a second from
the reduced flavin to the substrate electron acceptor (a quinone), and thereby obeys a ping-pong bi-bi mechanism.
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(menaquinone and phylloquinone), coenzyme Q
(ubiquinones) and dopaquinone, an orthoquinone,
were also found to be substrates of mammalian QRs
[10]. Kinetic data for quinones with one, two or three
fused rings in the quinone nucleus indicate that, as the
number of fused rings increases from one to three,
both KM values and maximal velocities decrease
dramatically in the case of NQO1. Small alkyl
substituents on the quinone nucleus were shown to
have little or no effect on either Km or kcat values [35].
In addition, quinoneimines (e.g. N-acetyl-p-benzoqui-
noneimine, N,N-dimethylindoaniline) were shown to
be substrates for NQO1, although substrate inhibition
is reported at higher concentrations [43].
Consistent with the hypothesis that QRs are part of an
enzymatic detoxification system, several other sub-
strates, such as nitro-aromatic compounds [44], azo-
dyes and ferric iron [45] have been identified (see
above) [12, 46– 48]. In fact many bacterial QRs are
annotated as �azoreductases� to emphasize their
ability to carry out the reduction (and cleavage) of
the azo bond to yield two aromatic amines (Scheme 3)
[14, 28, 29, 41]. These enzymes have attracted some
attention for their potential utilization in bioremedia-
tion processes, for example the treatment of waste
water contaminated with azodyes [16, 17].
The QR from E. coli, termed AcpD, was originally
classified as an acyl carrier protein phosphodiesterase,
but recent investigations have shown that the protein
does not convert the holo-acyl carrier protein into its
apo form [49]. On the other hand, Nakanishi and
coworkers [49] have found high azoreductase as well
as quinone reductase activity, clearly demonstrating
that AcpD is not an acyl carrier protein phosphodies-
terase as postulated based on its sequence similarity to
other known enzymes of that family. Several other
bacterial QRs, such as AzoA from E. faecalis [41],
AZR from Bacillus sp. OY1 – 2 [17], YhdA from B.
subtilis [28] and AzoR from R. sphaeroides [14] were
first described as azoreductases. More detailed inves-
tigations of the mechanism of azo bond cleavage
revealed the existence of a partially reduced hydra-
zine intermediate, confirming the two-step reductive
process shown in Scheme 3 [14].

Inhibitors
Mammalian QRs, like human or rat NQO1, can
function physiologically as one of several vitamin K
reductases in the vitamin K cycling involved in the
hepatic posttranslational modification of vitamin K
hydroquinone-dependent blood coagulation factors
[50]. Oral anticoagulants such as dicoumarol and
warfarin have therefore been found to be potent
competitive inhibitors with respect to nicotinamide
coenzymes of QRs [51]. Results obtained from

inhibition studies with dicoumarol indicate that the
strong binding of dicoumarol (KI = 2 nM and 0.5 nM
for human and rat NQO1, respectively) can be
explained by a p-p interaction of one ring with the
isoalloxazine ring of the FAD cofactor and another p-
p interaction of the second ring with the phenol ring of
Tyr-128 [52]. These authors have also reported that
Cibacron Blue (a triazine dye, KI = 500 nM for human
NQO1), chrysin (KI = 100 nM), 7,8-dihydroxyflavone
(KI = 30 nM) and phenindone (KI = 500 nM) are
competitive inhibitors of NQO1 with respect to
NAD(P)H [52]. Both dicoumarol and Cibacron Blue
were also reported to be efficient inhibitors of yeast
Lot6p, with KI values of 40 nM and 16 mM, respectively
[36].
NQO2, which is unable to use NAD(P)H as a source
of electrons, is not inhibited by classical NQO1
inhibitors. NQO2 inhibitors reported in the literature
comprise benzo(a)pyrene [53] and quercetin, a flavo-
noid once described as a tyrosine protein kinase
inhibitor [54], both being competitive with respect to

Scheme 3. Decolorization of Methyl Red. Flavin mediated elec-
tron transfer from NAD(P)H to the azodye is generally observed
for oxidoreductases, such as quinone oxidoreductases, containing a
flavin prosthetic group.
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the N-ribosyl derivative of dihydronicotinamide
(NRH). Other flavone-like compounds (e.g. chrys-
oeriol) have been reported as inhibitors, though not
with the same potency [55]. Moreover, the efficiency
of resveratrol, a phytoalexin produced by several
plants, was recently reported with a KI of 35 nM [56].
Although this natural compound has been described
as an inhibitor of several other enzymes as well, a
nanomolar inhibition constant towards NQO2 seems
to be unique. Finally, the anti-malaria drugs quina-
crine and chloroquine were also reported as potent
inhibitors of NQO2 in the 500 nM to 1 mM range [57].
Generally, it appears that inhibitors of the NQO1
family are cyclic ketones, whereas this is not a
prerequisite for NQO2 inhibitors (Scheme 4). On
the other hand, all of the inhibitor structures share an
aromatic ring system that is obviously required for p

stacking with the isoalloxazine ring moiety of the
flavin cofactor.

Physiological role of quinone reductases

Quinones in nature
Quinones, particularly p-quinones, constitute an im-
portant class of ubiquitous and naturally occurring
compounds. Quinones generated from polycyclic
aromatic hydrocarbons are abundant in all burnt
organic material, including urban air particles, auto-
mobile exhaust, cigarette smoke and many foodstuffs
[58, 59]. Compounds containing a quinone nucleus are
widely employed as anti-tumor agents. Quinones are
highly reactive compounds that can undergo either
one- or two-electron reductions. Enzymatic one-
electron reduction, for example by cytochrome P450
reductases, generates extremely unstable semiqui-
none radicals which subsequently undergo redox
cycling, leading to the production of highly reactive
oxygen species (ROS) in the presence of molecular
oxygen. These reactive compounds induce oxidative
damage and, consequently, tissue degeneration, apop-
totic cell death, premature aging, cellular transforma-
tion and neoplasia [60]. Strict two-electron reductions

Scheme 4. Inhibitors of quinone reductases. Structures of inhibitors of the NQO1 family are shown on the left, NQO2 inhibitors on the
right.
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of quinones and their derivatives by enzymes of the
drug metabolism phase 2 prevent these deleterious
effects. Instead, they produce more stable chemicals,
hydroquinones, which can then be conjugated with
glutathione or glucuronic acid and are rapidly excret-
ed.

Putative role of QRs in detoxification
The functional importance of QRs has been a matter
of debate since their discovery. The demonstration
that a dicoumarol-inhibited vitamin K reductase
described by Maerki and Martius [61] and the DT-
diaphorase first described by Ernster and Navazio [3]
is in fact the same enzyme only added to the
speculations revolving around the functional role of
QRs. Moreover, despite the demonstration that
NQO1 is exquisitely sensitive to inhibition by dicou-
marol and other anticoagulants, its participation in g-
glutamyl carboxylation reactions (that require the
hydroquinone form of vitamin K which then under-
goes oxidation to the quinone in the course of the
reaction) involved in blood coagulation remains
unclear. The view that mammalian QRs are primarily
involved in xenobiotic metabolism and in averting
toxicity and carcinogenicity of highly reactive com-
pounds is a more recent development, last reviewed
by Dinkova-Kostova and Talalay [62].
In the early 1960s, it was discovered that NQO1 was
potently induced in the cytosol of rat hepatocytes as
well as in other tissues after exposure to both azodyes
and other polycyclic aromatic hydrocarbons [63]. This
report described the close correlation between the
potency of various azodyes in inducing NQO1 and
their efficiency in protecting against the carcinoge-
nicity and toxicity of hydrocarbons.
In contrast to potentially toxic azodyes and polycy-
clins, phenolic antioxidants that were already constit-
uents of the human diet were also shown to substan-
tially protect against a wide spectrum of chemical
carcinogens, therefore suggesting a common under-
lying mechanism by which these antioxidants afford
protection against toxicity and carcinogenicity [64].
Reports showing that the same phenolic antioxidants
which blocked tumor formation also induced gluta-
thione transferases and a number of other phase 2
enzymes in a range of animal tissues led to the
suggestion that the coordinated induction of phase 2
enzymes was mainly responsible for the chemopro-
tective effects [65]. An explicit mechanism by which
NQO1 might protect cells against quinone toxicity
was provided by observations of Iyanagi and Yama-
zaki [37], who first distinguished between flavoen-
zymes which catalyze one-electron reductions and
those, like NQO1, that catalyze strict two-electron
reductions. Therefore, complete (two-electron) re-

