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The enzyme human NAD(P)H quinone oxidoreductase-1 (NQO1), which is overexpressed in several types
of tumor cell, is considered a design target for cancer therapeutics. We identify new coumarin-based
competitive inhibitors of NQO1, one of which is nanomolar. Using computational docking and molecular
dynamics, we obtain insights into the structural basis of inhibition. Selected inhibitors were then assessed
for off-target effects associated with dicoumarol and were found to have differing effects on superoxide
formation and mitochondrial respiration. A comparison of NQO1 inhibition and off-target effects for
dicoumarol and its derivatives suggests that the ability of dicoumarol to kill cancer cells is independent of
NQO1 inhibition, that cellular superoxide production by dicoumarol does not seem linked to NQO1 inhibition
but may be related to mitochondrial decoupling, and that superoxide does not appear to be a major determinant
of cytotoxicity. Implications are discussed for NQO1 inhibition as an anticancer drug design target and
superoxide generation as the dicoumarol-mediated mechanism of cytotoxicity.

Introduction

NAD(P)H quinone oxidoreductase-1 (NQO1, DT-diaphorase)
was first detected in and isolated from the soluble fraction of
rat-liver homogenates.1 It is a ubiquitous flavoprotein that is
widely distributed in animals, plants, and bacteria.2 Several
properties of NQO1 make it a unique enzyme. These include
its ability to use pyridine nucleotides, NADH and NADPH, with
equal efficiency,3 its obligatory two-electron reduction of a wide
range of substrates,4 and its extreme sensitivity to inhibition by
the anticoagulant, dicoumarol or 3,3′-methylenebis(4-hydroxy-
coumarin)5 (1, Figure 1A). NQO1 is generally considered to
be a detoxification enzyme that has been shown to prevent the
formation of reactive oxygen species, play an antioxidant role
by maintaining ubiquinones, R-tocopherolhydroquinone, and
R-tocopherol in their reduced forms,6 and regulate intracellular
redox state by controlling the NAD(P)H:NAD(P)+ ratio.7

Human (h)NQO1 has been found to be up-regulated in
pancreatic cancer, as well as many other solid tumors. Inhibition
of hNQO1 can inhibit growth of pancreatic cancer cells and
the underlying mechanism may involve interference with the
antioxidant activity of NQO1.8 Additional functions of the
enzyme include the bioactivation of certain antitumor quinones
such as mitomycin C (6-amino-1,1a,2,8,8a,8b-hexahydro-8-
(hydroxymethyl)-8a-methoxy-5-methyl-azirino[2′,3′:3,4]pyrro-
lo[1,2-a]indole-4,7-dione carbamate), EO9 (3-hydroxy-5-aziridinyl-
1-methyl-2-(1H-indole-4,7-dione)-prop-�-en-R-ol), RH1 (2,5-
diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone),
streptonigrin (5′amino-6′-(7-amino-5,8-dihydro-6-methoxy-5,8-

dioxo-2-quinolyl)-4′-(8′-hydroxy-9′-methoxyphenyl)3′-methyl-
2′-pyridinecarboxylic acid), and �-lapachone (3,4-dihydro-2,2-
dimethyl-2H-naphtho(1,2-b)pyran-5,6-dione); these observations
have led to NQO1 being considered a target for rational
anticancer drug design.9 More recently, studies have shown that
NQO1 plays an important part in regulating the stability of the
tumor suppressor protein p53 and several other short-lived
proteins including p73R and ornithine decarboxylase.10a

Structural studies have shown that hNQO1 exists as a
homodimer with 274 residues per monomer, each with a
molecular mass of 30 867 Da.4 Each subunit contains one
molecule of flavin adenine dinucleotide (FAD) which is
noncovalently attached to the protein. FAD is orientated such
that its isoalloxazine ring forms the floor of the NQO1 active
site cavity.4,11 Two active sites are positioned at opposite ends
of the dimer and contain residues from both monomers.4,11 The
catalytic cycle of NQO1 functions via a “ping-pong” mechanism
that is proposed to occur in two distinct steps: hydride transfer
from NAD(P)H to the FAD cofactor, followed by release of
NAD(P)+ and hydride transfer from the reduced cofactor to the
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Figure 1. (A) Chemical structure and numbering scheme of dicoumarol
1 (R ) H, X ) H) and analogues; linker torsion angles � and ψ are
defined in the text. The numbering convention applied is such that the
left-hand coumarin ring is the one that π-stacks with FAD. (B) Modeled
monoanionic tautomer of 1.
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substrate.4,11 Many coumarins, flavones, and Cibacron blue are
competitive inhibitors of NQO1.12 However, dicoumarol (1) is
thought to be the most potent competitive inhibitor of NQO1
(Figure 1), vying with NAD(P)H for binding to NQO1 and thus
preventing electron transfer to FAD.5 Dicoumarol is frequently
used to study the consequences of a lack of NQO1 function in
cells, and many pharmacological studies of NQO1 rely on the
use of this inhibitor.13 However, there are major drawbacks with
the use of dicoumarol in cellular systems: these include its
binding to serum albumin14 and its off-target effects such as
increasing oxygen radical formation and inhibiting oxygen
respiration.

