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Discovery of Novel Anticancer Compounds Based on a
Quinoxalinehydrazine Pharmacophore

Jinxia Deng,” Laleh Taheri,” Fedora Grande,™® Francesca Aiello, ®' Antonio Garofalo,” and

Nouri Neamati*™

Quinoxalinehydrazines represent a novel class of compounds
with excellent potency in a panel of cancer cell lines. A prototype
compound, SC144, showed significant in vivo efficacy in mice
xenograft models of human breast cancer cells. The subsequent
structure-activity relationship study resulted in the discovery of
SC161 with better potency in cancer cell lines. Further exploring
the possible conformational space by a 10 ns molecular dynam-
ics simulation as presented herein, resulted in various pharmaco-
phore orientations. The trajectory analysis indicated that in most
of the simulation time, the molecule stays favorably in a com-
pact planarlike orientation. We therefore built a pharmacophore
model based on the cluster containing the highest number of
frames to represent the most probable orientation. The model
was used to screen a subset of our small molecule database con-

Introduction

With the recent advances in targeted therapeutics and the
progress in new approaches in target identification, novel anti-
cancer agents with new mechanisms of action are under inten-
sive investigation. We have previously shown that the class of
salicylhydrazide compounds (SC) exhibited nanomolar range
potency in a panel of human cancer cell lines. In as yet unpub-
lished data, we have discovered that SC144, a prototype of a
series of quinoxalinehydrazines, demonstrated significant
in vivo efficacy in mice xenograft models of human breast
cancer cells. Recently, we reported structure-activity relation-
ship studies by preparing a series of compounds using a one-
step coupling of 4-chloropyrrolo[1,2-alquinoxalines with pyra-
zin-2-carbohydrazide. The newly synthesized compounds were
tested against four human cancer cell lines by both MTT and
colony formation assays. These assays revealed that the substi-
tution at the 2-carbohydrazide moiety had a profound effect
on the activity of the drugs, and that SC161 showed much
higher activity than other analogues.™ While the specific target
and mechanism of SC161 is currently under investigation in
our laboratory, herein, we have further explored SC161 as a
lead molecule to design anticancer agents with better potency
and different pharmacokinetic properties.

The pharmacophore concept has been widely accepted as
an efficient tool for use in combination with various other
technologies in drug design and optimization.”® In general,
pharmacophore models can be generated either using a set of
known inhibitors or the active site of the enzyme. Ligand-
based pharmacophore models are generated by utilizing a set
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taining 350,000 compounds. We selected 35 compounds for the
initial cytotoxicity screen. Seventeen compounds belonging to ox-
adiazolopyrazine and quinoline class displayed cytotoxicity in
various cancer cell lines. Five of them, compounds 2, 6, 15, 16,
and 19, all bearing an oxadiazolopyrazine scaffold, showed ICs,
values <3 um in certain tumor cell lines. The most potent com-
pound, 2, showed IC, values <2 um in HCT116 p53*/*, HCT116
p53~, and HEY cells, and 8 um in NIH3T3 cells. This study shows
that conformational sampling of a lead small molecule followed
by representative pharmacophore model development is an effi-
cient approach for the rational design of novel anticancer agents
with similar or better potency than the original lead but with dif-
ferent physicochemical properties.

of known inhibitors. The use of pharmacophore models as
search queries are expected to retrieve novel compounds that
contain desirable pharmacophore features with diverse struc-
tural and chemical features. These compounds are then ex-
pected to bind to the drug target in a similar manner as the
model compounds and to exert a similar biological response.
This provides an extensive chemical space for lead identifica-
tion and optimization. Receptor-based pharmacophore models
are generated based on key chemical features in the active site
of an enzyme. The use of models as search queries is expected
to retrieve compounds containing complementary pharmaco-
phoric features and shape. A receptor-based approach requires
detailed and accurate information on the key features of the
enzyme active site that are involved in drug binding.”’ Both
pharmacophore model approaches have been successfully re-
ported in identifying novel inhibitors specific to certain drug
targets (for examples, see references [8-10]).

