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Abstract Apurinic/apyrimidinic endonuclease-1/redox effec-
tor factor-1 (APE-1) is a critical component of base excision
repair that excises abasic lesions created enzymatically by the
action of DNA glycosylases on modified bases and non-
enzymatically by hydrolytic depurination/depyrimidination
of nucleobases.Many anticancer drugs generate DNA adducts
that are processed by base excision repair, and tumor resis-
tance is frequently associated with enhanced APE-1 expres-
sion. Accordingly, APE-1 is a potential therapeutic target to
treat cancer. Using computational approaches and the high
resolution structure of APE-1, we developed a 5-point
pharmacophore model for APE-1 small molecule inhibitors.
One of the nM APE-1 inhibitors (AJAY-4) that was identified
based on this model exhibited an overall median growth inhi-
bition (GI50) of 4.19 μM in the NCI-60 cell line panel. The
mechanism of action is shown to be related to the buildup of
abasic sites that cause PARP activation and PARP cleavage,
and the activation of caspase-3 and caspase-7, which is con-
sistent with cell death by apoptosis. In a drug combination

growth inhibition screen conducted in 10 randomly select-
ed NCI-60 cell lines and with 20 clinically used non-
genotoxic anticancer drugs, a synergy was flagged in the
SK-MEL-5 melanoma cell line exposed to combinations of
vemurafenib, which targets melanoma cells with V600E
mutated BRAF, and AJAY-4, our most potent APE-1 inhib-
itor. The synergy between AJAY-4 and vemurafenib was
not observed in cell lines expressing wild-type B-Raf pro-
tein. This synergistic combination may provide a solution
to the resistance that develops in tumors treated with B-Raf-
targeting drugs.
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Abbreviations
AAG Alkyladenine-DNA glycosylase (aka, MPG)
APE-1 Human apurinic endonuclease-1/redox effector

factor-1
BER Base excision repair
MD Molecular dynamics
DMSO Dimethyl sulfoxide
MeLex Methyl 3-(1-methyl-5-(1-methyl-

5-(propylcarbamoyl)-1H-pyrrol-3-ylcarbamoyl)-
1H-pyrrol-3-ylamino)-3-oxopropane-1-sulfonate

RMSD Root mean square deviation

Introduction

Apurinic/apyrimidinic endonuclease-1/redox effector factor-1
(APE-1; aka, APE1/Ref-1) is the mammalian enzyme that is
involved in the repair of abasic sites generated spontaneously
by depurination/depyrimidination and by DNA glycosylase
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excision of some alkylated, oxidized, and deaminated DNA
bases [1–5]. It is estimated that more than 4×104 abasic sites
form per cell per day via these enzymatic and non-enzymatic
reactions [6, 7]. Accordingly, the deletion of this enzyme is
not compatible with life in mammals or mammalian cells
[8–10]. The exposure of cells to many of the DNA alkylating
drugs used in cancer chemotherapy causes a significant in-
crease in abasic sites. Moreover, increased expression of
APE-1 is observed in a significant number of drug-resistant
tumors [5, 11–17]. Therefore, the development of APE-1 in-
hibitors that could act in combination with anticancer drugs
that directly, or indirectly, produce DNA damage is a potential
approach to address the problem of drug resistance [18–29].

Based on molecular modeling and using a molecular bea-
con screen, we previously reported the identification and char-
acterization of APE-1 inhibitors with Ki of <150 nM in an
in vitro enzymatic assay. The compounds that were potent
inhibitors of APE-1 activity showed growth inhibition (GI)50
of <1 μM in T98G human glioma cells [26].

In the current work, we have expanded our understanding
on the required interactions of small molecule inhibitors with
APE-1 using molecular dynamics (MD) simulations and have
developed a 5-point pharmacophore model. In addition, we
have analyzed the activity of the most active APE-1 inhibitor
in the NCI-60 cell lines as a single agent, and in a drug com-
bination pilot screen of 20 randomly selected FDA-approved
anticancer agents conducted in a subset of 10 of the NCI-60
cell lines. The mechanism of cell death due to APE-1 inhibi-
tion is shown to involve caspase-mediated apoptosis that cor-
relates with the buildup of abasic sites. Of note is that a novel
synergistic effect on cell death was observed in cell lines har-
boring a V600E BRAF mutation when the APE-1 inhibitor
was combined with vemurafenib, a selective inhibitor of
BRAFV600E kinase activity [30].