duction of quinones can prevent (1) one-electron
redox cycling that generates highly ROS, and (2)
depletion of cellular glutathione by lowering the levels
of quinones that easily react with thiol groups. More-
over, in contrast to semiquinone products generated
by other flavoproteins that catalyze one-electron
reductions, the hydroquinone products of the NQO1
reaction are not only more stable, but can also be
further metabolized to glucuronide and sulfate con-
jugation products, thereby facilitating their excretion.
Therefore, the possibility of forming very reactive
semiquinone radicals, potential mediators of oxidative
stress, is largely reduced [62].
Numerous observations in a variety of experimental
systems have provided further support pointing to-
wards the protective functions of NQO1. For example,
menadione-induced superoxide production in hepatic
postmitochondrial supernatant fractions was notice-
ably lower in mice fed a diet containing a QR inducer.
Upon addition of dicoumarol and therefore inhibition
of the enzyme, the protective effects of NQO1 were
abolished [66]. Menadione treatment was also shown
to lead to superoxide formation, depletion of intra-
cellular glutathione and nicotinamide nucleotide
pools, as well as alteration in Ca2+ homeostasis leading
to cell surface disorganization [67].
Human erythrocytes, which do not express NQO1 in
their mature form, were reported to be especially
sensitive to quinone toxicity. Exposure to menadione
leads to formation of methemoglobin. This effect can
be largely reduced in vitro by introducing catalytically
active NQO1 that is encapsulated into erythrocytes. In
vivo, menadione administration is reported to cause
hemolytic anemia and the accumulation of Heinz
bodies (inclusions within red blood cells composed of
denatured hemoglobin) [68].
Mice lacking expression of NQO1 and NQO2 protein
were demonstrated to develop myelogenous hyper-
plasia of the bone marrow and to have an increased
number of granulocytes in the peripheral blood. A
decreased amount of apoptotic cells contributed to
myelogenous hyperplasia. Studies on short-term ex-
posure of NQO1–mice to benzene demonstrated
substantially greater benzene-induced toxicity, com-
pared to wild-type mice [69]. Recently, NQO1 was
also found to be highly expressed in human adipose
tissue, in particular in large adipocytes. Expression of
NQO1 in adipose tissue was shown to be reduced
during diet-induced weight loss and the expression
levels correlate positively with adiposity, glucose
tolerance and markers of liver dysfunction [70].
These findings would suggest an additional role for
NQO1 in the development of human obesity.
In conclusion, these studies provide strong evidence
that quinone metabolism is a rather complex process
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and involves two major pathways: (1) one-electron
reduction catalyzed by e.g. NADPH-cytochrome P450
reductase and (2) two-electron reductions catalyzed
by flavin-dependent QRs such as NQO1. While
reaction products of the first pathway are able to
autooxidize readily and therefore participate in redox
cycling, the hydroquinones of the latter pathway are
further conjugated and excreted. Importantly, NQO1
inhibition by dicoumarol did not increase mutagenic-
ity of quinone substrates, suggesting that the two-
electron reduction is not involved in the mutagenic
activation of quinones. Since the strict two-electron
reduction mechanism of NQO1 leads to the formation
of hydroquinones which are much more metabolically
stable than semiquinones, QRs have been proposed to
serve as a cellular control device against quinone
toxicity [71].
Unlike the situation for NQO1, only a few studies
have dealt with NQO2 gene expression induction, and
these studies have arrived at contradictory conclu-
sions. Because of the presence of an antioxidant
response element in the NQO2 promoter region
(similar to NQO1), it was suggested that NQO2 was
coordinately induced with NQO1 and the other phase
2 enzymes. It has been shown that, like NQO1, NQO2
expression could be induced by b-naphthoflavone and
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [72].
However, it was observed that TCDD treatment of
human hepatoblastoma cells increased the level of
mRNA of NQO1 but not NQO2, suggesting that
NQO2 was not induced coordinately with NQO1 and
other phase 2 detoxifying enzymes [73].
Several studies reported an association between 29-bp
insertion/deletion polymorphisms of NQO2 with
Parkinson�s disease and schizophrenia [74, 75]. De-
pending on the DNA sequence of the promoter
region, it was speculated that this polymorphism
would result in decreased expression of the protein
and may lead to an excess of the catecholamine-
derived o-quinones in the brain. It has also been
reported that the promoter containing the 29-bp
insertion polymorphism exhibits lower NQO2 expres-
sion than that without. Indeed, the insertion was
shown to introduce a binding site to the transcription
factor Sp3, which in this case acts as a repressor [76].
As a consequence, the deletion associated with either
Parkinson�s disease or schizophrenia leads to en-
hanced expression of NQO2. This hypothesis has been
confirmed using human fibroblasts from individuals
with or without the deletion, showing that NQO2
activity was increased in fibroblasts with the deletion.
It was concluded that higher NQO2 activity might
make individuals more susceptible to Parkinson�s
disease. Similarly, NQO2 was reported to be down-
regulated in hepatocellular and biliary tissues, while

NQO1 was upregulated at the same time, suggesting
not only a different regulation but also a different role
in carcinogenesis [77].
Interestingly, the yeast QR Lot6p was also shown to
play a role in managing oxidative stress by detoxifying
cells from quinones. The oxidative stress resistance of
wild-type, a lot6 deletion and overexpressing strain
was assayed by testing the ability of 1,4-naphthoqui-
none to reduce their growth rate. Deletion of Lot6p
decreased the toxicity of 1,4-naphthoquinone consid-
erably – only 53% of the cells were viable after 8 h,
compared to 70% of the wild-type cells. Correspond-
ingly, yeast cells overexpressing Lot6p were less
susceptible to quinone stress, resulting in 84% relative
viability after 8 h. The results demonstrated that the
enzymatic activity of Lot6p is consistent with the
phenotype of both Dlot6 and Lot6p-overexpressing
strains and that expression of Lot6p is undoubtedly
important for managing oxidative stress caused by
quinones [36].

Antioxidant functions of QRs
Red chemiluminescence (corresponding to the photo-
emission of singlet oxygen) can be detected when
menadione is added to postmitochondrial mouse liver
homogenates in the presence of both NADPH and
oxygen. This chemiluminescence is thought to arise
from the generation of ROS during the one-electron
redox cycling reactions of menadione, and is consid-
ered to be an index of one of the major toxicities of
menadione. Importantly, the intensity of chemilumi-
nescence can be modulated (e.g. reduced upon treat-
ment of the animals with NQO1 inducers, or intensi-
fied when dicoumarol was added). It was shown that
addition of pure NQO1 to menadione-treated hepatic
preparations reduced the low-level chemilumines-
cence in a dose-dependent manner [66]. Moreover,
amounts of externally added NQO1 equal to the
NQO1 levels present in the postmitochondrial frac-
tions obtained from mice fed with NQO1 inducers
resulted in identical chemiluminescence levels. Heat-
inactivated enzyme did not show any effect, while
dicoumarol increased the chemiluminescence. These
experiments provide direct evidence that the light
emission produced by oxidative cycling of menadione
could be quantitatively quenched by the direct
addition of pure crystalline NQO1.
There is another line of evidence that strongly
indicates that in addition to the direct detoxification
of quinones, NQO1 also plays a role in indirectly
supporting the overall antioxidant functions of the
cell. According to this proposal, NQO1 and similar
enzymes could have evolved in order to act as
coenzyme Q (ubiquinone) reductases, maintaining
this naturally occurring quinone in its reduced state
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and therefore protecting the membrane components
of the cell from free radical damage [78]. It was shown
that when NQO1 was incorporated into phospholipid
vesicles, pure rat NQO1 was able to reduce coenzyme
Q homologs of both short (e.g. CoQ1, CoQ3) and long
(e.g. CoQ9, CoQ10) isoprenoid chain length, therefore
affording protection against 2,2’-azobis(2,4-dimethyl-ACHTUNGTRENNUNGvalero ACHTUNGTRENNUNGnitrile)-induced lipid peroxidation. Addition-
ally, the protection of intact hepatocytes against
adriamycin-induced oxidative damage by reduced
CoQ was abolished by addition of dicoumarol [79].
The demonstration that a-tocopherolquinone (which
is a product of the oxidation of a-tocopherol) is a good
substrate for human NQO1 to provide the powerful
cellular antioxidant a-tocopherolhydroquinone [80]
indicates a role for NQO1 in the metabolism of a-
tocopherol and supports the involvement of this
enzyme in reducing cellular oxidative stress. These
experiments extend the protective function of NQO1
to the maintenance of two endogenous and powerful
antioxidants, coenzyme Q and vitamin E, in their
reduced and active forms.
A similar role of QRs has been reported for several
prokaryotes, suggesting that these mechanisms have
evolved very early and reflect a common strategy in
handling oxidative stress. This conclusion is corrobo-
rated by the sequence similarity of QRs identified in
various prokaryotic and eukaryotic species (see
Fig. 1). Among the prokaryotic QRs, the WrbA family
of proteins encompasses more than 100 members with
detailed biochemical information being available for
the enzymes from E. coli and the hyperthermophile
Archaeoglobus fulgidus. Originally, WrbA was found
to associate with the tryptophan repressor TrpR and
therefore named accordingly [tryptophan(W)-re-
pressor(r)-binding(b) protein A]. However, a specific
role for WrbA in the TrpR-DNA interaction could not
be demonstrated. On the other hand, wrbA transcrip-ACHTUNGTRENNUNGtion is controlled by the stress response gene rpoS,
indicating a functional role in stress response. The
protein is upregulated by various stressors, such as
acids, salts, hydrogen peroxide and diauxie and re-
pressed under anaerobic conditions. Thus, its physio-
logical role can be seen in the oxidative stress
response, although an additional function may involve
cell signaling by reducing the cellular quinone pool
which in turn leads to phosphorylation of ArcA, a
signal redox sensor, and prompting a shift from
respiratory to fermentative metabolism [18– 20].
Other bacterial QRs have also been implicated in the
oxidative stress response, like ChrR from P. putida
[26] and MdaB from Helicobacter pylori [81, 82]. Since
H. pylori adopts a microaerophilic lifestyle, QRs may
play an essential role in coping with oxidative stress as
compared to organisms that have adapted to an

