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Abstract Isothiocyanates (ITC) are well-known chemo-
preventive agents extracted from vegetables. This activity
results from the activation of human oxidoreductase. In this
letter, the uncompetitive activatory mechanism of ITC was
investigated using docking and molecular dynamics simu-
lations. This indicates that NAD(P)H:quinone oxidoreduc-
tase can efficiently improve enzyme-substrate recognition
within the catalytic site if the ITC activator supports the
interaction in the uncompetitive binding site.
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Introduction

Over the last few years there has been increasing interest
in the role of sulforaphane (SP) compounds as cancer
chemoprotective agents. SPs, phytochemical isothiocya-
nates (ITC), protected against chemically induced tumors

in a variety of animal organs [1, 2]. ITCs are found in a
large number of edible plants, particularly those in the
crucifer family [3–5]. The epidemiological studies have
repeatedly shown that the consumption of these vegetables
reduces the risk of many types of cancer in humans [6, 7].
ITCs were found to elevate phase II enzyme activities, like
glutathione S-transferases and DT diaphorase in a variety
of cancer cell lines [8–10]. It was observed that ITCs
blocking DNA damage by both inhibition of carcinogen
activation through inhibition of phase I enzymes, mainly
cytochromes P450 and detoxification of reactive carcino-
gens through induction of phase II enzymes. ITCs
removed premalignant and malignant cells through the
activation of apoptosis [1, 8, 9], which has been shown to
inhibit both initiation and post-initiation phases in animal
models of chemical carcinogenesis [11–14] and the role of
NAD(P)H:quinone oxidoreductase seems to be of key
importance here.

Human NAD(P)H:quinone oxidoreductase is a homodi-
meric enzyme overexpressed in a variety of solid tumors,
which makes it an interesting target for antitumor drugs.
This enzyme plays a protective antioxidant role. It catalyzes
reduction of quinones to hydroquinones — see Fig. 1. At
the same time it is capable of bioactivation of various
prodrugs of the E09 or RH1 to their cytotoxic species.
Several novel inhibitor series of this enzyme have been
reported recently [15]. Moreover, a virtual screening was
performed in the library of more than 700,000 molecules to
identify potential NAD(P)H:quinone oxidoreductase
ligands by molecular docking [16].

We have previously reported the synthesis of new ITC
analogues activating NAD(P)H:quinone oxidoreductase
[17, 18]. We described also the differential response of
human healthy lymphoblastoid and CCRF-SB leukemia
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cells to these compounds [18]. We also attempted to explain
the induction of apoptosis by ITC in cell lines carrying
various inherited BRCA1 mutations [19]. In the previous
studies we were not able to indicate the molecular basis for
ITC activation; however; the previously described mechanism
of NQO1 activation involves signaling pathways Keap1/Nrf2/
ARE and AhR/XRE. Thus, sulforaphane can bring about an
increase in transcriptional activity resulting also in the increase
of NQO1 level, which activates the enzyme activity [2].

On the other hand, we have recently observed that
sulforaphane and its analogues can efficiently bind proteins,
e.g., albumin, CYP1A1 and CYP1A2 [20]. We also
observed that these molecules can be efficiently docked in
the catalytic site of the oxidoreductase structure. However,
an attempt to model quantitatively this mechanism by
molecular docking within the binding site of the enzyme
followed by the CoMSA analysis provided 3D QSAR
model only slightly better than this resulted from the
receptor independent ligand based superimposition [21].

Therefore, we attempted here to thoroughly probe the
potential activation of the oxidoreductase by sulforaphane
binding. The aim of the present study was to use molecular

docking to search for the alternative uncompetitive binding
site (UBS) in the oxidoreductase. Thus, we used this
method to observe the pattern of the distribution of the
large population of ITC conformers within the enzyme.
Based on this pattern we decided to indicate the most
highly populated site as a possible UBS. Then, using the
molecular dynamic simulations (MDs) we attempted to
reveal the influence of this effect on the hypothetical
interaction of the second series compounds interacting with
the oxidoreductase in the active site, as reported previously
[15].