In this work, we mine the National Cancer Institute (NCI)
compound database to identify novel coumarin-based inhibitors
of NQO1 and perform docking and molecular dynamics to
understand the structural basis of inhibition. We subsequently
assess a selected number of these NQO1 inhibitors for super-
oxide formation, oxygen respiration, and cytotoxicity in MIA
PaCa-2 human pancreatic carcinoma cells in vitro. From these
studies, we then discuss the implications for inhibition of NQO1
as a target for anticancer drug design and superoxide generation
as the mechanism of cytotoxicity mediated by dicoumarol.

Results

Structure–Activity Relationships. From a computational
search of the NCI database for chemical compounds possessing
the dicoumarol substructure, 54 compounds were identified of
the general structure indicated in Figure 1, of which 25 were
available for evaluation as described in the Experimental
Methods section. This was supplemented by one additional
coumarin-based ligand, 24 (Table 1). The ability of these 26
compounds to inhibit recombinant hNQO1 was then evaluated
in vitro (Table 1). All compounds were assayed in the presence
and absence of bovine serum albumin (BSA), providing
information on the effect of nonspecific protein binding, often
a particular problem with charged species. The coumarin
analogues identified from the NCI possess a diverse range of
chemical structures, with considerable variation in size from a
single coumarin ring, such as compound 24, to four coumarin
rings, such as 4, 8, and 25 (Table 1). Correspondingly, a range
in inhibitory potency against hNQO1 is observed. An IC50 value
of 5 nM is exhibited (in the absence of BSA) by dicoumarol
(1) and compound 2, the 7-hydroxy analogue of dicoumarol
(Table 1); this compares with an IC50 value of around 8 µM
for the phenyl- and pyridyl-substituted derivatives of 2, denoted
15 and 17, respectively (Table 1). We observe that 2 exhibits
the greatest inhibition of the 26 compounds both in the absence
or presence of BSA (5 nM and 0.35 µM, respectively), and 15
shows approximately the poorest levels of NQO1 inhibition in
both cases, 7.5 and 82 µM, respectively (Table 1). A low
correlation is found between observed IC50 value in the absence
and presence of BSA (r2 ) 0.34).

To obtain further insight into the relationship between
observed inhibition of these compounds and the structure of
their interactions with the active site of hNQO1, computational
docking via the genetic-algorithm based program GOLD was
used in conjunction with the ChemScore scoring function.15,16

Earlier work has shown that ChemScore often outperforms other
scoring functions.16–18 We have previously performed validation
tests for docking into the active site of NQO1 via GOLD using
three compounds, RH1, ES936 (5-methoxy-1,2-dimethyl-3-[(4-
nitrophenoxy)methyl]indole-4,7-dione), and EO9. The three
ligands were docked back into their native complexes using
GOLD/ChemScore with a root-mean-square deviation in

atomic position of less than 1.4 Å and recovery of all native
hydrogen bonds.19 Here, we consider the ability of docking
calculations to energetically rank the 26 coumarin-based com-
pounds according to their experimentally observed affinity
(Table 1). We dock into the very recently available crystal
complex of dicoumarol 1 with hNQO1 (PDB code 2F1O,
resolution 2.75 Å).20

As discussed in the Experimental Methods section, dicou-
marol and some of its derivatives in Table 1 may exist as a
mixture of dianion and monoanion under assay conditions of
pH 7.4. The most favorable monoanionic form of 1, as indicated
from quantum mechanics calculations, is shown in Figure 1B.
Docking either the dianionic or monoanionic form of the
compound set into NQO1 leads to a correlation between
calculated and experimental binding free energy which is not
strong (r2 < 0.1, no BSA). However, this correlation includes
compounds which appeared too large to dock sufficiently deeply
into the active site of NQO1 (4, 8, 23, and 25). It also seems
that compound 2 is an outlier, with underprediction of its binding
affinity by ChemScore by 5.4-5.8 kcal/mol (Table 1). Exclusion
of these five compounds gives an improved squared regression
coefficient for the ligand set, with a value of 0.52 when
dicoumarol-like species were modeled in a dianionic state and
0.53 when modeled in a monoanionic state (Figure 2). This
compares with results obtained from GOLD/ChemScore analysis
of a set of 60 protein–ligand crystal structures, where a r2 value
of 0.53 with the experimentally observed binding affinities was
found.16 As in our previous study of nondicoumarol NQO1
ligands,19 we note that correlation did not markedly improve
with docking into different crystal structures (PDB codes 1H66,
1GG5, and 1KBQ)11,22 nor was there a strong correlation when
using an experimental binding affinity from the assay performed
in the presence of BSA.