oxygen-rich environment. However, to ascertain the
function and importance of bacterial QRs for distinct
ecological niches, more biochemical and physiological
studies are needed, before a firm conclusion can be
drawn.

NQO1 as a component of the stress response:
stabilization of p53
Studies with proteins typically considered as meta-
bolic enzymes suggest that these proteins may play
additional roles outside the range of their usual
metabolic functions [83]. For example, glutathione-
S-transferase was shown to associate with c-Jun N-
terminal kinase leading to inhibition of kinase activity
and modulation of signaling and cellular proliferation
[84]. Similarly, recent studies have demonstrated that
NQO1 may influence the stability of the tumor
suppressor protein p53 by inhibiting its degradation
[85].
The tumor suppressor gene p53 encodes a labile
protein, which accumulates in cells after different
stress signals and can cause either growth arrest or
apoptosis [for a review see ref. 86]. One of the p53
target genes, p53-inducible gene 3, encodes a protein
with homology to oxidoreductases [87]. This finding
has raised the possibility that oxidoreductases are
regulated by p53.
In 2001, the relationship between NQO1 and p53 was
first shown by experiments which provided evidence
that inhibition of NQO1 activity by dicoumarol
caused enhanced p53 proteasomal degradation
which could be prevented by overexpression of
NQO1 in human colon carcinoma cells [88]. The
ability of NQO1 inhibition to enhance p53 degrada-
tion resulted in the reduction of p53 accumulation and
suppression of p53-dependent apoptosis in g-irradi-
ated normal thymocytes and in myeloid leukemic cells
that overexpress p53. The involvement of NQO1 in
p53 accumulation suggests that redox reactions con-
trolled by oxidoreductases such as NQO1 may there-
fore be an important factor in determining the p53
intracellular level, which of course may also have
implications for tumor development and therapy. In
this context, it is particularly interesting that NQO1
knock-out mice and a genetic polymorphism of NQO1
in humans that results in the loss of its oxidoreductase
activity are associated with increased susceptibility to
tumor development [89, 90].
Following this discovery, Asher and coworkers found
that NQO1-mediated p53 stabilization was especially
prominent under induction of oxidative stress [88].
Interestingly, only wild-type NQO1 but not the
polymorphic NQO1 was shown to stabilize endoge-
nous as well as transfected wild-type p53. NQO1 also
partially inhibited p53 degradation mediated by the
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human papilloma virus E6 protein but not when
mediated by Mdm-2, the ubiquitin ligase protein that
ubiquitinates p53 and targets it to the 26S proteasome.
Experiments analyzing the mechanism of p53 degra-
dation in the NQO1-regulated pathway indicate that
NQO1 regulates degradation of p53 in the protea-
somes by a mechanism that is independent of both
Mdm-2 and ubiquitin [91].
NQO1 is also known to bind other proteins such as
Hsp70 and Hsp40 [92]. Consequently, NQO1 was
examined to see if it could interact with p53 via a
protein-protein interaction [92]. It was demonstrated
that ES936, a suicide inhibitor of NQO1 which
irreversibly blocks the catalytic function of NQO1,
has no effect on p53 stability. This result suggests that a
redox mechanism of stabilization is unlikely. How-
ever, it was shown that NQO1 is indeed able to
associate physically with p53 suggesting that a protein-
protein interaction is responsible for the stabilization
of p53 by NQO1, which might represent an additional
mechanism that contributes to the chemoprotective
activity of NQO1.
To further characterize this essential and highly
regulated process, the role of NQO1 in proteasomal
degradation was examined in more detail. Interest-
ingly, it was found that the majority of NQO1
cofractionated with the 20S proteasomes (and not
the 26S proteasomes which were excluded by previous
ammonium sulfate precipitation), suggesting that the
vast majority of cellular NQO1 is found in a large
protein complex, which includes the 20S proteasome.
Analysis of p53 distribution in gel filtration fractions
showed that a portion of p53 cofractionated with 20S
and NQO1, indicating the existence of a ternary
complex of p53, NQO1 and the 20S proteasome. To
examine the involvement of NQO1 in proteasomal
degradation, in vitro degradation assays of p53 were
performed in the absence or presence of in vitro-
translated NQO1. Remarkably, p53 and p73a degra-
dation by the 20S proteasome is inhibited in the
presence of excess NQO1 and NADH, suggesting that
NQO1 directly regulates the proteasomal degradation
of these proteins. In contrast, 20S degradation of p73b,
a p73 isoform lacking the C-terminal SAM domain
region, was not affected by NQO1, indicating that this
domain is required for direct binding to NQO1.
Moreover, by performing in vitro binding assays in
the presence of the NQO1 cofactors NAD+, FAD or
NADH, it could be shown that the binding of NQO1
to both p53 and p73a was increased in the presence of
NADH in a dose-dependent manner. Tryptic diges-
tion experiments suggested that NQO1 introduces a
conformational change in p73a, which is augmented in
the presence of NADH. However, the binding of p73a

to NQO1 was decreased upon addition of dicoumarol,

indicating that dicoumarol binding leads to dissocia-
tion of the preformed p73a-NQO1-complex. Taken
together, these results provide evidence that NQO1
plays a role in p53 and p73a accumulation following
ionizing radiation. Escaping Mdm2-mediated degra-
dation may not be sufficient for efficient p53 stabili-
zation following irradiation, since p53 is still suscep-
tible to 20S proteasomal degradation. Therefore, it
was assumed that in order to achieve efficient p53
accumulation following g-irradiation, NQO1-p53 in-
teraction is increased to eliminate p53 degradation by
the 20S proteasome [93].
These findings shed new light on our understanding of
p53 degradation and possibly protein degradation in
general as reviewed recently [94]. A model has been
proposed whereby some short-lived proteins (such as
p53 and p73) are inherently unstable and are degraded
�by default� by the 20S proteasomes in cells, unless
protected by a stabilizer such as NQO1, a mechanism
distinct from the current �modification to destabiliza-
tion� mechanism that is mediated by poly-ubiquitina-
tion (Fig. 4).

Emerging role of QR in plants
Compared to the mammalian QRs, our current
knowledge about plant QRs is very limited. In the
1990s, the occurrence of QR activity was reported

Figure 4. Proposed mechanism of p53 stabilization and degrada-
tion. The schematic representation shows both p53 accumulation
and degradation by the 20S and 26S proteasome (see text for
details). Adapted from Asher et al. [88] and Asher and Shaul [94].