Table 1 ITC activators of NAD(P)H:quinone oxidoreductase. Data
according to publications [17, 18, 21, 22]

Compounds Structure Activity pIC50

a1 SCN(CH2)5CH3 −1.18
a2 SCN(CH2)4(S=O)CH3 0.70

a3 SCNCH2(C=O)CH3 0.70

a4 SCN(CH2)4(S=O)(CH2)3CH3 −0.30
a5 SCN(CH2)4(S=O)CH3 0.40

a6 SCN(CH2)4(C=O)SCH3 −0.45
a7 SCN(CH2)4(C=O)OCH3 −0.45
a8 SCN(CH2)4CN −0.30
a9 SCN(CH2)5(S=O)CH3 −0.20
a10 SCN(CH2)4(C=O)CH3 0.30

Fig. 1 Schematic reaction catalyzed by human NAD(P)H:quinone oxidoreductase

Table 2 Indoquinoline inhibitors of reductase. Data according to
reference [15]

N

O

O

Y

X

O

R

Compounds Structure Activity

IC50 [ M]
X Y R 4h 72h

i1 OMe H p-nitrophenyl 0.63 0.51

i2 H OMe p-nitrophenyl 0.64 0.35

i3 OMe H phenyl 1.39 0.96

i4 H OMe phenyl 4.56 0.41

i5 OMe H 4-pirydyl 2.01 2.17

i6 H OMe 4-pirydyl 2.56 3.12

i7 OMe H acetyl 2.42 2.16

i8 H OMe H 2.15 1.99

i9 OMe H H 2.17 2.16

µ
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Data sets and methodology

The chemical structures of ITC analogues a1-a10 and their
quinone oxidoreductase activation rate were reported
according to the references [17, 18, 22, 23] and are shown
in Table 1. Table 2 contains structures and inhibition
potency data of a series of indoquinolinone reductase
inhibitors (i1–i9) extracted from the literature [15, 24].
This series is supplemented with diqumarol dq which is a
known oxidoreductase inhibitor of the high activity [25].
Protomers, tautomers and conformers built for compounds
a1–a10; i1–i9 and dq were optimized and partial atomic
charges were calculated using the MMFF94x forcefield.

The structure of NAD(P)H:quinone oxidoreductase was
taken from 1D4A PDB entry containing four amino acid
chains complexed with four molecules of flavin adenine
dinucleotide (FAD) [26]. The protein structure was pre-

pared for docking as described previously. This included
the addition of missing hydrogens, protein solvatation, the
calculation of the atomic partial charges (AMBER99) and
the protonation of the protein at physiological pH 7.4 using
the PROPKA related method [27].

During docking a series of poses (ligand-protein com-
plexes of particular conformation and mutual orientation)
were generated for each molecule. The algorithm for the
optimization of the ligand-protein orientation works by the
alignment of triplets of ligand atoms on triplets of site
points which are the centers of alpha spheres [28] created in
the potential binding sites. During the simulation the
conformations were generated progressively from a single
conformer (protomer, tautomer) by applying a collection of
preferred torsions angles to the rotatable bonds. The quality of
each alignment was further assessed by the London dG (LdG)
scoring function (SF) which estimates the free energy of

Fig. 2 A search for the UBS by molecular docking. The first step was
to generate alpha spheres all over the protein surface but in the CBS
(a); the docking resulted in 300 poses scattered on the protein (b); the

majority of poses (>57%) gathers within the yellow circle (c) which
reveals the potential UBS. Details in text

Fig. 3 Interaction plot illustrating a binding of the activator a2 in the
UBS. Two interactions with ASN45 and ASN47 residues via water
molecules are displayed involving —NCS and -SO- functionalities.

Brown lines denote solvent contact interactions, blue areas on ligand
atoms and blue shadow of amino acid residues represent ligand and
receptor exposures respectively
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binding of the ligand and a set of the highest scored poses
were chosen for each molecule (pose) docked [29].