In this study, we focused on potent lead compound SC161
and carried out a 10 ns molecular dynamics (MD) simulation
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followed by cluster analysis of the trajectories. Then, a 3D
pharmacophore model was accordingly developed on the
basis of the representative conformation from a selected clus-
ter to capture the high probabilistic feature orientation. Next,
the pharmacophore model was applied to screen a subset of
our small molecule database. Finally, we selected novel com-
pounds and tested them against a panel of cancer cell lines to
confirm their cytotoxicity.

Results and Discussions
MD trajectory and cluster analysis

We previously applied MD simulations on HIV-1 integrase to
develop dynamic pharmacophore models bearing features
complementary to the target. The models were used as search-
ing queries to screen small molecule databases and identified
novel integrase inhibitors.®™'? In this study however, we em-
ployed a similar technique with a small-molecule lead, SC161.
The MD simulation was carried out in explicit water environ-
ment at the NVT ensemble. Energy profile over each 10 ns
showed that the whole system had an average potential
energy of —16576.1 kimol™' with <0.6% fluctuation, and an
average kinetic energy of 3189 kJmol™" with <2.0% fluctua-
tion. The total energy of the whole equilibrated system was
—13386 kJmol™' with 0.6% fluctuation, indicating the system
was in its well-established stable state. The average simulation
temperature was at 300 K with fluctuation less than 6 K.

Defined variables for measuring the conformational change

To characterize the conformational changes, six parameters
were initially defined to analyze the dynamic behavior of
SC161. As shown in Figure 1, two variables, d1 and d2, were
defined to sample the distance fluctuation between atom pairs
of N24 and 018, and of 018 and N13 (Figure 1b), respectively.
In addition, three torsional angles were monitored during the
simulations. Those were t1 defined by atoms N13-C14-N15-
N16, t2 defined by C14-N15-N16-C17, and t3 defined by atoms
N16-C17-C19-C20. In addition, a planar angle was defined de-
scribing the orientation between the planes set by the two ar-
omatic fragments of SC161. Plane | (P1 hereafter) was defined
by three atoms, C19, N21, and N24 of the pyrazine motif, and
plane Il (P2 hereafter) was defined by N5, N13, and C14 of the
quinoxaline scaffold.

Correlations among defined variables

Apparently, the conformational behavior was strictly depen-
dent on the three flexible dihedral angles, which could consis-
tently be monitored by the planar angle defined above and
the two distances d7 and d2. Figures 2 and 3 describe the dy-
namic behavior of SC161 by means of the time-dependence of
the defined variables. The snapshots were recorded at intervals
of 2 ps, and a total of 5001 frames represented the 10 ns simu-
lation studies. Among the three torsional angles, t7 (Figure 2a,
blue) is highly populated at a value close to 0° or 360°, which
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Figure 1. Structures of SC144 and SC161 and parameters defined to monitor
the conformational behavior of SC161. Defined variables: d1: 018-N24; d2:
018-N13; flexible torsion angles: t7:N13-C14-N15-N16, t2:C14-N15-N16-C17,
t3: N16-C17-C19-C20; Planar angle is defined by two planes as represented
by two gray surfaces: P1-C19N21N24 and P2-N5N13C14.

240

Time / ns

Figure 2. Time dependence of the three flexible torsional angles and the
planar angle behavior during the simulation. a) t1: blue; t2: pink; t3: green;
b) planar angle: gray.

represents the same orientation of the molecule, whereas t2
(pink in Figure 2a) stabilizes at its average of 180° with very
small fluctuation. This indicates that the two torsion angles, t7
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Figure 3. Time dependence of the two distance variables during the simula-
tion, d1: gray and d2: black.

and t2, are rather stable, and that no major conformational
change occurred to the quinoxalinehydrazine motif of SC161,
which is consistently depicted by the d2 (Figure 3, black) index
averaged at 4.8 A. This observation indicates that t7, t2, and d2
are not critical for conformational analysis and therefore are
not considered further. However, torsion angle, t3 (Figure 2b,
gray), apparently samples a larger angle space by covering an
entire range of 0-360°. This consequently leads to the wide
range fluctuation of both planar angle (red in Figure 2a) rang-
ing from 0-180°, and the d7 (Figure 3, gray) value ranging
from 2.7 A (cis position) to 3.8 A (trans position) around its
average of 3.5 A. As a result, the hydrazine motif actively flips
at different angles leading to the various conformational clus-
ters of SC161.