154 S. Deller, P. Macheroux and S. Sollner Quinone reductases



from the plasma membrane of various plant species
[95 – 97]. These putative QRs were isolated from the
root plasma membrane of maize (Zea mays L.) [95]
and onion (Allium cepa L.) [96], designated
NAD(P)H dehydrogenases I and II, and zucchini
[97]. Although the enzymes isolated from onion root
and zuccini plasma membrane exhibit some typical
QR-like properties, such as utilizing quinones as
electron acceptors, inhibition by dicoumarol and a
molecular mass of around 27 kDa, their physiological
role is unclear. Trost and coworkers [97] have sug-
gested that the plasma membrane QRs may be
involved in the two-electron reduction of ubiquinones
thereby preventing oxidative damage of membrane
components by ROS generated through oxidative
semiquinone recycling.
A much clearer picture has emerged with regard to
cytosolic QRs identified in the basidiomycete Pha-
nerochaete chrysosporium [98] and several plant
species [99 – 101]. The fungal enzyme is a dimer of
44 kDa, which binds one FMN per subunit. It has no
preference for the electron-donating nicotine amide
derivative and is oxidized by a range of quinones [98].
A kinetic analysis of the enzymatic reaction has
revealed a typical ping-pong bi-bi mechanism to be in
operation. In addition, dicoumarol and Cibacron Blue
are competitive inhibitors of the nicotinamide nucleo-
tide. With the exception of the coenzyme switch from
FAD to FMN, this fungal enzyme possesses properties
very similar to mammalian QRs. Owing to its life style
as a wood-rotting fungus, it is postulated that the
enzyme is involved in the reduction of lignin-, and
possibly also pollutant-derived quinones and hence
plays a role in lignin degradation [98].
On the other hand, the characterization of soluble
plant QRs revealed some similarities as well as
differences to the fungal enzyme. The plant en-
zymes from sugar beet [101] , tobacco [100] and
Arabidopsis thaliana [99] exist as tetramers in
solution and are only weakly inhibited by dicou-
marol. However, the plant enzymes share kinetic
properties and the use of FMN rather than FAD
with the fungal enzyme [99 – 101] . The physiological
role of plant QRs appears to be the reduction of
intracellular quinones followed by O-conjugation
and removal of potentially harmful quinones in
order to prevent their participation in redox reac-
tions [99, 102] . In this context, an interesting role is
proposed for a putative QR isolated from latex
obtained from the rubber tree Hevea brasiliensis
[103] . The isolated enzyme has an estimated mo-
lecular mass of 21 kDa and is a tetramer in solution,
similar to the plant QRs mentioned above [97, 100,
101] . The function of this QR was suggested to be
the two-electron reduction of quinones to the

hydroquinones thereby avoiding the generation of
ROS, which in turn contributes to the stabilization
of latex [103] .
Further insights into the role of QRs in planta were
provided by analysis of differential display experi-
ments using the model plant A. thaliana indicating that
mRNA levels respond to auxin, a plant hormone
[104]. The protein (termed FQR1) encoded by this
auxin-responsive gene was described as an FMN-
binding QR exhibiting sequence similarity to QR
family members from plants, fungi and bacteria and, to
a lesser degree, mammals. Although FQR1 was not
subjected to any detailed biochemical and kinetic
characterization, the enzyme contains FMN as its
coenzyme, typical for a plant QR. Most interestingly,
mRNA levels of FQR1 accumulate rapidly upon
treatment with the plant hormone auxin and show one
of the fastest responses observed for auxin-inducible
genes [104]. The intriguing finding that plant QR
activity is induced by auxin suggests that the enzyme is
required to protect plant cells against the oxidative
stress caused by the hormone, i.e. a similar role in
protection against the toxic effects of redox cycling of
semiquinones with the associated generation of ROS.
An entirely new role for plant QRs was recently
discovered in the interaction of parasitic plants and
their hosts during formation of haustoria, which
enable the parasite to obtain access to host water
and nutrient supplies. Quinones, such as 5-hydroxy-
1,4-naphthoquinone (juglone) and 6-methyl-1,3,8-tri-
hydroxyanthraquinone (emodin), are allelopathic
compounds released by plants into the rhizosphere
as a defensive measure against competitors for
nutrients and light. Matvienko et al. [105] could
demonstrate that 2,6-dimethoxybenzoquinone indu-
ces a quinone reductase in the parasite that converts
the quinone to its semiquinone form by one-electron
reduction leading to the generation of ROS which in
turn are required for the development of the hausto-
rium. The chemically induced assault on a potential
host plant elicits the expression of a two-electron
reducing QR that disables the generation of ROS
through redox cycling of the semiquinone by reduc-
tion to the fully reduced hydroquinone. Interestingly,
the expression of the one-electron reducing QR is
accompanied by the expression of a two-electron
reducing QR in the parasite, similar to the one
expressed in the host plant [105]. Obviously, the
parasite also needs to protect itself against the
oxidative stress caused by the formation of semi-
quinones. In conclusion, exposure to allelopathic
quinones leads to the induction of QRs in plants as
part of a defensive strategy aiming at the detoxifica-
tion of the rhizosphere. Further evidence for a role in
pathogen defence is obtained from infection of wheat

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 155



(Triticum monococcum) by the fungus that causes
powdery mildew infection [106]. In this case, infected
cells expressed a protein homologous to the one found
in the plant parasite host system described above. This
23-kDa protein shows sequence similarity to several
other homologs of the plant QR family and is
proposed to act as a detoxifying enzyme by removing
intracellular quinones via two-electron reduction to
the hydroquinone form which can then be removed
from the noxious redox cycle by monoglycosylation,
for example to their arbutin derivatives [102].
In summary, our general understanding of plant QRs
is clearly unsatisfactory at the moment. At a molecular
level, it appears that plant QRs utilize FMN and are
organized in tetramers rather than dimers (for a
comparison to bacterial, fungal and mammalian
enzymes see Table 1). Despite these differences, the
substantial sequence similarities suggest that plant
QRs adopt a flavodoxin-like fold as found for
mammalian, yeast and bacterial members. However,
biochemical and structural studies are clearly needed
to resolve these issues. Likewise, recent indications
that plant QRs play major roles in plant defence are
very promising but clearly need substantiation in
order to understand the complex interspecies com-
munication in plant-pathogen interactions.

Medical applications

Activation of prodrugs
The majority of the chemicals that are now used in
cancer chemotherapy lack any intrinsic anti-tumor
selectivity. Most of them act by an anti-proliferative
mechanism, and their mechanism of action aims to
disrupt stage-specific cellular processes occurring
during cell division, rather than by a specific toxicity
directed towards a particular type of cancer cell [107].
Thus, the therapeutic efficiency of most anti-cancer
agents is limited by their toxicity to healthy host
tissues that are the most rapidly dividing ones, such as
bone marrow and the lymphatic system.
However, a higher selectivity might be obtained by the
use of prodrugs, which are chemicals that are toxico-
logically and pharmacodynamically inert but are
converted in vivo to active products. The conversion
of the prodrug to the active molecule can be accom-
plished by several mechanisms, such as change of pH,
oxygen tension, temperature or salt concentration, or
by spontaneous decomposition of the drug and
internal ring opening or cyclization [108]. The major
approach in prodrug design for cancer therapy in-
volves the synthesis of inert compounds, which are
converted to an active drug by enzyme action. There-
fore, in cancer chemotherapy, the inert prodrug is

converted into a highly toxic compound in vivo by an
enzyme present at high levels in cancer cells but not in
other cells. For example, the enzyme b-glucuronidase
was shown to selectively activate a relatively non-toxic
alkylating agent to an extremely reactive and toxic
metabolite in mouse models [109]. In this context,
NQO1 appears to be a good target as a prodrug-
activating enzyme since its activity is present in a
variety of human tissues and cell lines. High NQO1
activity has been reported in human cell lines of
breast, brain, colon, lung and liver origin [107]. There
is a clear increase in the NQO1 level detected in solid
human thyroid, adrenal, breast, ovarian, colon and
cornea tumors [110 – 112]. Moreover, it was shown
that NQO1 levels in bone marrow, a tissue highly
sensitive to conventional cytotoxic chemotherapy, is
low [113], directing toxicity away from tissues that are
usually sensitive to convential chemotherapy. There-
fore, NQO1 is being exploited as a target in the
development of anti-cancer prodrugs.

