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Abstract—From in silico docking and COMPARE analysis, novel inhibitors of human NAD(P)H quinone oxidoreductase (NQO1)
have been identified from the NCI compound database, the most potent of which has an observed ICsy of 0.7 pM. The inhibitors
exhibit a diverse range of scaffolds. The ability of docking calculations to predict experimentally determined binding affinities for
NQOL1 is discussed, considering the influence of target flexibility and scoring function.

© 2006 Elsevier Ltd. All rights reserved.

Human NAD(P)H quinone oxidoreductase (NQOI1, DT
diaphorase, EC 1.6.99.2) is a homodimeric enzyme with
one molecule of non-covalently bound FAD per mono-
mer.! It is biochemically characterized by its unique
ability to use either NADH or NADPH as reducing
cofactors with equal efficiency.? NQO1 is widely distrib-
uted in animals, plants, and bacteria. In humans, it is
constitutively expressed in a variety of tissues through-
out the body with highest levels in epithelial and
endothelial cells, particularly of the kidney and gastroin-
testinal tract.®> NQOI is over-expressed in many solid
tumours compared to surrounding normal tissue, thus
making it an attractive target for selective anti-cancer
drug development.* The enzyme is an oxygen indepen-
dent two electron reductase that functions as a
protective enzyme,® an antioxidant enzyme,® and an
enzyme capable of bioactivating a variety of prodrugs,
such as EO9 and RHI, to their cytotoxic species
(Fig. 1).7

The catalytic mechanism of action of NQOI1 relies on
sequential two electron transfer from NAD(P)H to
FAD to the substrate.! This so-called ‘ping-pong’ reac-
tion is competitively inhibited by the anticoagulant dic-
oumarol (Fig. 1).8 Additionally, the mechanism-based
suicide inhibitor ES936 has been shown to bind and
alkylate the active site of the enzyme (Fig. 1).° Recent
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evidence suggests another role of NQOI may be to de-
fend cells against oxidative damage. This is supported
by both dicoumarol and ES936 being able to inhibit
the growth of high NQOI1 expressing pancreatic tumour
cells in vitro and in vivo.!°

Several crystal structures of NQOI1 have been solved
making a structure-based drug discovery approach pos-
sible. The crystal structures of NQOI1 show that two
domains form each monomer: an N-terminal catalytic
domain (residues 1-221) and a C-terminal domain (res-
idues 222-274) which is involved in dimerization.!! The
catalytic domain comprises a central parallel B-sheet in
the middle of a number of connecting helices whilst
the smaller C-terminal domain is composed of an anti-
parallel hairpin motif, an a-helix and several loops.!!!
Two independent active sites are located at opposite
ends of the dimer and contain residues from each mono-
mer. The active sites are essentially large hydrophobic
pockets where the NAD(P)H cofactor and substrate
can bind independently. The active site of NQOI1 can
accommodate a broad range of substrates. !

In the present study, we applied a virtual screening ap-
proach to identify potential candidate ligands for
NQOI1 (either novel substrates or inhibitors for lead
optimization). This strategy involved a hierarchical
computational screening of the National Cancer Insti-
tute (NCI) database using computational molecular
docking. The database was selected on the basis that
biological data were available for many of the
compounds. The NCI inventory contains over 700,000
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Figure 1. Known substrates and inhibitors of NQOI.

contributed compounds and includes both natural and
synthetic structures (http://www.dtp.nih.gov).!3 Addi-
tionally, the NCI conducts an anti-cancer drug develop-
ment programme which provides an initial in vitro
screen to evaluate compounds for potential anti-cancer
activity. The NCI in vitro cancer screen is unique since
the results of any compound showing promise are used
to produce a biological response pattern which is then
utilized in pattern recognition algorithms such as COM-
PARE.'?> The COMPARE algorithm may be used to
determine a potential mechanism of action of a test
compound or identify whether the biological response
pattern is similar to any other compounds included in
the NCI database.!* Furthermore, following character-
ization of various molecular targets in the 60 cell line
panel, it may be feasible to select compounds most likely
to interact with a specific molecular target.'* Here, we
applied both database searching methods, with subse-
quent biochemical evaluation for their ability to act as
substrates or inhibitors of NQOI.