Furthermore, we performed
regression analysis to better un-
derstand the correlation of tor-
sion angle t3, distance dI, and
the planar angle. Figure 4a
shows a nearly symmetric profile
of distance d7 versus torsion
angle t3 with respect to the t3
value of 180° and a strong cor-
relation between d7 and t3 with
the correlation coefficient of 0.92
(R*=0.85). Likewise, planar angle
was selected and further corre-
lated with the torsion angle, t3,
as described by the scatter plot
in Figure4b. This shows a
strong linear correlation be-
tween the two variables as well
aligned by the linear equation
functions (symmetric with respect to the t3 value of 180) and
with a correlation coefficient of 0.95 (R*=0.89, respectively).
The regression analysis therefore confirms that the conforma-
tional change of SC161 solely depends on the behavior of tor-
sion t3.
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Snapshots cluster analysis

As discussed above, we clustered the conformation of SC161
simply based on the distributions of t3 value, which were cal-
culated from 5001 snapshots. Figure 5 shows the population
profile of the twelve clusters with an incremental step of 30°
in t3 value. As a result of the overlap between the conforma-
tions at t3 values of 0° and 360°, the first cluster contained the
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Figure 4. Regression analysis shows linear relationship between distance d1

(018-N24) and the torsion angle t3 (N13-C14-N15-N16), and strong correla-
tion between planar angle and the torsion angle t3.
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Clusters defined by t3 scale

Figure 5. Population of clusters grouped by the value range of torsion angle, t3. Each cluster covers the conforma-
tions with t3 values ranging within 30°. For example cluster B has frames with t3 ranging from 15-45° and cluster
C with t3 values from 45-75°, and so on, except cluster A with t3 values in the range of 345-15°.

frames with t3 ranging from 0-15° and 345-360°, labeled as
cluster A (345-15°). Subsequently, cluster B was formed by
frames with t3 values of 15-45°, C with t3 values of 45-75°
and so on till the twelfth cluster L formed. The population of
cluster frames shows a Gaussian distribution (Figure 5) with
the peak value of 1961 snapshots reached in the middle clus-
ter (G) of the t3 range between 180° +15°.

Pharmacophore development, database screenings, and
cytotoxicity assays

On the basis of the above cluster analysis, we focused on the
conformations collected in the top-ranked cluster G to build
the pharmacophore model. The average structure of the snap-
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shots was first generated, which essentially characterized the
dynamic behavior of the frames in the cluster. Then, seven fea-
tures were mapped onto the average structure. They are three
H-bond acceptors defined by the nitrogens of pyrazine and
the oxygen atom of the ketone, two H-bond donors defined
by the hydrazine linker, and the two hydrophobic features
were defined by the three-ring fragment of SC161 (Figure 6).

Figure 6. The seven feature model, based on the average structures of the
SC161 top-sized cluster, mapping against SC161. Green represents H-bond
acceptors; pink represents H-bond donors, and light blue represents hydro-
phobic features.

The pharmacophore model was applied to screen a subset
of our database containing 350,000 small molecules by Cata-
lyst software, and each compound is represented by an en-
semble of up to 250 conformations. In total, 938 compounds
were mapped by the derived model. With considerations for
structural diversity and calculated pharmacokinetic properties,
we initially tested 20 compounds and realized that those with
oxadiazolopyrazine or quinoline motif showed significant cyto-
toxicity. We thus extended our search to include more com-
pounds bearing the same scaffolds. Therefore, a total of 35
novel compounds were tested for their cytotoxic properties in
a panel of cancer cell lines.