Results and discussion

Molecular modeling of interactions between APE-1 and
DNA and generation of a 5-point pharmacophore
model APE-1 uses a well-defined positively charged surface
to selectively recognize the DNA region with the flipped-out
abasic residue that interacts with a pocket near the bottom of
the DNA binding region of APE-1. These interactions are
shown in Fig. 1a, b, including the surface of apo-APE-1
(PDB/1BIX) [31] and the surface of APE-1 bound with
DNA (PDB/1DEW) [32]. Figure 1c, d show the interactions
between APE-1 and a tetrahydrofuran (THF) abasic site frag-
ment. Several important residues including Asn174, Asn212,
and His309 form ionic or H-bonding interactions with the
negatively charged 5'-phosphate adjacent to the abasic site
[23]. A hydrophobic pocket surrounded by residues Phe266,
Trp280, and Leu282 (not show in Fig. 1c) selectively

recognizes and binds to the abasic deoxyribose sugar moiety.
Moreover, Met270 and Met271 (not shown) form hydropho-
bic interactions with the deoxyribose sugar moiety that is con-
nected to the 3'-phosphate. A critical interaction of Arg177
can be observed with its insertion into the major groove in
the void created by the displaced abasic site and its interaction
with the negatively charged 3'-phosphate of the abasic frag-
ment (Fig. 1d). Finally, Arg177 also forms hydrophobic inter-
actions with the flanking cytosine (PDB/1DEW) or guanine
(PDB/1DE9) residues (Fig. 1d) [32].

Given the importance and uniqueness of these interac-
tions for APE-1 recognition and incision of abasic DNA
sites, we designed a 3D-pharmacophore model using the
abasic fragment with a 3’-flanking cytosine as the template
(Fig. 1d). In the model, we defined three hydrophobic/
aromatic centers (hp) and two H-bond acceptors (A). The
distance restrictions in the pharmacophore model are
shown in Table 1. For filtering the database, we required
at least a 4-point pharmacophore match allowing omission
of either hp1 or hp2 interactions, i.e., A1-A2-hp3-hp1, A1-
A2-hp3-hp2, or A1-A2-hp3-hp1-hp2. This model was then
used to identify novel molecules bearing the desired chem-
ical moieties that mimic abasic DNA binding to APE-1.
After pharmacophoric filtering, an original set of 210,000
NCI compounds was narrowed down to 10,159.

A virtual docking screen was carried out on the optimized
3D chemical compound library of 10,159 compounds. From
the screen, 30 compounds were identified: 10 compounds
(AJAY 1-7, -15, -19, and -20, Table 1S) were selected based
on the quality of their virtual docking, and the remaining 20
compounds were selected as negative controls because they did
not meet our pharmacophore model requirements. These 30
compounds were then screened for their in vitro inhibition of
APE-1 activity [26]. Sixteen of the 20 compounds that did not
agree with our pharmacophore model were inactive with IC50>
30 μM in the APE-1 endonuclease assay. The remaining
four that were predicted to be inactive showed IC50 values
ranging from 7 to 37 μM. In contrast, of the compounds select-
ed from the virtual docking screen using our pharmacophore
model, six displayed IC50 values <0.7 μM, three had IC50<
20 μM, and one (AJAY-8) was inactive (IC50>100 μM). Ta-
ble 2 lists the Ki information for the four best inhibitor com-
pounds identified from the in silico screen. The APE-1 endo-
nuclease activities of these compounds ranged from 0.12 to
0.22 μM, and all of the active molecules contained a core 2-
methyl-4-amino-6,7-dioxoloquinoline structure. The com-
pound with the best total Hammerhead score was chosen for
further biochemical and cellular studies described below [26].

Docking studies of APE-1 inhibitors We docked the four
most active APE-1 inhibitors (AJAY 1–4, Table 2) with
APE-1, and found that the compounds shared similar interac-
tions as illustrated for AJAY-4 shown in Fig. 2 and Fig. 2S. All
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four compounds formed an H-bond with His309: the H-bond
distance was 1.97, 1.89, 2.19, and 3.44 Å, respectively.

His309 acts as the general base and abstracts a proton from a
water molecule to generate the active site nucleophile required
for the base excision reaction [33]. Our analysis showed that
AJAY-1 also can form a weak H-bond with Asn174 (4.10 Å).
All four APE-1 inhibitors are capable of forming strong π-π
interactions with Phe266 (Fig. 2 and 2S). They also provided
strong hydrophobic interactions with Trp280 and Leu282 (not
show in Fig. 2). The distances of π-π interaction between
AJAY 1–4 and Phe266 are 3.32, 2.93, 2.91, and 3.29 Å, re-
spectively. The compounds also adopted strong hydrophobic
interactions with Trp280 and Leu282 (not show in Fig. 2). The
distances of hydrophobic interaction with Trp280 were all less