Docking calculations initially used DOCK 4.0,'> based
on its previous performance in our hands'® and others.!”
Docking was conducted using the crystal structure of
human NQOI1 with the co-crystallized ligand EO9 re-
moved (PDB entry 1GGS5; 2.5 A).!? The active site of
human NQOI, based around residues Trp105, Phel06,
Gly149, Gly150, Tyrl155, Hisl61, His194, Pro68’,
Tyr126’, Tyr128’, Glyl174’, Phel78’, and FAD (Fig. 2),
was used to generate a Connolly molecular surface with
a probe radius of 1.4 A. A 58 sphere negative image of
the active site was generated. A scoring grid (resolution
of 0.3 A/grid point) was calculated based on the
AMBER united atom forcefield and charges. A distance-
dependent dielectric function of 4.0r, a non-bonded
energy cutoff distance of 10 A and a bump overlap of
0.75 A was used. Ligands were assigned Gasteiger—Mar-
sili charges'® and 3-D coordinates using the program
CORINA." These compounds are referred to by their
unique NSC identifier using the NCI convention.
SYBYL 6.8 was used for molecular visualization.?’

Prior to docking of the NCI database, a series of
validation tests were performed to ascertain the optimal
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Figure 2. The active site residues of human NQOI.
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computational parameters for docking via DOCK. The
quality of docking was assessed by comparing the root
mean square deviation (RMSD) of the docked pose to
that of the crystal structure. EO9 was docked back into
the active site of NQOI1 with an RMSD of 1.3 A from
the crystal structure (the quinone ring was <0.9 A).
The in silico screening strategy involved an initial filter
to select for bioavailability using in-house software.!®
This removed ligands of greater than 500 g/mol and
absolute charge of greater than le.?! The NCI database
was then subject to rigid-body docking from which the
top-ranked 2000 compounds were retained for further
analysis via flexible ligand docking. The top 200 highest
scoring compounds were further filtered by identifying
appealing interactions and by pharmacokinetic consid-
erations.?! Of the 100 top-ranked compounds, 21 were
available for biochemical evaluation from the NCI
repository.

The COMPARE database was also mined using NQOI1
as a molecular target to identify compounds that statis-
tically may be potential substrates or inhibitors.'? All
hits were then docked allowing full ligand flexibility
to ascertain binding mode and affinity. Of the 25
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compounds requested from the NCI repository, 7
compounds were available for assay.

The combined set of 28 compounds from the two data-
base searches was evaluated for biological activity as fol-
lows: recombinant human NQOI1 was prepared and
purified as described by Phillips.?? The enzyme was then
diluted in 50 mM phosphate buffer to give an absor-
bance of 0.1 at 550nm; Spl of this solution was then
mixed with 495 ul of 50 mM phosphate buffer containing
200 uM NADH, 70 uM cytochrome c, 2 uM BSA, vari-
ous concentrations of the potential inhibitor dissolved in
DMSO (maximum concentration 0.5% v/v) and 3 uM
menadione at pH 7.4. This concentration of menadione
was chosen to correspond to the K, value for this sub-
strate determined under the same conditions. The
DMSO concentration used is sufficiently small to ensure
minimal perturbation of hydrogen bonding networks in
aqueous NQO1 complexes. Reactions were carried out
at 25 °C and cytochrome c reduction was monitored at
550 nm in a Beckman DU 650 spectrophotometer.
ICsy values were determined using nonlinear curve fit-
ting as implemented in the program Excel for which a
50% reduction of the initial rate was attained. Each
compound was also tested for its ability to act as a sub-
strate by repeating the experiment in the absence of
menadione. All reactions were carried out in triplicate
and all of the compounds evaluated transpired to be
inhibitors. The 28 compounds are ranked according to
ICso in Table 1.