Table 1 lists the compounds identified from this work along
with their predicted physiochemical properties and model-fit-
ting values. Cytotoxicity of these compounds against a panel
of cancer cell lines are summarized in Table 2. Seventeen com-
pounds showed IC, values < 10 um. Representatives of the ox-
adiazolopyrazine containing compounds are 2 and 6 with ICg,
values <3 pm in HCT116 p53**, HCT116 p53~'-, and HEY cells,
whereas 15 in the MDA-MB-435 cancer cell and quinoline ana-
logues such as 30 and 32 were, in general, less potent than ox-
adiazolopyrazines. The best compound, 2, displayed ICs, values
<2 um in HCT116 p53™*, HCT116 p53~~, and HEY cells. Addi-
tionally, 2 also exhibited mild toxicity against NIH3T3 (IC5,=
8 um). Compound 15 exhibited an ICs, value of 3.0 um and 6+
1.4 um against MDA-MB-435 cells and HEY cells, respectively.
19 was toxic to HCT116 p53** and p53~~ cells and HEY cells,
and yet not toxic to other selected cells at doses up to
10.0 uM. The cytotoxicity of 2 was further confirmed by the
colony formation assay. Figure 7 shows a representative result
of a colony formation assay in HCT p53*™*, and HEY cells treat-
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Figure 7. Compound 2 shows significant toxic effect in a) HCT p53** and
b) HEY cells as observed by colony formation assay of treatment on HCT
p53** and HEY cancer cells at several doses. At drug concentration

> 1 um, more than 95% of colonies were killed in HCT p53+/* cell.

ed with 2 at various doses. At a dose of 1 um of 2, >95% colo-
nies were killed in HCT p53** cells.

Figure 8 shows the representative compounds 2 and 17
mapped against the pharmacophore model derived from the

Figure 8. Mapping of selected oxadiazolopyrazines, 2 and 17, against the
pharmacophore model. Green represents H-bond acceptors; pink represents
H-bond donors, and light blue represents hydrophobic features. Compounds
are displayed as stick models, with carbon atoms in yellow (2) and light blue
(17).
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Table 1. Selected physiochemical properties of the tested compounds.”
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Table 1. (Continued)

Compd Structure MW pK, HBA®! HBD® MLogP'"? pSAd Fitting
(A% value
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Table 1. (Continued)
Compd Structure MW pK, HBA®! HBD® MLogP'"? pSAd Fitting
[A%] value
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Table 1. (Continued)
Compd Structure MW pK, HBA®! HBD® MLogP'"? pSAd Fitting
(A% value
N
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XX ©
N" "0
OH lo) N—N
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1
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[a] All properties were calculated by ADMET Predictor (SimulationsPlus, Inc.), except the fitting values of compound mapping against the pharmacophore
model, which were generated by Catalyst (Accelrys, Inc). [b] HBD: the number of H-bond donor atoms; HBA: the number of H-bond acceptor atoms.
[c] MlogP: Moriguchi octanol-water partition coefficient. [d] PSA: polar solvent accessible surface area [A7].
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Table 2. Cytotoxicity data of tested compounds in a panel of cell lines.
Cmpd ICs [um]
HCT116 HCT116 ~ MDA-MB-435 NIH3T3 HEY
p53+* p537/~
1 >10 10 5 >10 10
2 15+1 18+£07 7;8 6+14 13+04
3 >10 >10 >10 >10 5
4 4 3;2 10 6 10
5 2 11,12 >10 1 2;3
6 2.7+0.6 1.6+£0.7 4+£1 24+0.5 1.6+0.6
7 >10 55 >10 >10 2
8 2 1.1+£04 >10 >10 5
9 >20 >10 >20 >10 >10
10 >10 >10 >10 >10 >10
1 >10 2 >10 2 4
12 >10 10 >10 10 >10
13 >10 7 >10 10 >10
14 >10 7 >10 >10 10
15 5;10 8,7 3 10 6;8
16 15 0.8+0.1 4 2 0.8
17 741 >10 >20 >10 20,15
18 >10 >10 >10 1 >10
19 3;2 6;4 >10 >10 3;5
20 >10 >10 >10 10 8
21 >20 >10 >20 >10 >20
22 >10 >10 >10 >10 >10
23 >10 >10 >10 >10 >10
24 6;8 941 9 9 8+1.7
25 10 >10 >20 >10 >10
26 >20 >10 >20 20 20
27 >20 >10 >20 12 >20
28 >20 >10 >10 >10 19; 15
29 >20 >10 >20 >10 >20
30 6+3 8 7 5 10; 14
31 20 >10 >10 >10 >10
32 10£1 >10 20 8 15
33 18 5 17;18 14 5;3
34 20 10 >20 >10 7
35 5.0 42;34 6 11,6 35;2
Values with standard deviation are from at least three independent ex-
periments and others are as explicitly stated. Each experiment was gener-
ated from an average of four independent wells.