Further investigation were completed using coarse-
grained protein representation (reduced dynamics ap-
proach). We applied the one-bead force field for HIV-1
protease described previously by Tozzini et al. [30, 31] and
Langevin dynamics [32, 33].

Software

Molecular modeling and molecular dynamics simulations
were conducted using the Sybyl/Tripos and CCG MOE
software packages and reduced molecular dynamics were
conducted using ICM RedMD package running on the Intel
Pentium PC with the GNU/Linux operating system.

Results and discussion

It was discovered and described in the literature that the
catalytic core of quinone oxidoreductase is located in the
vicinity of TYR128 [26]. We have reported previously that
ITC molecules can be docked within this place, however,
both the scoring functions for docking and the resulted 3D
QSAR provided only poor quantitative models [21]. In
order to reveal other possible binding sites for these
compounds we generated alpha spheres all over the protein
surface but in the catalytic binding site (CBS) (Fig. 2a). The
docking provided 300 poses scattered on the protein
(Fig. 2b). The analysis of this indicates that the majority
of poses (>58%) concentrated in one site on the enzyme
surface, in the proximity of the CBS. This suggests that the
ITC activation mechanism may be of the uncompetitive
nature involving the UBS (Fig. 2c). Additionally we tested
some other potential UBSs (>7%, >6%) using the above

procedure but the SF increase or interaction improvement
was not noticed.

A visual inspection of activator-protein interactions in
UBS allowed us to observe frequent interactions of
activators a1–a10 with ASN45 and ASN47 residues. This
involves the -NCS, -CO-, -SO- ITC functionalities and
can occur either directly or via water molecules (Fig. 3).
As binding activator in the UBS could result in the
CBS changes we attempted to model this effect using
the MD simulations. Thus, prior to MDs, each activator-
1D4A complex was minimized to energy gradient
0.01 kcal mol−1 and then molecular dynamics were
performed using forcefields AMBER99 and MMFF94x
with the Nosé-Poincaré-Andersen [34, 35] algorithm
under constant temperature and volume. Although there
were several controversies over the application of
MMFF94 to MDs [36] we decided to use the MMFF94x
variant in our simulations. MMFF94 is reported as the
efficient forcefield for minimizing ligand-protein com-
plexes [36, 37], furthermore, the MMFF94x variant
ensures planar geometry of the peptide bonds [38].
Moreover, parametrization problems in AMBER99 made
this approach unfeasible. The simulation time was 1 ns
with the step 2 fs under 300 K. The partial charges
(AMBER99) were recalculated after the MD simulation.
In order to control possible artifacts we additionally
performed a blind test using strictly the same protocol in
which activator-enzyme structure was replaced by the
enzyme without the activator. As these were expensive
and time consuming processes we selected only several
representative protein-activator complexes, namely, with
compounds a1, a2, a3, a7, a9, a10. This selection was

Table 3 RMSD (Å) values of α carbons of chain D and TYR128.
Two references were used, the 1D4A plain enzyme model and the
blind test model resulted in MD. Details in text

1D4A model Chain D Chain D TYR128 only

In relation
to 1D4A

In relation
to blind test

In relation
to 1D4A

In relation
to blind test

blind test 1.3 (0) 5.2 (0)