Fig. 1 Structural details of APE-1. a The surface of crystal structure of
apo-APE-1 (PDB/1BIX) [31], Arg177 was far away fromMet270, so the
potential binding pocket was open. b The surface of crystal structure of
APE-1 bound with DNA (PDB/1DEW) [32], Arg177 and Met270
covered the potential binding pocket. c The interactions between APE-1
and abasic site fragment in the crystal structure of APE-1 bound with
DNA (PDB/1DEW), several important residues including Tyr171,
Asn174, Asn212, and His309 form strong ionic or H-bonding

interactions with the negatively charged 5'-phosphate, a hydrophobic
pocket surrounded by residues Phe266, Met270, Trp280, and Leu282.
d Two-dimensional pharmacophore model hp3A2 with three
hydrophobic or hydrophobic aromatic centers (hp) and two H-bond
acceptors (A) was generated to represent APE-1 interactions with abasic
DNA (PDB/1DEW). Distance restrictions of this pharmacophore model
were listed in Table 1

Table 1 Distance restrictions of pharmacophore model presented in
our work

H1-H2
Distance 1a

H2-H3
Distance 2

H3-A2
Distance 3

A2-A1
Distance 4

A1-H1
Distance 5

4.195 6.762 5.639 6.764 3.168

A hydrogen bond acceptor,H hydrophobic or hydrophobic aromatic center
a The distances were depicted in angstrom with an error range of ±1 Å
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than 2.88 Å. The docking results also showed that the four
inhibitors can form strong H-bonds with Arg177: the dis-
tances for AJAY 1–4 were 2.12, 3.01, 2.25, and 2.41 Å,
respectively.

In comparison to previously reported inhibitors [22, 23, 34,
35], the four compounds shared similar interactions with
APE-1: one hydrophobic core and two charged or negative
features. The main difference is that our inhibitors formed
very strong π-π interaction with Phe266, which is buried deep
in the cleft that receives the abasic site. In addition, we found
that two of our compounds, AJAY-3 and AJAY-1, formed
strong hydrophobic interactions (within 2.8 Å) with Arg177.
Finally, AJAY-2 and AJAY-4 formed strong hydrophobic in-
teractions with Met270 and Trp280, respectively. Our com-
pounds, which are derived from a 5-point pharmacophore
model and are more potent (lower IC50 values), introduce
more hydrophobic (π-π) interactions with residues of APE-1
(i.e., Phe266, Arg177, Met270, and Trp280) than previously
reported inhibitors.

In contrast, none of the inactive compounds formed H-
bonds with His309; the nearest distances between atoms of
the inactive compounds and His309 were large (>6.7 Å). We
suggest that the inactive compounds may not produce

hydrophobic interactions with His309, which corresponds to
lacking the hydrophilic acceptor 2 (A2) feature in the
pharmacophore model. Therefore, we propose that the hydro-
philic acceptor 2 (A2) is an essential feature for inhibition, and
MD simulations were performed to validate this hypothesis
(see below).

Recognition role of Arg177 for APE-1 inhibition Arg177
penetrates into the major groove of DNA where there is a
void created by the flipping of the AP site into the core of
APE-1. This Arg makes an electrostatic contact with the
phosphate that is 3’ of the AP site [32, 36–38]. As a result,
this interaction slows APE-1 dissociation from the cleaved
DNA intermediate after the catalytic step. Accordingly, an
Arg177Ala substitution enhances AP endonuclease activity
[32]. In the present in silico experiments, we generated the
Arg177Ala mutation using PyMol software. We then
docked active compounds into the mutated APE-1 with
SYBYL software, including compounds 6-hydroxy-DL-
DOPA [22] and AJAY-4 (Fig. 3). The two inhibitors were
docked with the Arg177Ala mutation (orange) and com-
pared to the pose in the WT protein (pale-green). All of
the inhibitors underwent large conformational changes

Table 2 Novel APE-1 inhibitors identified from in silico screen and their Ki

Compound 2D structure K i (µM)
a

AJAY-4 0.12

AJAY-1 0.18

AJAY-3 0.19

AJAY-2 0.22 

a Endonuclease activity
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when interacting with Arg177Ala-mutated APE-1. Alterna-
tively, these compounds interacted with the polar groups of
either Tyr171, Asn174, or Ala230 (not show in Fig. 3). In
the Arg177Ala-mutated APE-1, the Bbridge^ (Fig. 1b)
formed by Arg177 and Met270, which act as the Bgate^ of

the binding pocket, no longer exists. Arg177 has been re-
ported to play a role in moderating the catalytic activity of
APE-133 and based on our docking results, we suggest that
Arg177may also play an important role in the recognition of
inhibitors.