structural conformations of cluster G. Because of the multiple
conformations of each compound, various mapping orienta-
tions against the model were observed. In oxadiazolopyrazines,
the three H-bond acceptors could favorably be mapped by the
nitrogen atoms, while the N-H could map either of the H-bond
donors. On the other hand, only one of the hydrophobic fea-
tures could be mapped by the aromatic motif.

Conclusions

The purpose of this study was to explore the most probable
functional feature orientation in terms of pharmacophore de-
velopment from a lead compound, SC161, and to identify
structurally diverse cytotoxic compounds. Our 10 ns MD stud-
ies illustrate the dynamic behavior of SC161 and its preference
for a planar conformation. Moreover, the pharmacophore
model derived from the ensemble of the most probable con-
formations was successfully applied to map several com-
pounds showing comparable potency to that of SC161. This
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

study demonstrates that conformational sampling of a small
lead molecule is an efficient approach to build a representative
pharmacophore model to rationally design cytotoxic agents
with different physicochemical and druglike properties.

Experimental and Computational Methods
Molecular dynamics (MD)

The MD studies of SC161 were carried out by GROMACS"? soft-
ware package to simulate various biomolecular systems in aqueous
or lipid bilayer environments.'*" Initially, all the nonpolar hydro-
gens were removed and only polar hydrogens were kept. The par-
tial charges of SC161, which has polar hydrogens intact, were ob-
tained by ab initio calculation. We applied the unrestricted Har-
tree-Fock method equipped in the Gaussian program licensed to
the High Performance Computer Center (HPCC) of the University
of Southern California. The basis set, the set of one-electron wave
functions used to build molecular orbital wave functions, was set
to STO-3G with spin multiplicity of two. The topology file of SC161
consistent with GROMACS force field was generated by the public
access PRODRG online server, and was modified with the partial
atomic charges calculated from the above ab initio procedure.
Then, SC161 was centered in a box of 414 flexible SPC water mole-
cules, or Simple Point Charge water models, with the size of 2.82 x
2.49x1.86 nm>. GROMACS force field was used to describe bond-
ing and nonbonding interactions. Next, the whole system was
gradually equilibrated for 50 ps at each temperature of 50 K, 100 K,
150 K, 200 K, 250 K, and 300 K. Finally, the production phase was si-
mulated for 10 ns at 300 K in the canonical ensemble (NVT, the
number of particles N, the volume V, and the temperature T were
set to desired values). The chemical bond lengths involving hydro-
gen atoms were fixed with the SHAKE algorithm.”? A 2 fs time
step was used and both the energy and trajectory output were
collected every 2 ps. Van der Waals interactions and short-range
electrostatic interactions were truncated at 10.0 A with the particle
mesh Ewald method™ setting used for long-range electrostatic in-
teractions. Trajectory analysis including cluster analysis were car-
ried out using VEGA software package.***"