Activation of nitro-compounds
NQO1 is also capable of reducing certain nitro-
compounds aerobically, a property shared by other
QRs from bacterial sources (see above). Although the
nitroreductase activity of NQO1 is considerably
weaker than its QR activity, it can be exploited for
prodrug activation, increasing the potential of the
enzyme as a prodrug activator. It is evident that the
reduction of nitro-compounds can involve the forma-
tion of three reduction products corresponding to 2-,
4- or 6-electron reductions, thus resulting in nitroso,
hydroxylamine or amine species. Nevertheless, there
is one specific example in which aerobic nitroreduc-
tion by NQO1 leads to the formation of a very potent
anti-tumor compound in rats, namely the dinitroben-
zamide CB 1954 (5-[aziridin-1-yl]2,4-dinitro-ACHTUNGTRENNUNGbenzamide; Scheme 4). Although structurally only a
weak monofunctional alkylating agent toward nucle-
ophiles, CB 1954 showed a dramatic and highly
selective activity against the rat Walker 256 tumor
and could actually cure it. Such selectivity was
unprecedented for any monofunctional alkylating
agent, and it was evident that this sensitivity of the
Walker tumor towards CB 1954 points toward a
unique biochemical feature [107]. The prospect that a
human tumor could also be found that shared the
sensitivity of the Walker tumor made the mechanism
of action of CB 1954 the subject of ongoing interest for
more than 30 years [114].
The reason why CB 1954 is so selective is that it is a
prodrug that is enzymatically activated to form a
bifunctional agent which is able to form DNA-DNA
interstrand cross-links via its hydroxylamino groups.
This nitroreductase activity occurs aerobically in the
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presence of either NADH or NADPH and was shown
to be executed by NQO1. The dose of CB 1954 needed
to achieve the same degree of cytotoxicity was
reported to be about 10000 times less in cells able to
perform this conversion than in cells that cannot [44].
However, the human form of NQO1 metabolizes CB
1954 much less efficiently than rat NQO1. Thus, even
cells that contain a high concentration of human
NQO1 are insensitive to CB 1954 [44]. This catalytic
difference between the two forms of NQO1 is mainly
attributed to a single amino acid change at position
104 (tyrosine in the rat enzyme and glutamine in the
human enzyme) [115]. Considering the proven success
of CB 1954 in the rat system, it would be highly
desirable to recreate its anti-tumor activity in humans.
Aside from NQO1, there is an additional CB 1954-
reducing activity in human tumor cells that is much
greater than that attributable to NQO1, namely
nitroreduction by NQO2 [116]. NQO2 in this context
can be considered a human NRH-dependent nitro-
reductase, and NRH produces a dramatic increase in
the cytotoxicity of CB 1954 in human tumor cell lines
both in vitro and in vivo. NQO2 has been reported to
be highly elevated in some human cancers, and this
suggests that activation of CB 1954 could be achieved
by administration of an NQO2 cosubstrate (i.e. NRH
derivatives) in order to �switch on� the enzyme.
Although it may not be applicable to all tumor types,
the activation of CB 1954 using endogenous NQO2
revives the concept of using CB 1954 as a simple
chemotherapeutic agent.

Acknowledgements. This work was supported in part by the Fonds
zur Fçrderung der wissenschaftlichen Forschung (FWF) through
the PhD programme �Molecular Enzymology� (W901-B05 DK) to
P. M.

1 Ernster, L., Estabrook, R. W., Hochstein, P. and Orrenius, S.
(1987) DT-diaphorase, a quinone reductase with special
functions in cell metabolism and detoxication. Chem. Scr.
27A, 1–207.

2 Vasiliou, V., Ross, D. and Nebert, D. W. (2006) Update of the
NAD(P)H:quinone oxidoreductase (NQO) gene family.
Hum. Genom. 2, 329–335.

3 Ernster, L. and Narazio, F. (1958) Soluble diaphorase in
animal tissue. Acta Chem. Scand. 12, 595–602.

4 Bianchet, M. A., Faig, M. and Amzel, L. M. (2004) Structure
and mechanism of NAD[P]H:quinone acceptor oxidoreduc-
tases (NQO). Methods Enzymol. 382, 144–174.

5 Amzel, L. M., Bryant, S. H., Prochaska, H. J. and Talalay, P.
(1986) Preliminary crystallographic X-ray data for an
NAD(P)H:quinone reductase from mouse liver. J. Biol.
Chem. 261, 1379.

6 Ysern, X. and Prochaska, H. J. (1989) X-ray diffraction
analyses of crystals of rat liver NAD(P)H:(quinone-acceptor)
oxidoreductase containing cibacron blue. J. Biol. Chem. 264,
7765–7767.

7 Li, R., Bianchet, M. A., Talalay, P. and Amzel, L. M. (1995)
The three-dimensional structure of NAD(P)H:quinone re-
ductase, a flavoprotein involved in cancer chemoprotection

and chemotherapy: mechanism of the two-electron reduction.
Proc. Natl. Acad. Sci. USA 92, 8846–8850.

8 Chen, S., Deng, P. S., Bailey, J. M. and Swiderek, K. M. (1994)
A two-domain structure for the two subunits of NAD(P)H:-
quinone acceptor oxidoreductase. Protein Sci. 3, 51 –57.

9 Foster, C. E., Bianchet, M. A., Talalay, P., Zhao, Q. and
Amzel, L. M. (1999) Crystal structure of human quinone
reductase type 2, a metalloflavoprotein. Biochemistry 38,
9881–9886.

10 Vella, F., Ferry, G., Delagrange, P. and Boutin, J. A. (2005)
NRH:quinone reductase 2: an enzyme of surprises and
mysteries. Biochem. Pharmacol. 71, 1–12.

11 Kwiek, J. J., Haystead, T. A. and Rudolph, J. (2004) Kinetic
mechanism of quinone oxidoreductase 2 and its inhibition by
the antimalarial quinolines. Biochemistry 43, 4538–4547.

12 Liger, D., Graille, M., Zhou, C. Z., Leulliot, N., Quevillon-
Cheruel, S., Blondeau, K., Janin, J. and van Tilbeurgh, H.
(2004) Crystal structure and functional characterization of
yeast YLR011wp, an enzyme with NAD(P)H-FMN and ferric
iron reductase activities. J. Biol. Chem. 279, 34890–34897.

13 Dym, O. and Eisenberg, D. (2001) Sequence-structure analy-ACHTUNGTRENNUNGsis of FAD-containing proteins. Protein Sci. 10, 1712–1728.
14 Bin, Y., Jiti, Z., Jing, W., Cuihong, D., Hongman, H.,

Zhiyong, S. and Yongming, B. (2004) Expression and charac-
teristics of the gene encoding azoreductase from Rhodobacter
sphaeroides AS1.1737. FEMS Microbiol. Lett. 236, 129–136.

15 Liu, Z. J., Chen, H., Shaw, N., Hopper, S. L., Chen, L., Chen,
S., Cerniglia, C. E. and Wang, B. C. (2007) Crystal structure of
an aerobic FMN-dependent azoreductase (AzoA) from
Enterococcus faecalis. Arch. Biochem. Biophys. 463, 68–77.

16 Sugiura, W., Yoda, T., Matsuba, T., Tanaka, Y. and Suzuki, Y.
(2006) Expression and characterization of the genes encoding
azoreductases from Bacillus subtilis and Geobacillus stearo-
thermophilus. Biosci. Biotechnol. Biochem. 70, 1655–1665.

17 Suzuki, Y., Yoda, T., Ruhul, A. and Sugiura, W. (2001)
Molecular cloning and characterization of the gene coding for
azoreductase from Bacillus sp. OY1-2 isolated from soil.
J. Biol. Chem. 276, 9059–9065.

18 Patridge, E. V. and Ferry, J. G. (2006) WrbA from Escherichia
coli and Archaeoglobus fulgidus is an NAD(P)H:quinone
oxidoreductase. J. Bacteriol. 188, 3498–3506.

19 Gorman, J. and Shapiro, L. (2005) Crystal structures of the
tryptophan repressor binding protein WrbA and complexes
with flavin mononucleotide. Protein Sci. 14, 3004–3012.

20 Grandori, R., Khalifah, P., Boice, J. A., Fairman, R., Giova-
nielli, K. and Carey, J. (1998) Biochemical characterization of
WrbA, founding member of a new family of multimeric
flavodoxin-like proteins. J. Biol. Chem. 273, 20960–20966.