From this relationship (Figure 2), both calculated and
experimental affinities clearly indicate that substitution at the
linker connecting the two coumarin rings of the dicoumarol
motif (R in Figure 1A) significantly reduces inhibitory potency
with respect to unsubstituted 1. The docked conformation of 1
in either dianionic or monoanionic form corresponds closely to
the crystallographic pose of 1 (Figure 3), with heavy-atom rmsd
values of 0.85 and 0.78 Å, respectively. Thus, the internal
geometries of the docked and crystal structures of 1 are similar,
forming a bent shape. We define the CH2 linker torsion angles
between the coumarin rings, C2-C3-C1′-C3″ and C3-C1′-
C3″-C2″, as � and ψ, respectively (Figure 1). Calculated �ψ
values of (73°, -106°) and (78°, -104°) are found for the
docked dianion and monoanion poses of 1, respectively, which
compares well to (82°, -97°) in the crystal (Figure 3).

Correspondingly, one coumarin ring of 1 π-stacks with FAD
in the NQO1 active site (Figure 4). Specifically, the heterocyclic
ring of one of the 4-hydroxycoumarin components of dicoumarol
forms a sandwich stack with a terminal ring of the isoalloxazine
moiety of FAD (Figure 4). Oxygen O4 of this coumarin ring
forms a hydrogen bond with His161 (in the crystal, reassignment
of the histidine ring heteroatoms leads to a Nε2 · · ·O4 distance
of 2.83 Å). A hydrogen bond is formed by atoms O1 and O2 of
the coumarin ring to Oη of Tyr128 of NQO1 (in the crystal,
these interatomic distances are 2.79 and 3.31 Å, respectively).
The second coumarin ring points away from the FAD, sitting
in the active site access channel formed by Tyr128 and His194
(Figure 4).

The docked poses for both monoanionic or dianionic linker-
substituted ligands suggest that these compounds, while forming
polar contacts, experience steric hindrance, losing their ability
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to form a π-stack effectively with the FAD isoalloxazine ring
(Figure 4); this was in fact reflected in larger protein–ligand
clash contributions to calculated scores relative to nonlinker-
substituted compounds 1, 2, and 24. We observe that moderately
sized substituents at R typically dock with the coumarin ring
stacking against FAD, as for compound 19 (Figure 5A), although
other low-lying docking solutions predict the planar R group
to lie above FAD. It is also interesting to note that compound
23 has a reasonably good observed affinity (0.25 µM) but very
low predicted affinity (41 mM). This appears to arise in part
from large protein–ligand clash terms, which to some extent
would be ameliorated by incorporating a level of protein
flexibility.

As observed earlier, dicoumarol 1 and analogue 2 are the
most potent inhibitors considered in this study (both 5 nM).
However, compound 2 is not well accounted for via the
computed ChemScore energies of -5.9 kcal/mol for the dianion
and -6.3 kcal/mol for the monoanion (Table 1), relative to an
experimental value of –11.7 kcal/mol. Compound 2 differs from
compound 1 by the presence of two hydroxyl groups at position
7 of the coumarin rings (X in Figure 1A). The decreased docking
score for 2 appears to mostly stem from a smaller lipophilic
score than 1 (by 1.2 kcal/mol for the monoanion). This may
arise from poorer packing against FAD, resulting from the
presence of the extra 7-OH groups, coupled to a lack of amino
acid side chain flexibility in docking (Figure 5B). The docked

Table 1. Dicoumarol Analogues and Coumarin Derivatives, Values of Experimental IC50 (µM) for Inhibition of Purified Recombinant hNQO1, and
Computed Ligand/NQO1 Binding Free Energy (∆Gcalcd) Calculated Using ChemScore (kcal/mol)

a Values in parentheses are ChemScore values for docking of ligand in dianionic form where applicable. b Values of IC50 in parentheses are obtained in
the presence of BSA. c Structures shown in table are complete molecule, not R group; molecules do not have a dianionic form.
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dianion and monoanion poses of 2 have internal geometries
reflected by �ψ linker torsion angles of (86°, -88°) and (80°,
80°), respectively. The docked monoanionic pose of 2 is
therefore quite distinct from X-ray pose of 1, which has ��
values of (82°, -97°) and reflects a flipped conformation, where
the relative orientation of the two coumarin rings have oxygens
O2 and O2″ proximal with oxygens O4″ and O4, respectively
(Figure 5B). Otherwise, there is overall similarity to 1 in terms
of bent shape and π-stacking (Figure 5B); indeed, an alternative
docked solution of 2, 0.3 kcal/mol less favorable than the lowest
energy, features the coumarin rings in the orientation observed
crystallographically for 1.

Molecular Dynamics Simulations. To obtain further detail
on the conformation, dynamics and protonation state of 1 and
2 in the active sites of NQO1, we performed four molecular
dynamics simulations of the NQO1 complexes in explicit
solvent, each of six nanoseconds. Initial geometries of 1 and 2
in NQO1 were constructed using the NQO1/1 crystal structure.
Ligands were modeled in both active sites of NQO1 dimer. At
the pH of crystallization (8.1),20 an approximately equal
proportion of monoanionic and dianionic species could poten-
tially form. Therefore, simulations using either the monoanionic
or dianionic form of 1 and 2 were conducted.