Fig. 2 a Detailed interactions between APE-1 and AJAY-4, IC50

0.12 μM. b The pharmacophore model of AJAY-4. His309 and Arg177
formed strong hydrogen bonds with all our four compounds. Tyr171,
Asn174, and Asn212 formed weak hydrophilic interactions with these

compounds. Phe266 formed strong π-π interaction with all compounds.
Trp280 mainly formed hydrophobic interactions with our inhibitors.
Detailed interactions of our other compounds can be found in Fig. 2S

Fig. 3 Docking studies between APE-1 and active compounds with
Arg177Ala mutation. a Compound 6-hydroxy-DL-DOPA, IC50

0.11 μM [22]. b AJAY-4, IC50 0.12 µM. Both the previously reported
inhibitor and our inhibitor induced large conformational changes when

interacting with Arg177Ala mutated. We suggest that Arg177 plays an
important role for the recognition of the inhibitors. The conformations of
compounds highlighted in pale-green were after Arg177Ala mutation,
while the conformations highlighted in orange were before mutation
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MD simulations for active and inactive compounds In or-
der to validate the predictions of the involvement of the pro-
posed residues on inhibitor-protein interactions, we performed
50 ns MD simulations for APE-1 with both active (AJAY-4)
and inactive (AJAY-15) compounds (Figs. 4 and 3S,
respectively). The deviations of AJAY-4 (active) and AJAY-
15 (inactive) were large (5.2 and 6.3 Å, respectively). We
believe that the binding pocket of APE-1 is sufficiently large
to allow the compounds to move within the pocket. However,
the binding pose of AJAY-4 was more stable. The root mean
square deviation (RMSD) of APE-1 bound with AJAY-4 or
AJAY-15 were 2.41 or 1.88 Å, respectively, during the MD
simulations. However, the important interactions between the
active AJAY-4 and APE-1 (see Fig. 4) behaved very different-
ly from that of the inactive AJAY-15 (see Fig. 3S). The H-
bond distance between the hydrazone N (A1) of AJAY-4 and
Arg177 of APE-1 remained within 3 Å. The distance between
the oxygen of the methylenedioxy group (A2) and His309
remained within 4.3 Å during 50 ns MD simulation
(Fig. 4b). The hydrophobic interactions between AJAY-4
and the hydrophobic region (Phe266, Trp280, and Leu282)
were also stable during the simulation: ~4 Å. Interestingly,
our MD simulation results show that another residue
(Phe232) in APE-1 is capable of strong π-π interaction with
AJAY-4 (Fig. 4) after theMD simulation. This interaction with
the protein is not observed in the crystal structure with the
natural abasic site (PDB/1DEW) [32].

In contrast, our modeling results demonstrated that the in-
teractions between the inactive compoundAJAY-15 and APE-
1 were not stable and the distances became larger during the
MD simulation, gradually extending to 20 Å (Fig. 3S). More-
over, the distance between AJAY-15 and His309 was >10 Å
(Fig. 3S), while the original distance between AJAY-15 and
His309 was 6.7 Å. Also, the hydrophobic interactions be-
tween AJAY-15 and the hydrophobic region of APE-1

(Phe266, Trp280, and Leu282) were unstable, with distances
>5.2 Å. The results of our MD simulation further validate our
docking results and our proposed model of the critical binding
interactions for APE-1 inhibition.

Growth inhibition studies in the NCI-60 cell lines We have
previously evaluated the growth inhibition activities of some
of our APE-1 inhibitors in the T98G glioma cell line [26].
There is a good correlation between APE-1 endonuclease in-
hibition and in vitro cytotoxicity: AJAY-4 has a median
growth inhibition (GI50) of 190 nM in a clonogenic assay,
and it has a Ki of 120 nM for APE-1 endonuclease activity.
To determine whether AJAY-4 exhibited any selectivity for
specific tumor cell types, we analyzed the GI induced in the
NCI panel of 60 cell lines [39] (Fig. 5). The average GI50 in all
60 lines was 4.4±2.6 μM. In four of the six leukemia cell
lines included in the panel, the GI50 were in the nanomolar
range with an overall average of 1.8±2.9 μM. However, if
the HL-60 line is omitted, the GI50 drops to 640±400 nM,
with the MOLT-4 line having a GI50 of 133 nM. In only
two of the remaining 54 non-leukemia NCI 60 cell lines
was the GI50<1 μM. The origin of this selectivity for leu-
kemia cells is unclear; the level of APE-1 expression in the
different cells is unknown, and the genetic mutations pres-
ent in the sensitive and insensitive lines do not provide any
insight [40, 41].