21 Zenno, S., Koike, H., Tanokura, M. and Saigo, K. (1996) Gene
cloning, purification, and characterization of NfsB, a minor
oxygen-insensitive nitroreductase from Escherichia coli, sim-
ilar in biochemical properties to FRase I, the major flavin
reductase in Vibrio fischeri. J. Biochem. (Tokyo) 120, 736–
744.

22 Inouye, S. (1994) NAD(P)H-flavin oxidoreductase from the
bioluminescent bacterium, Vibrio fischeri ATCC 7744, is a
flavoprotein. FEBS Lett. 347, 163–168.

23 Koike, H., Sasaki, H., Kobori, T., Zenno, S., Saigo, K.,
Murphy, M. E.P., Adman, E. T. and Tanokura, M. (1998) 1.8 �
crystal structure of the major NAD(P)H:FMN oxidoreduc-
tase of a bioluminescent bacterium, Vibrio fischeri : overall
structure, cofactor and substrate-analog binding, and com-
parison with related flavoproteins. J. Mol. Biol. 280, 259–273.

24 Ackerley, D. F., Gonzalez, C. F., Park, C. H., Blake, R., 2nd,
Keyhan, M. and Matin, A. (2004) Chromate-reducing proper-
ties of soluble flavoproteins from Pseudomonas putida and
Escherichia coli. Appl. Environ. Microbiol. 70, 873–882.

25 Park, C. H., Keyhan, M., Wielinga, B., Fendorf, S. and Matin,
A. (2000) Purification to homogeneity and characterization of
a novel Pseudomonas putida chromate reductase. Appl.
Environ. Microbiol. 66, 1788–1795.

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 157



26 Gonzalez, C. F., Ackerley, D. F., Lynch, S. V. and Matin, A.
(2005) ChrR, a soluble quinone reductase of Pseudomonas
putida that defends against H2O2. J. Biol. Chem. 280, 22590–
22595.

27 Foster, C. E., Bianchet, M. A., Talalay, P., Faig, M. and
Amzel, L. M. (2000) Structures of mammalian cytosolic
quinone reductases. Free Radic. Biol. Med. 29, 241–245.

28 Deller, S., Sollner, S., Trenker-El-Toukhy, R., Jelesarov, I.,
Gubitz, G. M. and Macheroux, P. (2006) Characterization of a
thermostable NADPH:FMN oxidoreductase from the meso-
philic bacterium Bacillus subtilis. Biochemistry 45, 7083–
7091.

29 Chen, H., Hopper, S. L. and Cerniglia, C. E. (2005) Biochem-
ical and molecular characterization of an azoreductase from
Staphylococcus aureus, a tetrameric NADPH-dependent
flavoprotein. Microbiology 151, 1433–1441.

30 Natalello, A., Doglia, S. M., Carey, J. and Grandori, R. (2007)
Role of flavin mononucleotide in the thermostability and
oligomerization of Escherichia coli stress-defense protein
WrbA. Biochemistry 46, 543–553.

31 Sancho, J. (2006) Flavodoxins: sequence, folding, binding,
function and beyond. Cell. Mol. Life Sci. 63, 855–864.

32 Tedeschi, G., Chen, S. and Massey, V. (1995) DT-diaphorase:
redox potential, steady-state, and rapid reaction studies. J.
Biol. Chem. 270, 1198–1204.

33 Lee, C. P., Simard-Duquesne, N., Ernster, L. and Hoberman,
H. D. (1965) Stereochemistry of hydrogen-transfer in the
energy-linked pyridine nucleotide transhydrogenase and
related reactions. Biochim. Biophys. Acta 105, 397–409.

34 Faig, M., Bianchet, M. A., Talalay, P., Chen, S., Winski, S.,
Ross, D. and Amzel, L. M. (2000) Structures of recombinant
human and mouse NAD(P)H:quinone oxidoreductases:
species comparison and structural changes with substrate
binding and release. Proc. Natl. Acad. Sci. USA 97, 3177–
3182.

35 Zhou, Z., Fisher, D., Spidel, J., Greenfield, J., Patson, B.,
Fazal, A., Wigal, C., Moe, O. A. and Madura, J. D. (2003)
Kinetic and docking studies of the interaction of quinones
with the quinone reductase active site. Biochemistry 42, 1985–
1994.

36 Sollner, S., Nebauer, R., Ehammer, H., Prem, A., Deller, S.,
Palfey, B. A., Daum, G. and Macheroux, P. (2007) Lot6p from
Saccharomyces cerevisiae is a FMN-dependent reductase with
a potential role in quinone detoxification. Febs J. 274, 1328–
1339.

37 Iyanagi, T. and Yamazaki, I. (1970) One-electron-transfer
reactions in biochemical systems. V. Difference in the
mechanism of quinone reduction by the NADH dehydrogen-
ase and the NAD(P)H dehydrogenase (DT-diaphorase).
Biochim. Biophys. Acta 216, 282–294.

38 Tedeschi, G., Chen, S. and Massey, V. (1995) Active site
studies of DT-diaphorase employing artificial flavins. J. Biol.
Chem. 270, 2512–2516.

39 Mazoch, J., Tesarik, R., Sedlacek, V., Kucera, I. and Turanek,
J. (2004) Isolation and biochemical characterization of two
soluble iron(III) reductases from Paracoccus denitrificans.
Eur. J. Biochem. 271, 553–562.

40 Morokutti, A., Lyskowski, A., Sollner, S., Pointner, E.,
Fitzpatrick, T. B., Kratky, C., Gruber, K. and Macheroux, P.
(2005) Structure and function of YcnD from Bacillus subtilis, a
flavin-containing oxidoreductase. Biochemistry 44, 13724–
13733.

41 Chen, H., Wang, R. F. and Cerniglia, C. E. (2004) Molecular
cloning, overexpression, purification, and characterization of
an aerobic FMN-dependent azoreductase from Enterococcus
faecalis. Protein Expr. Purif. 34, 302–310.

42 Jaiswal, A. K. (1994) Human NAD(P)H:quinone oxidore-
ductase2: gene structure, activity, and tissue-specific expres-
sion. J. Biol. Chem. 269, 14502–14508.

43 Powis, G., See, K. L., Santone, K. S., Melder, D. C. and
Hodnett, E. M. (1987) Quinoneimines as substrates for
quinone reductase (NAD(P)H: (quinone-acceptor)oxidore-

ductase) and the effect of dicumarol on their cytotoxicity.
Biochem. Pharmacol. 36, 2473–2479.

44 Boland, M. P., Knox, R. J. and Roberts, J. J. (1991) The
differences in kinetics of rat and human DT diaphorase result
in a differential sensitivity of derived cell lines to CB 1954 (5-
(aziridin-1-yl)-2,4-dinitrobenzamide). Biochem. Pharmacol.
41, 867–875.

45 Chen, S., Wu, K. and Knox, R. (2000) Structure-function
studies of DT-diaphorase (NQO1) and NRH: quinone
oxidoreductase (NQO2). Free Radic. Biol. Med. 29, 276–284.

46 Benson, A. M., Hunkeler, M. J. and Talalay, P. (1980) Increase
of NAD(P)H:quinone reductase by dietary antioxidants:
possible role in protection against carcinogenesis and toxicity.
Proc. Natl. Acad. Sci. USA 77, 5216–5220.

47 Huggins, C. and Fukunishi, R. (1964) Induced protection of
adrenal cortex against 7,12-dimethylbenz(alpha)anthracene.
Influence of ethionine. Induction of menadione reductase.
Incorporation of thymidine-H3. J. Exp. Med. 119, 923–942.

48 Rauth, A. M., Goldberg, Z. and Misra, V. (1997) DT-
diaphorase: possible roles in cancer chemotherapy and
carcinogenesis. Oncol. Res. 9, 339–349.

49 Nakanishi, M., Yatome, C., Ishida, N. and Kitade, Y. (2001)
Putative ACP phosphodiesterase gene (acpD) encodes an
azoreductase. J. Biol. Chem. 276, 46394–46399.

50 Wallin, R., Gebhardt, O. and Prydz, H. (1978) NAD(P)H
dehydrogenase and its role in the vitamin K (2-methyl-3-
phytyl-1,4-naphthaquinone)-dependent carboxylation reac-
tion. Biochem. J. 169, 95–101.

51 Hollander, P. M. and Ernster, L. (1975) Studies on the
reaction mechanism of DT diaphorase: action of dead-end
inhibitors and effects of phospholipids. Arch. Biochem.
Biophys. 169, 560–567.