We first consider simulations of ligand 1 in complex with
NQO1. We observe that when dicoumarol 1 is treated as the
dianion, a conformational transition is observed in the relative
intramolecular orientation of the two coumarin rings in the active
site of NQO1. For one dicoumarol molecule, this occurs at 3.9
ns (Figure 6A), switching from an initial average �ψ value of
(52°, -123°) to a final orientation of (118°, 125°). For the

dicoumarol in the other NQO1 active site, a transition is
observed from (56°, -122°) to (125°, 122°) at 5.3 ns (Support-
ing Information Figure S1). These final conformations retain
the overall bent shape of dicoumarol but, as witnessed for the
docked structure of monoanionic 2 above, correspond to a flip
in the relative orientation of the two coumarin rings (here by
an angle of ∼120° with respect to the plane of the coumarin
rings) such that oxygens O2 and O2″ are now proximal with
oxygens O4″ and O4, respectively. The transition to this
structure is coupled to a distancing and tilting of the coumarin
ring away from a FAD-stacked sandwich orientation (Supporting
Information Figure S2), with an average inter-ring centroid
distance of 5.5 ( 0.4 and 7.4 ( 4.6 Å between the terminal
heterocyclic ring of FAD and the heterocyclic 6-membered ring
of dicoumarol. This compares with a distance in the crystal
structure of 3.6 Å. Particularly, the second of these two distinct
dianionic conformations sampled during MD is somewhat
different from that observed in the crystal structure, which has
a �ψ value of (82°, -97°). The large error bar of 4.6 Å is
indicative of an increasing distance.

By contrast, the monoanionic dicoumarol/NQO1 simulation
maintained a single-ligand conformation in good agreement to
that observed crystallographically (Figure 6A), with average
linker torsion values of (85 ( 0°, -114 ( 1°) and (88 ( 3°,
-112 ( 2°). This dicoumarol conformation appears to be
stabilized by a persistent charge-assisted intramolecular H4 · · ·O4″
hydrogen bond, with average distances of 1.66 ( 0.01 and 1.69
( 0.02 Å for the two molecules of 1 in the two active sites of
NQO1 dimer. The average inter-ring centroid distances between
FAD and dicoumarol here are 4.9 ( 0.1 and 4.6 ( 0.5 Å. The
difference in intramolecular dicoumarol conformation as a
function of its charge is also reflected by differing protein
contacts. For the monoanion, the crystallographically observed
dicoumarol O4 · · ·Nε2 His161 hydrogen bond is 100 and 98%
occupied by the two ligand molecules (Figure 7A), whereas for
the dianion, this decreases to 25% for one ligand and is lost for
the other. Similarly, in reasonable agreement with the protein-
–ligand contacts observed in the crystal structure, for the mono
anion, the Tyr128 Hη · · ·O2 dicoumarol hydrogen bond is 55
and 36% occupied, and a Tyr128 Hη · · ·O1 interaction is 36
and 27% populated. For the dianion of 1, these hydrogen bonds
are not occupied, but instead, stronger interactions are made
with His194 (a fairly flexible surface-exposed residue), with
48 and 30% occupancies for atom Nε2 contacts with ligand
oxygens O2 and O2″.

Corresponding MD simulations were performed on the NQO1
complex of 2. Compound 2 was modeled in both monoanionic
and dianionic forms using the crystallographic pose of dicou-
marol. For simulation of the dianionic form of 2, one ligand
molecule displays considerable flexibility in the active site,
oscillating mainly between two rotamers corresponding to (30°
with respect to an eclipsed relative orientation of the coumarin
rings (Figure 6B). The motion appears to be linked to a similar
distancing and tilting of the coumarin ring away from a FAD-
stacked sandwich orientation, with an average inter-ring centroid
distance of 5.2 ( 0.7 Å between the terminal heterocyclic ring
of FAD and the heterocyclic 6-membered ring of dicoumarol.

No major conformational transition in ligand conformation
was observed over six nanoseconds for simulation of monoan-
ionic 2 in either active site of NQO1: the �ψ torsion angles in
monoanionic 2 librated around averages value of (89 ( 3°, -113
( 3°) and (88 ( 2°, -116 ( 4°) (Figure 6B), close to the (82°,
-97°) minimum occupied by the crystal structure of 1/NQO1.
As with the simulation of dicoumarol, a strong intramolecular

Figure 2. Calculated and experimental binding affinity in the absence
of BSA (kcal/mol) for dicoumarol-like species modeled in dianionic
(white circles) and monoanionic states (black circles). ∆Gexp is
calculated as -RT ln(1/Ki), where Ki is obtained from IC50 values using
the Cheng-Prusoff equation.21