Calculated binding energies from DOCK for the 200
top-ranked ligands ranged up to —61 kcal/mol and were
significantly higher than for the crystallographic ligand
EO9 (-39 kcal/mol) or for the competitive inhibitor,
dicoumarol (—38 kcal/mol). The docking studies con-
firm that the active site of NQOI1 can accommodate
ligands of different size and structure, adopting a variety
of binding modes and interactions. This is demonstrated
by the number of structurally diverse scaffolds shown in
Table 1. Most ligands made at least two hydrogen bond
contacts with active site residues, primarily Tyrl126’,
Tyr128’, and Hisl61 (Fig. 2); these residues are known
to be important in the catalytic mechanism of NQO1.!
Furthermore, many of the compounds made additional
hydrogen bonds with other residues such as Gly149,
Gly150, and His194 (Fig. 2). However, this was largely
seen with the higher molecular weight molecules. Com-
pounds with heteroaromatic ring systems appeared to
stack between the FAD and Phel78’ via n-overlap with
the isoalloxazine ring. Further hydrophobic interactions
were made with Trpl05 and Phel06. Eight out of the
top 100 ranked compounds from the in silico screen pos-
sessed an acridine-based motif, perhaps not unexpected
given the planar nature of these intercalators.

Interestingly, the compound ranked 23rd out of 200
from the in silico screen with a binding energy of
—51 kcal/mol was AQ4M (NSC684664, Fig. 3 and Table
1), the mono N-oxide anthraquinone intermediate in the
metabolism of bioreductive drug AQ4N which is cur-
rently in Phase I/II clinical trials. The calculated binding
of the prodrug AQ4N and its putative cytotoxic product

AQ4 were consequently assessed and also demonstrated
strong affinity for NQO1 (—54 and -—52 kcal/mol,
respectively). Although dicoumarol showed a relatively
low calculated binding energy, it remained the most effi-
cient competitive inhibitor of NQOI1-mediated reduction
of menadione (ICsy = 0.45 uM).

No clear correlation could be established between the
calculated binding affinity and experimentally deter-
mined ICs, values for the 28 ligands. In a bid to improve
the correlation between I1Csy and calculated score, the li-
gand set was re-evaluated using the two scoring func-
tions GoldScore and ChemScore, implemented in the
genetic algorithm-based docking program, GOLD2.2.%3
The GOLD method allows a limited degree of side-chain
flexibility (terminal H rotations). A validation test was
performed using GOLD/ChemScore, where EO9 was
docked back into its crystal structure with an RMSD
of 0.6 A (see Supplementary Data). However, for the
28 compounds, once again no significant correlation
with ICsq could be ascertained with either GoldScore
or ChemScore scoring functions. We did observe a weak
relationship (> = 0.5) between DOCK and ChemScore
energies (Table 1).

In an effort to include more protein flexibility in docking
calculations, two further crystal structures of human
NQO1 were studied: PDB entry 1IKBQ (1.8 A),>* a com-
plex with mechanism-based inhibitor ES936; and PDB
entry 1H66 (2.0 A)!2, containing the bioreductive drug
RHI1 (Fig. 1). The differences in active site conformation
have been described previously and reflect modest
changes in the side-chain conformations of Tyrl26’,
Tyr128’, and mainly His161.%° For validation, all three
crystal ligands were docked back into their native com-
plexes using DOCK or GOLD/ChemScore: an RMSD
of <1.4 A was found, and all native hydrogen bonds
were recovered.

For the set of 28 compounds, the binding modes for
many of the docked poses from DOCK and GOLD/
ChemScore were positioned in a similar spatial orien-
tation in the active site and made comparable binding
interactions; this was true across the three protein
crystal structures. The compound with the best mea-
sured ICsy, NSC645827 (Table 1), stacks against the
isoalloxazine ring in the active site of human NQOI,
forming polar contacts with Tyrl126’, Tyrl128’,
Glyl150, and Hisl6l (Fig. 4). Compound
NSC645808, which differs from NSC645827 in the
substitution of a N atom with a C atom in the five-
membered heteroaromatic ring (Table 1), lacks a polar
contact with Hisl61 and thus may contribute to its
14-fold reduced inhibitory activity relative to
NSC645827. DOCK and ChemScore rankings were
found not to vary significantly across the three crystal
structures (cross-correlation of r*> 0.8 for all combi-
nations, Supplementary Data). Consequently, no
improvement in correlation between the calculated
binding energies and the biochemical data by using
the three crystal geometries was obtained, reflecting
the modest difference in active site conformation
across the three crystal structures.?
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Table 1. 28 NCI compounds, their chemical structure, experimental ICs, values and DOCK interaction energy (kcal/mol)