with a1 1.3 1.5 2.3 4.2

with a2 1.3 1.5 1.3 5.6

with a3 1.2 1.3 1.2 4.1

with a7 1.4 1.2 4.0 2.0

with a9 1.5 1.4 2.5 3.7

with a10 1.4 1.2 2.2 4.6

Fig. 4 The changes of the position of TYR128 residues at the
opening to the CBS as resulted from the activator binding in the UBS,
as simulated by MD. Color codes are as follows: gray — 1D4A plane
enzyme; cyan— blind test; red— with a7; yellow— with a9; orange—
with a1; green — with a2; blue — with a3. Details in text
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made on the basis of the activity values and structural
diversity of the compounds. The results were analyzed by
the RMSD values of the chain D and TYR128 in the
1D4A and the 1D4A-activator complexes (Table 3), if
compared to 1D4A in the initial and after MD blind test
states. The main differences can be observed in the RMSD
of TYR128. A large RMSD (TYR128) of 5.2 Å exists
between the 1D4A initial state and 1D4A after blind test.
Similarly the large RMSD (TYR128) values describe the
differences between the 1D4A-activator complexes in
relation to the 1D4A after blind test. In contrary, the
activator if present, makes the position of TYR128 in
1D4A after MD more similar to the position TYR128
in the initial 1D4A (lower values of TYR128 RMSD in
1D4A-activator in relation to 1D4A). The importance of
the TYR128 in the substrate binding suggests that
activator binding in UBS can affect substrate activity in
CBS. Indeed, Fig. 4 shows changes in the TYR128
position as resulted in MDs discussed above. The most
active activators (green and blue) bend the TYR128 loop
into the CBS whereas the medium or low effective
activators in UBS (blind test) causes the TYR128 loop
bends outside the CBS. The latter effect can also be
observed in the absence of the activator.

In order to test this hypothesis we performed further
experiment in which the activator-ligand complexes and
blind test systems as obtained form the MDs were used as
the target for the hypothetical further docking of i1–i9 and
dq in the CBS. The alignment process was done using
alpha spheres located in the direct neighborhood of
TYR128. Docking algorithm was essentially the same as
in the case of activators though additional refinement step
was performed to minimize each pose (MMFF94x) and
then recalculate the SF. Table 4 presents the SF values for
the best docked poses of each inhibitor within the presence
of activator in the UBS and for the blind test. The lower a
value of the SF the better the fit of the inhibitor. Thus, in

the majority of cases the activator, if present, in the UBS,
enhances binding as indicated by the decrease of the SF
value for the substrates docked in the CBS. Only several
activator/substrate/enzyme systems do not follow this rule.
These are i2/a1; i10/a3, i9/a7 and i7/a10.

It seems that the movements of several amino acids in
the UBS are constrained by the presence of the activator
resulting in some changes of the CBS. Further testing of
this hypothesis have been performed using the reduced
dynamic approach (RedMD), which utilizes the coarse-
grained models of the proteins. Thus, two representations
of NAD(P)H:quinine oxidoreductase have been prepared

Inhibitor London dG scoring functions between the enzyme and enzyme/activator/substratea/

1D4A b/ with a1c/ With a2c/ with a3c/ with a7c/ with a9c/ with a10c/

i1 −13.75 −19.03 −17.95 −20.70 −15.33 −19.69 −16.62
i2 −14.08 −13.89 −18.25 −18.78 −14.44 −20.31 −19.32
i3 −12.39 −18.69 −17.19 −14.81 −14.88 −18.52 −16.23
i4 −12.06 −16.31 −15.58 −18.09 −13.14 −17.88 −20.25
i5 −12.45 −17.28 −15.84 −19.03 −13.93 −18.83 −17.69
i6 −11.36 −17.70 −15.21 −16.24 −12.54 −17.68 −19.60
i7 −11.64 −17.07 −15.88 −16.30 −11.73 −17.06 −8.86
i8 −11.71 −17.00 −12.84 −17.70 −11.85 −14.88 −15.81
i9 −13.32 −15.64 −13.81 −17.18 −11.44 −15.75 −16.56
dq −11.41 −14.78 −18.78 −12.01 −15.72 −19.97 −16.87

Table 4 The LdG scoring func-
tions of best docked poses of the
indoquinolinone inhibitors
depending on the presence of
activator and the binding site. The
blind test was performed using
all steps applied in the activity-
mechanism simulations

a/LdG/ [kcal mol−1 ]

b/blind test for the enzyme
without any activator

c/activators were additionally
optimized before the calculations
of the parameters reported.