Pharmacophore model development and database search

The pharmacophore models were built on the selected snapshots
of SC161 conformation, which were taken from the MD trajectory.
Initially, the Catalyst software (Accelrys, Inc.) package was used to
import the SC161 conformation and map the functional features
(H-bond donor, H-bond acceptor, hydrophobic feature, or aromatic
ring) onto the frame. To develop the feature model, geometrical
constraints were assigned to each feature. For example, co-ordi-
nate and size of the feature, centered at the mapped atom or
motif was assigned a radius of 1.3 A for H-bond donor to avoid
feature overlapping, and 1.6 A for the rest of the features as de-
fault. All the selected features were merged into one pharmaco-
phore model. The generated model was used as an independent
search query to screen a subset of our 350,000 small-molecule da-
tabases. On the basis of intuitive structural classification, we select-
ed compounds representing the diverse chemical and structural
space for their cytotoxic properties. In this study, we reported two
classes of compounds representing oxadiazolopyrazines and qui-
nolines.
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Cytotoxicity Assay

Cell culture: Human breast cancer cells MDA-MB-435 were pur-
chased from the American Type Culture Collection (Manassas, VA).
The HCT116 p53*/* and HCT116 p53~/~ cells were kindly provided
by Dr. Bert Vogelstein (Johns Hopkins Medical Institutions, Balti-
more, MD). The human ovarian carcinoma cell line (HEY) which is
naturally resistant to cisplatin was kindly provided by Dr. Louis
Dubeau, University of Southern California (USC) Norris Cancer
Center, and NIH3T3 normal mouse fibroblast cells were kindly pro-
vided by Dr. Michael Press from USC Norris Cancer Center. HEY and
NIH3T3 cells were maintained as monolayer cultures in RPMI, HCT
116 cells in McCoy’s’A media and MDA-MB 435 in DMEM. Media
were purchased from (Mediatech, Virginia) and supplemented with
10% fetal bovine serum (Gemini-Bioproducts, Woodland, CA),
2mm L-glutamine, and 5% penicillin/streptomycin from Bio whit-
taker were purchased from VWR. Cells were incubated at 37°C in a
humidified atmosphere of 5% CO,. To remove the adherent cells
from the flask for passaging and counting, cells were washed with
PBS without calcium or magnesium, incubated with a small
volume of 0.25% trypsin-EDTA solution (Sigma-Aldrich, St. Louis,
MO) for 5-10 min, and washed with culture medium and centri-
fuged. All experiments were performed using cells at exponential
growth stage. Cells were routinely checked for mycoplasma con-
tamination using a PCR-based assay (Stratagene, TX, USA).

Drugs: Stock solutions (10 mm) of all compounds were prepared
in DMSO and stored at —20°C. Further dilutions were made fresh
in PBS or cell-culture media immediately before cell treatment.

Cytotoxicity assays: Cytotoxicity was assessed by a 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as
previously described.”® Briefly, cells were seeded in 96-well micro-
titer plates and allowed to attach overnight. Cells were subse-
quently treated with continuous exposure to the corresponding
drug for 72h. An MTT solution (at a final concentration of
0.5 mgmL™") was added to each well, and cells were incubated for
4 h at 37°C. After removal of the medium, DMSO was added and
the absorbance was read at 570 nm. All assays were done in tripli-
cate. The IC5, value was then determined for each drug from a plot
of log (drug concentration) versus percentage of cells killed.

Colony formation assay: Colony formation assays were also per-
formed to confirm the activity of these compounds as de-
scribed."?” Briefly, cells were plated in 6-well plates at a density of
500 cells well™" and allowed to attach. The next day, serial dilutions
of the corresponding compounds were added and allowed to incu-
bate for 24 h. After exposure, cells were washed in PBS and cul-
tured in drug-free media until colonies were formed (8-10 days).
Cells were subsequently washed, fixed with a 1% glutaraldehyde
solution for 30 min, and stained with a solution of crystal violet
(2%) for 30 min. After staining, cells were thoroughly washed with
water. Colonies were imaged on the ChemiDoc Imaging System
(Bio-Rad) and counted using the Quantity One quantitation soft-
ware package (Bio-Rad). The data reported represent means of at
least three independent experiments.
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