NSC Heavy atoms Chemical structure Upind” ICso (UM)

645827 24 —49.9 (-31.9) 0.7
339583 28 —53.4 (=29.6) 2
354279 25 —51.5 (34.21) 2
275420 24 —51.3 (=37.9) 3
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(continued on next page)
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NSC Heavy atoms Chemical structure Upind” 1Cso (UM)
645808 24 —52.4 (=32.9) 10
224124 24 —51.3 (=33.5) 12.5
316158 26 N “O —53.7 (—28.6) 17.5
H
\

8735° 9 2N —20.5 (—24.5) 20
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337766 30 —58.3 (=37.6) 25
600586 28 —55.3 (=39.5) 25
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NSC Heavy atoms Chemical structure Uping® I1Cso (UM)
H H
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NSC Heavy atoms Chemical structure Uping® 1Cso (UM)
253272° 13 —26.2 (—14.2) 55
618201° 17 —-36.1 (—=30.5) 60
628440 32 —53.4 (—=39.1) 90
664238 28 —53.3 (—42.7) 90
o {
N~ M
/ N o
684664 31 O‘O —51.4 (—28.4) 95
NS O
Ho\
a
1424° 11 NS N —23.9 (—18.3) 105
Ly
N
\
!
658835 24 —N —51.7 (—42.4) 150
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Table 1 (continued)

NSC Heavy atoms Chemical structure Upind® 1Cso (UM)
—
102359 27 —55.1 (=30.8) 250
N S
H \(
#ChemScore binding energy values (kcal/mol) in parentheses.
®Signifies compounds identified from the COMPARE screen.
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Figure 3. NSC684664 in the active site of NQOI. Polar contacts are
shown as dashed lines.

Gly150

Figure 4. NSC645827 in the active site of NQOI1. Polar contacts are
shown as dashed lines.

Although no relationship could be established between
calculated binding affinity and experimentally
determined ICs, values, despite including target flexibil-
ity and exploring different scoring functions, a clear
correlation exists between the number of heavy atoms
and the calculated energy score (> = 0.86, Fig. 5). This
is interesting since Kuntz et al.>® demonstrated that
the experimental free energy of binding for a wide range
of ligands to a variety of macromolecular targets

-70 -60 -50 -40 -30 -20 -10 0
DOCK score (kcal/mol)

Figure 5. Number of heavy atoms versus DOCK energy score for
compounds in Table 1.

increased with the number of ligand non-hydrogen
atoms. However, for ligands containing more than 15
non-hydrogen atoms, the free energy of binding in-
creased very little with relative molecular mass (attribut-
ed to non-thermodynamic factors).?® A subsequent
analysis of the dominant interactions of the ligands
studied by Kuntz et al. suggested that van der Waals
contacts and hydrophobic effects may provide a ratio-
nale for understanding binding affinities across a diverse
set of ligands.?® Whereas the DOCK energy function be-
haves according to this observed relationship (Fig. 5),
the experimental ICs, data here interestingly do not,
although one might expect such a hypothesis to be par-
ticularly pertinent to ligands binding into the largely
hydrophobic active site of NQOI.

In conclusion, using both in silico docking and COM-
PARE analysis, novel inhibitors of human NQO1 have
been identified from the NCI compound database,
exhibiting a diverse range of scaffolds including, for
example, acridine-based frameworks.  Although
lower affinity than the known competitive inhibitor,
dicoumarol (ICsg = 0.45 uM), the most potent inhibitor
identified here, NSC645827 (ICs5o = 0.7 uM), satisfies all
the criteria proposed by Lipinski for a ligand with
favourable pharmacokinetic properties for future opti-
mization.?! These compounds were identified despite
difficulty in demonstrating a significant relationship be-
tween calculated and experimental binding affinity, even
including target flexibility and exploring different
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scoring functions.?’” A relationship was found between
calculated binding energy and the number of non-hy-
drogen ligand atoms, reflecting the steric complementar-
ity and hydrophobicity of the active site of NQOI, and
mirroring a previous empirically observed correlation.
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