Figure 3. Dicoumarol and FAD from the docked dianionic (blue),
docked monoanionic (red), and crystal (green) complexes.
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hydrogen bond is found for each of the two ligands, with average
H4″ · · ·O4 distances of 1.66 ( 0.01 and 1.63 ( 0.02 Å. A similar
pattern of protein–ligand interactions for dianionic and monoan-
ionic forms of 2 is found to that of dianionic and monoanionic
forms of dicoumarol: the same contacts to His161 and Tyr128
are populated for the monoanion (Figure 7A and B), whereas
hydrogen bonds to His194 are observed for the dianion. We do
note that interaction with His161 is maintained in the dianion
for one of the ligands (occupancy of 100% for the His161

Nε2-H · · ·O4 hydrogen bond). In simulations of monoanionic
2, one of the additional 7-hydroxy groups is directed toward
the Trp105 ring, potentially providing additional electrostatic
stabilization, with average dicoumarol H7 · · ·Trp105 hetero-
cycle centroid distances of 2.8 ( 0.2 and 2.5 ( 0.1 Å. The
stability of this pose found in the MD may in part arise from
this interaction and from the incorporation of active site
flexibility, both of which were omitted during docking
calculations.

Figure 4. Stereoview of the crystallographic pose of dicoumarol 1 in the active site of hNQO1.

Figure 5. Docked pose in active site of NQO1 of (A) monoanionic 19 and (B) monoanionic 2 (red) superimposed on the crystal pose of 1 (green).
Close polar contacts are indicated.

Figure 6. Time series for torsion angles � (black circles) and ψ (white circles) of CH2 linker in (A) dianionic 1 (top) and monoanionic 1 (bottom)
and (B) dianionic 2 (top) and monoanionic 2 (bottom), from MD initiated from NQO1 crystal structure 2F1O. Angles are given in degrees.
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Effects on Pancreatic Tumor Cells. Here, we assess four
of the NQO1 inhibitors considered above in terms of their ability
to produce potentially unselective and undesirable effects in
cells, namely, superoxide generation and alteration in oxygen
consumption. These properties are evaluated in pancreatic cancer
cells as modeled by the MIA PaCa-2 cell line. We also consider
the ability of these compounds to kill MIA PaCa-2 cells and
inhibit their growth. The four ligands are dicoumarol, 2, 22,
and 23 (Table 1). In agreement with Lewis et al.,23 we find that
dicoumarol has the ability to generate superoxide (Figure 8).
However, the three analogues show a substantially reduced
capacity to do this (Figure 8).

Similarly, the rate of respiration increases in MIA PaCa-2
cells on addition of dicoumarol: 100 µM dicoumarol causes an
immediate 3-fold increase in oxygen consumption, whereas the
same concentration of each of the three analogues has no effect
(Table 2).

Finally, we assess the pancreatic cell toxicity of dicoumarol
and the three analogues, using MIA PaCa-2 cells. The cells were
held in full growth medium (containing 10% fetal calf serum)
and exposed to various concentrations of each compound for
96 h prior to MTT assay. The IC50 cytotoxicity values for 1, 2,
22, and 23 were determined to be 75, 190, 150, and 140 µM,
respectively. To complement this, growth curves were estab-

lished for MIA PaCa-2 cells treated with the four compounds
(Figure 9). All the compounds inhibit cell growth, demonstrating
a comparable dose-dependent reduction in the doubling time
when compared to that of the untreated control.

Discussion

We have identified new coumarin-based inhibitors of hNQO1,
one of which displays equivalent potency to the strongest known
competitive inhibitor of this enzyme, dicoumarol 1. This ligand,
2, differs from dicoumarol in possessing two 7-hydroxyl groups
in each coumarin ring. Computational docking studies indicate
these compounds bind in a similar overall conformation and
active site location and highlight the importance of lipophilic
interactions. MD simulations suggest differences in relative
orientation of coumarin rings in the NQO1 complexes of 1 and
2 depending on charge state of dicoumarol, with evidence in
the dianionic forms of conformational flexibility around the
connecting linker moiety. This could be related to some
uncertainty in the assigned ligand orientation in the dicoumarol/
NQO1 crystal structure (resolution ) 2.75 Å) and, in particular,
the average atomic B-factor of the second coumarin ring (71.2
Å2). Potentially, both dianionic and monoanionic charge states
of 1 and 2 could be present in the crystal at pH 8.1, although
this depends on the local pKa of the ligands in the active sites.
The observed high affinity of 1 and 2 for NQO1, in light of
apparent ligand disorder in the crystal structure, could therefore
be caused by the presence of multiple tightly bound conforma-
tions (formed principally from good lipophilic contacts), which
would have additional entropic benefit. However, our MD
simulations indicate quite distinct protein contacts with NQO1
for dianionic versus monoanionic ligands, with the monoanionic
forms making contacts in agreement with the crystal structure.
No doubt this is, in part, a function of intramolecular interoxygen
repulsion in 1 and 2, with a resulting effect on ligand
conformation (Figure 6) and protein–ligand contacts. Although
the simulations of monoanionic 1 and 2 do agree well with the
dicoumarol/NQO1 crystal structure, we note the exception of
the CH2 linker bond angle (C3-C1′-C3″), where the value
from the simulations of dianionic 1 and 2 (112–114°) was in
better agreement with the crystal value (117.8°) than with
monoanionic values (106–107°). However, given the overall
better agreement of the monoanionic simulations with the
1/NQO1 crystal structure in terms of ligand conformation and
protein–ligand interactions, we suggest that monoanionic forms
of 1 and 2 are the species present in the crystal structure and
most probably the dominant forms under assay conditions. The
high observed ligand B-factors may correspond to flexibility in
the monoanionic ligands not sampled on the MD time scale
here or to equilibria associated with various monoanionic
tautomers.