Mechanism of cell death due to APE-1 inhibition The
mechanism of the cytotoxicity due to APE-1 inhibition was
evaluated by measuring the induction of caspase-3 and
caspase-7 as a function of time after exposure to GI10
(250 nM) and GI50 (960 nM) concentrations of AJAY-4 in
the absence or presence of MeLex, a DNA methylating agent
that selectively generates N3-methyladenine (3-mA) [42, 43].
The 3-mA lesions are rapidly converted into abasic sites by

Fig. 4 MD simulations results for AJAY-4. a The alignments of AJAY-4
between before MD (orange) and after MD (blue). b The distances
between AJAY-4 and APE-1, the H-bond distances between active
compound AJAY-4 and Arg177/His309 remained stable. We also
performed the MD simulations for inhibitor AJAY-15, as shown in

Fig. 3S. However, the distances between inactive compound AJAY-15
and Arg177/His309 fluctuated greatly. More detail can be found in
Fig. 3S. We suggest that Arg177 and His309 play key roles in the
recognitions of inhibitors
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alkyladenine-DNA glycosylase (AAG). Caspase activation
increases throughout the 36 h exposure to 960 nM AJAY-4
(Fig. 6a) indicating that cell death occurs by classical apopto-
sis in the absence of an exogenous DNA damaging agent.
MeLex also induces caspase activation. Of note is that the
combination of the GI10 concentrations of MeLex and
AJAY-4, which as single agents have little to no effect on
caspase activity, produce a robust response that is clearly more
than additive. This is consistent withMeLex-producing abasic
sites that cannot be repaired due to APE-1 inhibition.

Over the same time course, there was a similar response to
AJAY-4 without or with MeLex in terms of PARP activity
(Fig. 6b) suggesting active DNA damage repair in cells not
treated with a DNA methylating agent and that the combina-
tion of MeLex and an APE-1 inhibitor act in a synergistic
fashion. This is interesting in that PARP activation at single-
strand breaks is thought to follow APE-1 excision and back-
bone cleavage. PARP cleavage also followed the same time
course (Fig. 6c), which is consistent with caspase activation
and cell death by apoptosis.

Synergy between APE-1 inhibition and approved antican-
cer drugs Because resistance to drugs is a critical problem in
cancer chemotherapy, the APE-1 inhibitor AJAY-4 was

screened in ten randomly selected NCI 60 cell lines in combi-
nation with 20 recently approved non-genotoxic anticancer
drugs whose mechanisms of action are not associated with
direct DNA damage. A synergistic effect on growth inhibition
(Fig. 7) was observed with vemurafenib (VMFB), a first-in-
class kinase inhibitor selective for BRAF with a V600E mu-
tation in SK-MEL-5 cells, which carry the mutation [30]. In
our pilot screen, the combination of AJAY-4 and VMFB was
flagged as potentially synergistic in the COLO-205 colon can-
cer cell line that also carries the V600E mutant B-Raf. Given
the initial positive clinical outcome for VMFB in mutant
BRAF V600E melanoma patients, we sought to confirm the
observed synergism with AJAY-4 flagged in our pilot screen.
We also sought to determine whether the BRAF V600E mu-
tation would be required for the apparent synergy of these two
molecules. To confirm synergism, we utilized the Chou-
Talalay method where the ratio of drug A to drug B is set by
their respective growth inhibition 50 concentrations (GI50)
values [44]. In agreement with published reports, the GI50
for VMFB in the V600E B-Raf bearing SK-MEL-5 (2.04±
0.3 μM) cell line was significantly (>5-fold) lower than in the
WT B-Raf SK-MEL-2 (12.44±2.7 μM) cell line (Fig. 8a).
The GI50s for AJAY-4 in SK-MEL-5 (2.73±0.82 μM) and
SK-MEL-2 (5.64±1.26) were <2-fold different (not

Fig. 5 Growth inhibition by the APE-1 inhibitor AJAY-4 in the NCI 60
cell lines. Cells from each of the NCI 60 cell lines were harvested,
counted, and seeded into the wells of T0 and T72 384-well assay plates
at seeding densities that allowed for continuous proliferation throughout
96 h of incubation at 37 °C, 5 % CO2, and 95 % humidity. After 24 h in
culture, Cell Titer Glo detection reagent was added to the wells of the T0
assay plate and the cellular ATP-dependent luminescent signal was
captured on an M5e micotiter plate reader. Also, after 24 h, ALAY-4
that had been serially diluted in tissue culture medium to provide a 5-
point 10-fold dilution series starting at maximum concentration of 10 μM
(final in well) was transferred into the wells of the T72 assay plate that