52 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 ap-
proach involving site-directed mutagenesis, inhibitor-binding
analysis, and computer modeling. Mol. Pharmacol. 56, 272–
278.

53 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. USA 94, 1669–1674.

54 Barret, J. M., Ernould, A. P., Ferry, G., Genton, A. and
Boutin, J. A. (1993) Integrated system for the screening of the
specificity of protein kinase inhibitors. Biochem. Pharmacol.
46, 439–448.

55 Boutin, J. A., Chatelain-Egger, F., Vella, F., Delagrange, P.
and Ferry, G. (2005) Quinone reductase 2 substrate specificity
and inhibition pharmacology. Chem. Biol. Interact. 151, 213–
228.

56 Buryanovskyy, L., Fu, Y., Boyd, M., Ma, Y., Hsieh, T. C., Wu,
J. M. and Zhang, Z. (2004) Crystal structure of quinone
reductase 2 in complex with resveratrol. Biochemistry 43,
11417–11426.

57 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. 62, 1364–1372.

58 Chesis, P. L., Levin, D. E., Smith, M. T., Ernster, L. and Ames,
B. N. (1984) Mutagenicity of quinones: pathways of metabolic
activation and detoxification. Proc. Natl. Acad. Sci. USA 81,
1696–1700.

59 Schuetzle, D., Siegl, W. O., Jensen, T. E., Dearth, M. A.,
Kaiser, E. W., Gorse, R., Kreucher, W. and Kulik, E. (1994)
The relationship between gasoline composition and vehicle
hydrocarbon emissions: a review of current studies and future
research needs. Environ Health Perspect. 102 (suppl. 4), 3–
12.

60 Brunmark, A. and Cadenas, E. (1989) Redox and addition
chemistry of quinoid compounds and its biological implica-
tions. Free Radic. Biol. Med. 7, 435–477.

158 S. Deller, P. Macheroux and S. Sollner Quinone reductases



61 Maerki, F. and Martius, C. (1960) Vitamin K reductase,
preparation and properties. Biochem. Z. 333, 111–135.

62 Dinkova-Kostova, A. T. and Talalay, P. (2000) Persuasive
evidence that quinone reductase type 1 (DT diaphorase)
protects cells against the toxicity of electrophiles and reactive
forms of oxygen. Free Radic. Biol. Med. 29, 231–240.

63 Williams-Ashman, H. G. and Huggins, C. (1961) Oxydation of
reduced pyridine nucleotides in mammary gland and adipose
tissue following treatment with polynuclear hydrocarbons.
Med. Exp. Int. J. Exp. Med. 4, 223–226.

64 Wattenberg, L. W. (1978) Inhibitors of chemical carcino-
genesis. Adv. Cancer Res. 26, 197–226.

65 Benson, A. M., Batzinger, R. P., Ou, S. Y., Bueding, E., Cha,
Y. N. and Talalay, P. (1978) Elevation of hepatic glutathione S-
transferase activities and protection against mutagenic me-
tabolites of benzo(a)pyrene by dietary antioxidants. Cancer
Res. 38, 4486–4495.

66 Prochaska, H. J., Talalay, P. and Sies, H. (1987) Direct
protective effect of NAD(P)H:quinone reductase against
menadione-induced chemiluminescence of postmitochondri-
al fractions of mouse liver. J. Biol. Chem. 262, 1931–1934.

67 Thor, H., Smith, M. T., Hartzell, P., Bellomo, G., Jewell, S. A.
and Orrenius, S. (1982) The metabolism of menadione (2-
methyl-1,4-naphthoquinone) by isolated hepatocytes: a study
of the implications of oxidative stress in intact cells. J. Biol.
Chem. 257, 12419–12425.

68 Munday, R., Smith, B. L. and Munday, C. M. (1998) Effects of
butylated hydroxyanisole and dicoumarol on the toxicity of
menadione to rats. Chem. Biol. Interact. 108, 155–170.

69 Iskander, K. and Jaiswal, A. K. (2005) Quinone oxidoreduc-
tases in protection against myelogenous hyperplasia and
benzene toxicity. Chem. Biol. Interact. 153–154, 147–157.

70 Palming, J., Sjçholm, K., Jern�s, M., Lystig, T. C., Gummes-
son, A., Romeo, S., Lçnn, L., Lçnn, M., Carlsson, B., and
Carlsson, L. M. (2007) The expression of NAD(P)H:quinone
oxidoreductase 1 is high in human adipose tissue, reduced by
weight loss and correlates to adiposity, insulin sensitivity and
markers of liver dysfunction. J. Clin. Endocrinol. Metab.

71 Lind, C., Hochstein, P. and Ernster, L. (1982) DT-diaphorase
as a quinone reductase: a cellular control device against
semiquinone and superoxide radical formation. Arch. Bio-
chem. Biophys. 216, 178–185.

72 Radjendirane, V. and Jaiswal, A. K. (1999) Coordinated
induction of the c-jun gene with genes encoding quinone
oxidoreductases in response to xenobiotics and antioxidants.
Biochem. Pharmacol. 58, 597–603.

73 Jaiswal, A. K., Burnett, P., Adesnik, M. and McBride, O. W.
(1990) Nucleotide and deduced amino acid sequence of a
human cDNA (NQO2) corresponding to a second member of
the NAD(P)H:quinone oxidoreductase gene family: exten-
sive polymorphism at the NQO2 gene locus on chromosome
6. Biochemistry 29, 1899–1906.

74 Harada, S., Fujii, C., Hayashi, A. and Ohkoshi, N. (2001) An
association between idiopathic Parkinson�s disease and poly-
morphisms of phase II detoxification enzymes: glutathione S-
transferase M1 and quinone oxidoreductase 1 and 2. Biochem.
Biophys. Res. Commun. 288, 887–892.

75 Harada, S., Tachikawa, H. and Kawanishi, Y. (2003) A
possible association between an insertion/deletion polymor-
phism of the NQO2 gene and schizophrenia. Psychiatr. Genet.
13, 205–209.

76 Wang, W. and Jaiswal, A. K. (2004) Sp3 repression of
polymorphic human NRH:quinone oxidoreductase 2 gene
promoter. Free Radic. Biol. Med. 37, 1231–1243.

77 Strassburg, A., Strassburg, C. P., Manns, M. P. and Tukey,
R. H. (2002) Differential gene expression of NAD(P)H:qui-
none oxidoreductase and NRH:quinone oxidoreductase in
human hepatocellular and biliary tissue. Mol. Pharmacol. 61,
320–325.

78 Beyer, R. E. (1994) The relative essentiality of the antiox-
idative function of coenzyme Q – the interactive role of DT-
diaphorase. Mol. Aspects Med. 15 (suppl.) s117–s129.

79 Beyer, R. E., Segura-Aguilar, J., Di Bernardo, S., Cavazzoni,
M., Fato, R., Fiorentini, D., Galli, M. C., Setti, M., Landi, L.,
and Lenaz, G. (1996) The role of DT-diaphorase in the
maintenance of the reduced antioxidant form of coenzyme Q
in membrane systems. Proc. Natl. Acad. Sci. USA 93, 2528–
2532.

80 Siegel, D., Bolton, E. M., Burr, J. A., Liebler, D. C. and Ross,
D. (1997) The reduction of alpha-tocopherolquinone by
human NAD(P)H: quinone oxidoreductase: the role of
alpha-tocopherolhydroquinone as a cellular antioxidant.
Mol. Pharmacol. 52, 300–305.

81 Wang, G., Alamuri, P. and Maier, R. J. (2006) The diverse
antioxidant systems of Helicobacter pylori. Mol. Microbiol.
61, 847–860.

82 Wang, G. and Maier, R. J. (2004) An NADPH quinone
reductase of Helicobacter pylori plays an important role in
oxidative stress resistance and host colonization. Infect.
Immun. 72, 1391–1396.

83 Ross, D. and Siegel, D. (2004) NAD(P)H:quinone oxidore-
ductase 1 (NQO1, DT-diaphorase), functions and pharmaco-
genetics. Methods Enzymol. 382, 115–144.

84 Wang, T., Arifoglu, P., Ronai, Z. and Tew, K. D. (2001)
Glutathione S-transferase P1–1 (GSTP1–1) inhibits c-Jun N-
terminal kinase (JNK1) signaling through interaction with the
C terminus. J. Biol. Chem. 276, 20999–21003.