Figure 7. Representative structures from MD trajectory of (A) monoanionic dicoumarol 1 and (B) monoanionic 2 in active site of NQO1.

Figure 8. Superoxide generation in MIA PaCa-2 cells treated with
various drug concentrations (0–400 µM). Cells received no treatment
(green) and DMNQ was used as a positive control (red). Dicoumarol
(1) treated cells (blue), 2 (pink), 23 (aqua), and 22 (purple). The cells
were incubated with dihydroethidium (10 µM) and fluorescence
quantitated by flow cytometry. Results shown are the mean ( SD of
three independent experiments.

Table 2. Effect of NQO1 Inhibitors on the Rate of Respiration in MIA
PaCa-2 Cells

treatment O2 consumptiona

untreated 2.5 ( 0.3
1 (100 µM) 7.0 ( 0.4
2 (100 µM) 2.6 ( 0.3
22 (100 µM) 2.5 ( 0.4
23 (100 µM) 2.5 ( 0.3

a nmol O2/min/106 cells ( SD; n ) 3 independent determinations.
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Cell-based studies indicate that three of these inhibitors (2,
22, and 23), of varying NQO1 inhibitory potency, display
markedly less off-target effects compared to dicoumarol, with
reduced effects on superoxide production and little impact on
respiration rate. Interestingly, the compounds exhibit a similar
ability to dicoumarol in terms of pancreatic tumor cell toxicity
and growth inhibition. The observed properties of this set of
coumarin-based inhibitors suggest a number of conclusions.

First, given that weaker NQO1 inhibitors 23 and 22 have
similar effects on cell toxicity and growth as the more potent
dicoumarol and 2 compounds, it appears the ability of dicou-
marol to kill pancreatic cancer cells (as modeled by the MIA
PaCa-2 cell line in which p53 is absent) is at least to some
extent independent of NQO1 inhibition. This is in agreement
with recent work using a series of indolequinone mechanism-
based inhibitors of NQO1, where the growth inhibitory effect
in pancreatic cancer cells did not correlate with extent of NQO1
inhibition.24

Second, compared to dicoumarol, compound 2 has a much
reduced effect on both cellular superoxide levels and oxygen
consumption. It is interesting that this difference arises merely
from the addition of two hydroxyl groups at the 7-position of
each coumarin ring. Consequently, the increased superoxide
production of dicoumarol may be linked to its ability to decouple
mitochondrial respiration rather than inhibition of NQO1 in its
role as a potential superoxide scavenger. Indeed, dicoumarol
has been used as a mitochondrial uncoupling agent for many
years, and it is known that uncoupling of mitochondrial function
can lead to increased levels of intracellular superoxide. Fur-
thermore, Ough et al.25 have showed that production of
superoxide and cytotoxicity induced by dicoumarol was sig-
nificantly reduced following transfection of MIA PaCa-2 cells
with manganese superoxide dismutase. Since manganese su-
peroxide dismutase is predominantly located within mitochon-
dria, it is possible that dicoumarol could be targeting mitochon-
dria directly.

Third, we note that despite increased superoxide levels
generated by dicoumarol and the range in NQO1 inhibitory
potency exhibited by the four compounds, these molecules are
similar in cytotoxicity and inhibition of pancreatic tumor cell

growth. The slightly greater toxicity of dicoumarol in MIA
PaCa-2 cells relative to the other compounds may have its basis
in mitochondrial uncoupling or superoxide generation, but this
seems unlikely to be the underlying mechanism of cell growth
inhibition. This conclusion is in line with recent work by Dehn
et al.26 who observed inhibition of pancreatic tumor cell growth
using a mechanism-based NQO1 inhibitor, ES936, but did not
observe an increase in intracellular superoxide production or
oxygen consumption after treatment of cells with ES936. Our
results further suggest that inhibition of NQO1 per se is unlikely
to be the major underlying mechanism by which the compounds
described here kill pancreatic cancer cells.