was then returned to the incubator. After an additional 72 h of incubation,
Cell Titer Glo detection reagent was added to the wells; the T72 assay
plate and the cellular ATP-dependent luminescent signal was captured on
an M5e micotiter plate reader. The percent of growth in the compound-
treated wells was normalized relative to the growth observed in the
corresponding T0 and T72 assay plate control wells, and the data was
fit to curves using the Sigmoidal dose response variable slope equation
Y=Bottom+[Top−Bottom]/[1+10(LogEC50−X)×HillSlope] of the
GraphPad Prism 5 software. The AJAY-4 concentration that inhibited
the growth of each of the 60 cells lines by 50 % (GI50) is presented
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Fig. 6 Mechanism of
cytotoxicity associated with
inhibition of APE-1 in T98G cells
exposed to various combinations
of AJAY-4 and MeLex for 2, 6,
12, 18, 24, and 26 h and assayed
for a caspase-3 and caspase-7
activation; b PARP activation; c
PARP cleavage: white diamond,
untreated; black diamond, 0.2 %
DMSO; green square, 80 μM
MeLex+0.25 μM AJAY-4; blue
circle, 0.96 μM AJAY-4 (GI50);
open circle, 0.25 μM AJAY-4
(LD10); red solid triangle,
250 μMMeLex (LD50); red open
triangle, 80 μM MeLex
(LD10); black vertical bar, 20 µM
etoposide (used in PARP
activation and PARP cleavage
experiments
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significant) from each other (Fig 8b), and were consistent with
the GI50 observed in the NCI 60 cell line panel (Fig. 5). In SK-

MEL-5 cells bearing the V600E B-Raf mutation, the 3:2 drug
combination ratio of AJAY-4/VMFB (selected on the basis of

Fig. 7 Pilot screen-flagged synergy for cytotoxicity of the APE-1
inhibitor in combination with vemurafenib in SK-MEL-5 melanoma
cells carrying a V600E mutation in BRAF. In a drug combination
matrix screening assay using 10 randomly selected cell lines from the
NCI 60 panel, we assayed the effect of APE1 inhibitor AJAY-4 on the
growth inhibition responses of 20 recently approved non-genotoxic
anticancer drugs. In this pilot screen, an apparent synergistic (>additive)
growth inhibition response was identified in the SK-MEL-5 melanoma
line for the combination of AJAY-4 with vemurafenib (VMFB).
Individual compound controls run in singlet were included in each drug
combinationmatrix and compared to replicate (n=10) controls for VMFB

and AJAY-4. The combination of the two compounds at different
concentrations are shown: green (synergistic) means that the
combination of compounds enhanced toxicity by at least three standard
deviations from the combined mean of the individual compounds1. A1,
A2, and A3=2, 0.2, and 0.02 μM AJAY-4 and B1, B2, and B3=5, 0.5,
and 0.05 μM VMFB, respectively. The percent of growth in the
compound-treated wells was normalized relative to the growth observed
in the corresponding T0 and T72 assay plate control wells that was
determined using the Cell Titer Glo cellular ATP detection reagent as
described above

Fig. 8 Individual GI50 determinations for a vemurafenib and b AJAY-4
in the SK-MEL-5 (BRAF-V600E) and SK-MEL-2 (WT BRAF)
melanoma cell lines. SK-MEL-5 and SK-MEL-2 cells were exposed to
the indicated concentrations of AJAY-4 or VMFB for 72 h and the
corresponding Cell Titer Glo (ATP content) signals relative to those of
DMSO controls were used to determine their respective GI50s. The
percent of growth in the compound-treated wells was normalized
relative to the growth observed in the T72 assay plate DMSO control

wells and the data was fit to curves using the Sigmoidal dose response
variable slope equation Y=Bottom+[Top−Bottom]/[1+10(LogEC50−X)×
HillSlope] of the GraphPad Prism 5 software. The mean±sd (n=3)
growth inhibition data from triplicate wells for each concentration of
AJAY-4 are presented as the percent of the DMSO plate controls; SK-
MEL-5 (black circle) and SK-MEL-2 (white circle). Representative
experimental data from one of three independent experiments are shown
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the ratio of their respective individual GI50 values), the corre-
sponding CI values were <1 for all drug combination concen-
trations tested. This result indicates that the two drugs had a
synergistic killing effect in these cells (Fig. 9). In contrast,
the 3:8 combination of AJAY-4/VMFB (the closest drug
combination ratio in the matrix to the ratio of their respec-
tive individual GI50) in SK-MEL-2 cells that are WT for B-
Raf, the corresponding CI values for all drug combination
concentrations tested were >1. This indicates that the two
drugs had an antagonistic (<additive) effect in killing these
cells. We have confirmed the apparent synergy between
AJAY-4 and VMFB for killing cells bearing the V600E
B-Raf mutation in the MALME3M and SK-MEL-28 mel-
anoma cell lines (data not shown) We have also confirmed
the lack of synergy between AJAY-4 and VMFB for killing
cells in the MCF-7 and MDA-MB-468 breast cancer cell
lines that are wild type for B-Raf (data not shown). There is
no structural similarity between AJAY-4 and VMFB, and
the origin of the synergy in V600E B-Raf-bearing tumor
cell lines is obscure, although there are reports that non-
genotoxic anticancer compounds such as VMFB can pro-
duce DNA damage via the generation of reactive oxygen
species (ROS) [45, 46]. The formation of oxidized DNA
adducts would result in an increased formation of abasic
sites and this is under investigation.