85 Asher, G., Lotem, J., Kama, R., Sachs, L. and Shaul, Y. (2002)
NQO1 stabilizes p53 through a distinct pathway. Proc. Natl.
Acad. Sci. USA 99, 3099–3104.

86 Oren, M. (1992) p53: the ultimate tumor suppressor gene?
Faseb J. 6, 3169–3176.

87 Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W. and
Vogelstein, B. (1997) A model for p53-induced apoptosis.
Nature 389, 300–305.

88 Asher, G., Lotem, J., Cohen, B., Sachs, L. and Shaul, Y. (2001)
Regulation of p53 stability and p53-dependent apoptosis by
NADH quinone oxidoreductase 1. Proc. Natl. Acad. Sci. USA
98, 1188–1193.

89 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 21, 1813–1819.

90 Long, D. J., 2nd, Waikel, R. L., Wang, X. J., Roop, D. R. and
Jaiswal, A. K. (2001) NAD(P)H:quinone oxidoreductase 1
deficiency and increased susceptibility to 7,12-dimethylbenz-ACHTUNGTRENNUNG[a]-anthracene-induced carcinogenesis in mouse skin. J. Natl.
Cancer. Inst. 93, 1166–1170.

91 Asher, G., Lotem, J., Sachs, L., Kahana, C. and Shaul, Y.
(2002) Mdm-2 and ubiquitin-independent p53 proteasomal
degradation regulated by NQO1. Proc. Natl. Acad. Sci. USA
99, 13125–13130.

92 Anwar, A., Dehn, D., Siegel, D., Kepa, J. K., Tang, L. J.,
Pietenpol, J. A. and Ross, D. (2003) Interaction of human
NAD(P)H:quinone oxidoreductase 1 (NQO1) with the tumor
suppressor protein p53 in cells and cell-free systems. J. Biol.
Chem. 278, 10368–10373.

93 Asher, G., Tsvetkov, P., Kahana, C. and Shaul, Y. (2005) A
mechanism of ubiquitin-independent proteasomal degrada-
tion of the tumor suppressors p53 and p73. Genes Dev. 19,
316–321.

94 Asher, G. and Shaul, Y. (2005) p53 proteasomal degradation:
poly-ubiquitination is not the whole story. Cell Cycle 4, 1015–
1018.

95 Luster, D. G. and Buckhout, T. J. (1989) Purification and
identification of a plasma membrane associated electron
transport protein from maize (Zea mays L.) roots. Plant
Physiol. 91, 1014–1019.

96 Serrano, A. , Cordoba, F. , Gonzalez-Reyes, J. A. , Navas, P.
and Villalba, J. M. (1994) Purification and characterization
of two distinct NAD(P)H dehydrogenases from onion
(Allium cepa L.) root plasma membrane. Plant Physiol.
106, 87 – 96.

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 159



97 Trost, P., Foscarini, S., Preger, V., Bonora, P., Vitale, L. and
Pupillo, P. (1997) Dissecting the diphenylene iodonium-
sensitive NAD(P)H:quinone oxidoreductase of zucchini
plasma membrane. Plant Physiol. 114, 737–746.

98 Brock, B. J. and Gold, M. H. (1996) 1,4-Benzoquinone
reductase from basidiomycete Phanerochaete chrysosporium :
spectral and kinetic analysis. Arch. Biochem. Biophys. 331,
31–40.

99 Sparla, F., Tedeschi, G., Pupillo, P. and Trost, P. (1999) Cloning
and heterologous expression of NAD(P)H:quinone reductase
of Arabidopsis thaliana, a functional homologue of animal
DT-diaphorase. FEBS Lett. 463, 382–386.

100 Sparla, F., Tedeschi, G. and Trost, P. (1996) NAD(P)H:(qui-
none-acceptor) oxidoreductase of tobacco leaves is a flavin
mononucleotide-containing flavoenzyme. Plant Physiol. 112,
249–258.

101 Trost, P., Bonora, P., Scagliarini, S. and Pupillo, P. (1995)
Purification and properties of NAD(P)H: (quinone-acceptor)
oxidoreductase of sugarbeet cells. Eur. J. Biochem. 234, 452–
458.

102 Harborne, J. B. (1980) Plant phenolics. In: Encyclopedia Plant
Physiology (Bell, E. A. and Charlwood, B. V., eds), pp. 329–
395. Springer, Berlin

103 Chareonthiphakorn, N., Wititsuwannakul, D., Golan-Gold-
hirsh, A. and Wititsuwannakul, R. (2002) Purification and
characterization of NAD(P)H quinone reductase from the
latex of Hevea brasiliensis Mull.-Arg. (Euphorbiaceae).
Phytochemistry 61, 123–128.

104 Laskowski, M. J. , Dreher, K. A. , Gehring, M. A. , Abel, S. ,
Gensler, A. L. and Sussex, I. M. (2002) FQR1, a novel
primary auxin-response gene, encodes a flavin mononu-
cleotide-binding quinone reductase. Plant Physiol. 128,
578 – 590.

105 Matvienko, M., Wojtowicz, A., Wrobel, R., Jamison, D.,
Goldwasser, Y. and Yoder, J. I. (2001) Quinone oxidoreduc-
tase message levels are differentially regulated in parasitic
and non-parasitic plants exposed to allelopathic quinones.
Plant J. 25, 375–387.

106 Greenshields, D. L., Liu, G., Selvaraj, G. and Wei, Y. (2005)
Differential regulation of wheat quinone reductases in
response to powdery mildew infection. Planta 222, 867–875.

107 Knox, R. J. and Chen, S. (2004) Quinone reductase-mediated
nitro-reduction: clinical applications. Methods Enzymol. 382,
194–221.

108 Connors, T. A. (1995) The choice of prodrugs for gene
directed enzyme prodrug therapy of cancer. Gene Ther. 2,
702–709.

109 Connors, T. A. and Whisson, M. E. (1966) Cure of mice
bearing advanced plasma cell tumours with aniline mustard:
the relationship between glucuronidase activity and tumour
sensitivity. Nature 210, 866–867.

110 Jaiswal, A. K. (2000) Regulation of genes encoding
NAD(P)H:quinone oxidoreductases. Free Radic. Biol. Med.
29, 254–262.

111 Schor, N. A. and Cornelisse, C. J. (1983) Biochemical and
quantitative histochemical study of reduced pyridine nucleo-
tide dehydrogenation by human colonic carcinomas. Cancer
Res. 43, 4850–4855.

112 Siegel, D. and Ross, D. (2000) Immunodetection of
NAD(P)H:quinone oxidoreductase 1 (NQO1) in human
tissues. Free Radic. Biol. Med. 29, 246–253.

113 Siegel, D., Ryder, J. and Ross, D. (2001) NAD(P)H: quinone
oxidoreductase 1 expression in human bone marrow endo-
thelial cells. Toxicol. Lett. 125, 93–98.

114 Workman, P., Morgan, J. E., Talbot, K., Wright, K. A.,
Donaldson, J. and Twentyman, P. R. (1986) CB 1954 revisited.
II. Toxicity and antitumour activity. Cancer Chemother.
Pharmacol. 16, 9–14.

115 Chen, S., Knox, R., Wu, K., Deng, P. S., Zhou, D., Bianchet,
M. A. and Amzel, L. M. (1997) Molecular basis of the
catalytic differences among DT-diaphorase of human, rat,
and mouse. J. Biol. Chem. 272, 1437–1439.

116 Knox, R. J., Jenkins, T. C., Hobbs, S. M., Chen, S., Melton,
R. G. and Burke, P. J. (2000) Bioactivation of 5-(aziridin-1-yl)-
2,4-dinitrobenzamide (CB 1954) by human NAD(P)H qui-
none oxidoreductase 2: a novel co-substrate-mediated anti-
tumor prodrug therapy. Cancer Res. 60, 4179–4186.

117 Brodskii, L. I. , Ivanov, V. V., Kalaidzidis Ia, L., Leontovich,
A. M., Nikolaev, V. K., Feranchuk, S. I. and Drachev, V. A.
(1995) GeneBee-NET: an internet-based server for biopoly-ACHTUNGTRENNUNGmer structure analysis. Biokhimiia 60, 1221–1230.

To access this journal online:
http://www.birkhauser.ch/CMLS

160 S. Deller, P. Macheroux and S. Sollner Quinone reductases

http://www.birkhauser.ch/CMLS