Conclusion

In this study, we have identified new coumarin-based inhibi-
tors of NQO1 with varying potency. Structure–activity relation-
ships for linker-substituted dicoumarol analogues indicate the
effects of steric hindrance, as well as the importance of forging
nonpolar interactions in the active site of NQO1. Compound 2
inhibits NQO1 to the same extent as dicoumarol. Differing from
dicoumarol by two hydroxyl groups, computational docking
studies indicate these compounds occupy a similar active site
region. Molecular dynamics simulations of the dianionic and
monoanionic forms of 1 and 2 in the NQO1 active sites were
performed. The best agreement with the 1/NQO1 crystal
structure is found by treatment of 1 and 2 as the monoanion,
suggesting these species are dominant under crystallization
conditions and most probably under assay conditions.

Selected inhibitors were then assessed for off-target effects
and were found to have different effects from dicoumarol
regarding superoxide generation and oxygen respiration. Using
these inhibitors as probes, we conclude that (1) the ability of
dicoumarol to kill MIA PaCa-2 carcinoma cells is unlikely to
depend upon NQO1 inhibition and that cytotoxicity may only
be dependent on superoxide formation to a limited extent and
(2) superoxide production does not seem to be linked to NQO1
inhibition but may be related to mitochondrial uncoupling.
Therefore, within the limits of the MIA PaCa-2 cell model, this
may suggest the existence of an alternative mechanism for the
observed effect of dicoumarol on pancreatic tumors, possibly

Figure 9. Growth curves for MIA PaCa-2 cells treated with dicoumarol 1, 2, 22, and 23 (0, 50, 100, and 250 µM). Each point was determined in
triplicate from the same culture; n ) 3 independent experiments.
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mediated by its other known ancillary effects, which include
inhibition of glutathione transferases and peroxidases and
NADH-ubiquinone reductase. Finally, we note that these
inhibitors may also prove to be useful as probes in the
characterization of the involvement of NQO1 in cancer cells
where tumor suppressor protein p53 is present.

Experimental Methods

Chemicals. Compounds 1 and 24 were commercially available
(we note that 24 can be prepared as described in ref 27). Compounds
2–6, 8–11, 14–23, 25, and 26 (Table 1) were previously reported
in ref 28. Compounds 7, 12, and 13 were obtained from the NCI
repository (www.dtp.nci.nih.gov). Alternative labeling schemes used
for compounds 2-26 are given in Table 1S (Supporting Informa-
tion).

Molecular Modeling. For docking and molecular dynamics
studies, coordinates for NQO1, a dimeric protein, were obtained
from the crystal structure of the hNQO1/dicoumarol complex (PDB
code 2F1O,20 resolution ) 2.75 Å). For preparation of ligand
structures, dicoumarol analogue 2D structures were obtained from
the NCI via a substructure search of the NCI database, based on
the SMILES string of dicoumarol. 3D coordinates were assigned
using CORINA.29 Of the 54 analogues identified, 25 compounds
were selected based on availability and were supplemented by one
additional coumarin-based ligand, 24. The pKa values of dicoumarol
have been experimentally determined to be 3.9 ( 0.2 and 8.0 (
0.1.30 Under assay (pH 7.4) and crystallization conditions (pH 8.1),
a mixture of dianionic and monoanionic species would therefore
be expected to exist. We consider both states in our docking and
molecular dynamics studies here. For the monoanionic species, a
number of tautomers are possible. Through quantum chemical
calculations using the electronic-structure package Gaussian 03,31

we examined two possible tautomers of 4-hydroxycoumarin:
protonation at the 2- and 4-positions (Supporting Information Figure
S4). At the B3LYP/6–311++G(2d,2p) level of theory, the 4-H form
was found to be 5–6 kcal/mol more favorable that the 2-H forms
(Figure S4); therefore the form of 1 in which the 4-position was
protonated on one of the rings was adopted for subsequent modeling
studies (Figure 1B). Ligand 24 was constructed using SYBYL 6.8
(Tripos Ltd., St. Louis, MA). Ligands were subject to 1000 iterations
of energy minimization using the steepest descent algorithm using
the MMFF94 forcefield.32

Docking. Flexible ligand docking to NQO1 was performed using
the computer program GOLD 2.2.15 The NQO1 dimer was used
for docking purposes, and the docking calculations were performed
on one of the two identical active sites. Hydrogens atoms were
added, and their positions were optimized using SYBYL. The active
site of human NQO1 was defined on the basis of the ligand position
in 2F1O, as amino acids with atoms falling within a 5 Å radius
sphere of ligand atoms. GOLD uses a genetic algorithm (GA)
whereby the molecular features of a protein–ligand complex are
encoded as a chromosome. Each GA run comprised 100 000 genetic
operations on an initial population of 100 members divided into
five subpopulations. Operator weights for crossover, mutation, and
migration were set to 95, 95, and 10, respectively. GOLD allows
a user-definable number of GA runs per ligand, each of which starts
from a different orientation. For these experiments, the number of
GA runs was set to 10, and scoring of the docked poses was
performed with the ChemScore scoring function.16 The top five
solutions for each ligand were retained and analyzed for favorable
interactions in the NQO1 active site including low protein–ligand
clash and ligand distortion energies.