In summary, we have developed a useful pharmacophore
model to develop additional APE-1 inhibitors. The potent
APE-1 inhibitor compounds have their own biological activity

but may be used to potentiate existing anticancer drugs, in-
cluding drugs that are generally not thought to be genotoxic.

Methods

Prepared proteins

The crystal structures of human apurinic/apyrimidinic
endonuclease-1 (APE-1) in the presence of or absence of
DNA were used in the present work, including the apo-
APE-1 (PDB entry/1BIX, resolution 2.20 Å) [31], APE-1-
DNA-Mn2+ complex (PDB entry/1DE9, resolution 3.00 Å)
[32], and APE-1 bound to abasic DNA (PDB entry/1DEW,
resolution 2.65 Å) [32]. These structures were retrieved
from the Protein Data Bank (http://www.pdb.org/pdb/),
and then were prepared using SYBYL software (CERTAR
A, St. Louis, MO) (including residues repair and energy
minimization).

Data set

The National Cancer Institute (NCI) database was first filtered
in order to eliminate metals, isotopes or mixtures, and mole-
cules with unsuitable molecular weights (lower than 250 or
higher than 600). More than 210,000 compounds were used in
our study. Special caution was given to the protonation state of
ionizable groups (amines, amidines, and carboylic acids) in

Fig. 9 Drug combination index analysis for selected vemurafenib and
AJAY-4 ratios in the SK-MEL-5 (BRAF-V600E) and SK-MEL-2 (WT
BRAF) melanoma cell lines. For drug combination testing, SK-MEL-5
and SK-MEL-2 cells were exposed to the indicated drug combination
ratios of AJAY-4 plus VMFB for 72 h, and the corresponding Cell Titer
Glo signals relative to those of cells exposed to the individual drugs at the
same concentrations were used to determine the fraction of cells affected/

killed (Fa) and to calculate a combination index (CI) using the Compusyn
software; SK-MEL-5 (black circle) and SK-MEL-2 (white circle). Fa=1/
(1+(Dm/D)m) where D=dose, Dm=median-effect dose, and m=slope,
hill-type coefficient, and CI=(D comb)1/(D alone)1+(D comb)2/(D
alone)2; CI=1 indicates summation, CI>1 indicates antagonism, and
CI<1 indicates synergism. Representative experimental data from one
of three independent experiments are shown
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the ligands that were assumed to be ionized at a physiological
pH of 7.4.

Generation of pharmacophoremodel and pharmacophore
filtering

Structural details from observed abasic site fragment-APE-1
complexes are useful to derive pharmacophoric filters. In the
present work, we applied the GALAHAD program in the
SYBYL software to construct a pharmacophore model, in-
cluding two H-bond acceptors (A) and three hydrophobic or
hydrophobic aromatic centers (hp), to filter the NCI database
with compounds that satisfied specific geometric and/or phys-
icochemical constraints.

The fo l lowing paramete r s were used for the
pharmacophore generation: population size was set to 20,
maximum generations was set to 90, keep best N models
was set to 10, and the random seed was set to 12,345.

Once the pharmacophore model was constructed, we used
it to filter the NCI database by submitting a UNITY search in
SYBYL. The following parameters were used for the UNITY
search. Search query was set to our pharmacophore model.
Search type was set to 3D Search. Search data-source was
set to prepared NCI database. Search Options was set to de-
fault values.

Molecular docking and molecular dynamics simulation

The docking program Surflex-Dock GeomX (SFXC) in
SYBYL-X 1.3 [13] was applied to construct receptor-ligand
complexes, in which the total score was expressed as
log10(Kd) [47]. The detailed protocols or parameters of
docking can be found in our recent publications [48, 49].
The following default docking parameters were used: the ad-
ditional starting conformation per molecule was set to 0, ang-
stroms to expand search grid was set to 6, max conformation
per fragment was set to 20 and max number of rotatable bonds
per molecule was set to 100. The following flags were turned
on: pre-dockminimization, post-dock minimization, molecule
fragmentation, soft grid treatment, and activate spin alignment
method with density of search was set to 3.0 and number of
spins per alignment was set to 12.