Fig. 5 Histograms of RMSD of alpha carbon (CA) of TYR128 of
the referenced (red) and modified (blue) structures calculated
against its reference position taken from the original 1D4A file
for the all 10 trajectories — nrf denotes number of frames; subplot
in logarithmic scale
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Fig. 6 Interaction plots illustrat-
ing a binding of inhibitor i2
without any activator (the blind
test) (a), in the presence of a3
(b) and in the presence of a10
(c) activators. If the activator is
present (b and c) the direct
interactions with TYR128 as
well as more frequent indirect
interactions via water molecules
with other residues can be ob-
served. Brown lines denote sol-
vent contact interactions, green
arrow ended lines denote side-
chain hydrogen bond donors,
blue areas on ligand atoms and
blue shadow of amino acid
residues represent ligand and
receptor exposures respectively
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by changing each amino acid with artificial alpha carbon
atoms heaving appropriate properties to fake replaced
amino acids. The first representation mimics the original
1D4A crystal structure, whereas the second one has
modified properties of ASN45÷47 of chain B and D,
respectively. Generally, it reflects the constrains caused
by the presents of activators in the UBS. Moreover, the
applied modifications resulted in the increase of masses
and harmonic constant. Afterward, both representations
have been used in Langevin’s dynamics simulations
repeated 10 times with different random seeds. The
whole trajectory time was 10 times 20 ns with temper-
ature of 300 K. The atomic coordinates of the system
were sampled every 20 fs. Then, the entire set of the
obtained frames has been superimposed by ASN45÷47
of chain B and D, respectively.

Figure 5 represents the resulting histograms of RMSD
of alpha carbon (CA) of TYR128 calculated against its
reference position taken from the original 1D4A file for
the whole trajectory. The red color indicates TYR128
CA of the 1D4A reference structure, while the blue one
shows TYR128 CA of the modified representations.
Taking into account the imposed constraints on residues
45÷47 minor but noticeable change of TYR128 CA
behavior during the simulations might be noticed. The
detailed analysis of the histogram revealed that TYR128
CA occupied approximately 5% more time in the mean
aberration. Additionally, it seems that TYR128 is less
prone to the high deviation as it is shown in the subplot
with logarithmic scale. The above conclusion might
prove our previous observations. We observed that the
constraints of 45÷47 residues either by the presence of
the activators or by manual modifications makes the
position of TYR128 resulting from MD simulations
more similar to its reference coordinates in the initial
1D4A file. Moreover, quite similar findings were obtained for
HIST161, which plays the pivotal role in the substrate
binding in the CBS.

On the other hand we also observed the changes in
behavior of other amino acids CAs. However, observed
changes were of low importance.

In many recent papers authors claim that the scoring
functions describing molecular docking experiments cannot
be quantitatively correlated to biological activity [39].
Thus, in Fig. 6 we presented the two-dimensional ligand-
receptor interaction diagrams which allows one to qualita-
tively observe binding in the presence of activators. This
depicts relatively strong connections or hydrogen bonds as
well as electrostatic or charge-transfer interactions between
a ligand and the respective amino acid residues. The
comparison of the individual poses for the activator/enzyme
(Fig. 6bc) with those resulted for the plane enzyme
(Fig. 6a) indicates that the activator enables substrate to

get easier in the catalytic core expanding a molecular
volume inside receptor and simultaneously improves the
solvent exposure of TYR128.

Conclusions

In conclusion the activatory effect on NAD(P)H:quinone
oxidoreductase enzyme was investigated using molecular
dynamics and molecular docking. This allowed us to find a
hypothetical UBS for the series of ITC compounds. The
ASN45 and ASN47 amino acid residues were recognized
as the most probable binding residues in the UBS where
ITC analogues were bound. Using the MDs for the enzyme/
activator/substrate systems allowed us to indicate the
enhancement of the substrate binding within the CBS, and
thus directly simulate the protein activation effect. This
effect can indicate an alternative mechanism of the
oxidoreductase activation. We are now performing the
series of experiments to prove this experimentally.
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