Molecular Dynamics. Initial structures for MD of the NQO1
complexes of ligands 1 and 2 were based on the X-ray geometry
of hNQO1-dicoumarol.20 Hydrogens atoms were added using the
WHATIF33 program to optimize hydrogen bond networks. Ligands
were modeled in both of the symmetric active sites of NQO1 dimer.
Nonstandard residues (FAD and ligands) were assigned AM1-BCC
charges34 and nonelectrostatic parameters from the generalized
Amber force field.35 The tautomeric states of histidine residues were

determined according to the local environment. Chloride anions
were added to neutralize the system. Prior to minimization and MD,
the enzyme–inhibitor complex was immersed in a box of TIP3P
water. Periodic boundary conditions were imposed in conjunction
with the particle-mesh Ewald method36 for long-range electrostatics
interactions. A cutoff of 8 Å was used for Lennard-Jones interac-
tions, and SHAKE37 was used to constrain bond lengths between
heavy atoms and hydrogens. MD simulations using the AMBER
suite of programs38 were performed at 300 K with a time step of
2 fs. Energy minimization was followed by a short MD simulation,
in combination with restraints, to remove unfavorable contacts of
water and counterions and to fill vacuum pockets while keeping
the initial conformation of the protein complex fixed. Subsequent
equilibration involved smoothly decreasing harmonic restraints on
the complex and alternating P and V constraints, completing with
a 60 ps NVT simulation39 without constraints. After a total
equilibration of 200 ps, 6 ns of production dynamics was acquired
in the NVT ensemble. As a measure of equilibration for the four
compounds studied by molecular dynamics (vide infra), the root-
mean-square deviation of protein backbone atoms was monitored,
converging in each case to a value of around 2 Å (Supporting
Information Figure S5). For analysis, ligand CH2 linker torsion
C2-C3-C1′-C3″ is denoted �, and C3-C1′-C3″-C2″ is
denoted ψ (Figure 1A). Hydrogen bond occupancy was calculated
using a donor–acceptor heavy atom distance cutoff of 3.5 Å and a
deviation from linearity in hydrogen bonding angle of up to 60°.
Errors in MD averages were estimated using block averaging.

Inhibition of NQO1. Recombinant human NQO1 was prepared
and purified as described by Phillips.40 The enzyme was then diluted
in 50 mM phosphate buffer to give an absorbance of 0.1 at 550
nm; 5 µL of this solution was then mixed with 495 µL of 50 mM
phosphate buffer at pH 7.4 containing 200 µM NADH, 70 µM
cytochrome c, 5 µM menadione, with or without 2 µM BSA, and
various concentrations of the potential inhibitor dissolved in DMSO
(final concentration 0.5% v/v). On some occasions, potential
inhibitors were dissolved in 0.13 M NaOH. The concentration of
menadione was chosen to correspond to the Km value for this
substrate determined under the same conditions. Reactions were
carried out at 25 °C, and cytochrome c reduction was monitored at
550 nm in a Beckman DU 650 spectrophotometer. IC50 values were
determined using nonlinear curve fitting as implemented in the
program Excel for which a 50% reduction of the initial rate was
attained.

Detection of Intracellular Superoxide. Intracellular superoxide
production was measured using the oxidation of dihydroethidium.
For these experiments, exponentially growing human pancreatic
MIA PaCa-2 cells were harvested by trypsinization, washed in PBS,
counted using a hemocytometer, and 1 × 106 cells were treated
with vehicle (NaOH), the NQO1 inhibitors, or 50 µM dimethyl-
naphthoquinone (DMNQ, as positive control) in complete media
for 4 h at 37 °C. After drug treatment, 10 µM dihydroethidium
was added, and the cells were incubated for an additional 30 min.
Subsequently, the cells were centrifuged and resuspended in 1 mL
of PBS. Conversion of dihydroethidium to a fluorescent oxidized
productwasmeasuredbyflowcytometry(FACScan,Becton-Dickinson).

Measurement of Oxygen Respiration. MIA PaCa-2 cells were
harvested by trypsinization, washed in PBS, counted, and resus-
pended in complete media at 37 °C. Oxygen consumption was
measured in complete medium with 2 × 106 cells in suspension at
37 °C. The oxygen utilization was measured over 15 min, and
oxygen consumption was calculated over a 5 min time period.
Calculations of dissolved oxygen were corrected for temperature
(37 °C) and pressure (762 mmHg).

Cytotoxicity Assays. MIA PaCa-2 cells were exposed to varying
concentrations of each compound for 96 h. The number of surviving
cells was then determined by the use of the MTT assay.41 Values
of IC50 are the drug concentrations required to reduce cell number
by 50% over this time period relative to untreated, control cells.
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