After molecular docking, we selected some represented
complexes of APE-1 and our inhibitors and inactive com-
pounds to perform the molecular dynamics simulations (MD).

The His309 residue was the only one whose ionization
could vary within the physiological pH range (~7.40). To de-
termine the protonation states for His and other residues, we
used VEGA ZZ 2.4.0 [50], PROPKA 3.1 [51], and H++ 3.0
[52] to predict the pKa values of residues. For APE-1, the
calculated pKa value of His309 was higher than 8.0 while
others were lower than 6.0, so that only His309 was proton-
ated. Side chains of Asp, Glu, Arg, and Lys were charged

(Asp−, Glu−, Arg+, and Lys+) in all simulations. The entire
system (APE-1+active AJAY-4 or APE-1+inactive AJAY-
15) contained APE-1 and its ligands, ~6208/~6212 water mol-
ecules, 0/0 sodium ions, and 4/4 chloride ions for a total of
~23071/~23079 atoms per periodic cell. The box sizes
(Fig. 1S) were 62×62×62 Å3/62×62×62 Å3. The systems
were first minimized for 50,000 steps with the APE-1 protein
fixed: in the PDB file, the values of B-column of the protein
were set to B1^, so the protein would be fixed during the
minimization for the water molecules. Then, the APE-1 pro-
tein was released (the B-column was set to B0^) and another
50,000 steps minimization were performed.

Starting from the last frame of the secondminimization, we
performed 50 ns MD simulations. The MD simulations were
performed using the following parameters: (i) NAMD pack-
age [53] (version 2.9b1) with the CHARMM27 [54, 55] force
field was used to carry out theMD simulations; (ii) the Particle
Mesh Ewald [56] (PME) method was used to calculate the
electrostatics, with a 12-Å non-bonded cutoff and a grid spac-
ing of 1 Å per grid point in each dimension; (iii) a smooth
cutoff (switching radius 10 Å, cutoff radius 12 Å) was used to
calculate the van der Waals energies; and (iv) a Langevin
thermostat (a constant temperature of 310 °K) and Langevin
barostat (a constant pressure of 1 atm) were used to keep the
temperature and pressure constant, respectively. The time step
of MD simulations was set to 1 fs. The data was saved every
10 ps for later analysis. Trajectory analyses were carried out
with VMD [57].

Mechanism of APE-1 toxicity

Human glioblastoma (T98G) cells were obtained from Amer-
ican Type Culture Collection (Manassas, VA). HT Colorimet-
ric PARPApoptosis Assay Kit was purchased from Trevigen
(Gaithersburg, MD) and used as described in manufacturer’s
instructions. Pierce Cleaved PARP Colorimetric in-cell
ELISA kit was purchased from Thermo Scientific (Rockford,
IL) and used as described in manufacturer’s instructions. Cell
culture components and Enzcheck® Caspase-3 Assay kit were
purchased from Invitrogen (Carlsbad, CA) and used as de-
scribed in manufacturer’s instructions. Chemicals and sol-
vents were purchased from Sigma Aldrich Chemicals (St.
Louis, MO). Molecular biology grade buffers, as well as
plastic- and glassware were obtained from Fisher Scientific
(Pittsburgh, PA). MeLex was synthesized as previously
described [43].

Markers of apoptosis and necrosis

Human glioblastoma cells (T98G) were maintained in growth
medium, i.e., Eagle’s Minimum Essential Medium (EMEM)
with 10% fetal bovine serum (FBS), 50 g L−1 gentamycin, 1×
MEM non-essential amino acid, and 1 mM sodium pyruvate.
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For each assay, T98G cells were harvested by Trypsin-EDTA
treatment, resuspended in fresh growth medium, and seeded
into 96- or 6-well plates as per the assay requirements: to
measure PARP activity, 2×104 cells were seeded into the
wells of a 96 well plate; to measure PARP cleavage, 104 cells
were seeded into the wells of a 96-well plate; and to measure
caspase (-3 and -7) activities, 106 cells were seeded into the
wells of a 6-well plate. Cells were allowed to grow for 24 h,
and subject to the following treatments: (a) 80 μM MeLex
(LD10 value), (b) 250 μM MeLex (LD50 value), (c) 0.25 μM
APE-inhibitor 4 (LD10 value), (d) 0.96 μM AJAY-4 (LD50

value), (e) 80 μM MeLex (LD10 value)+0.25 μM AJAY-4
(LD10 value), and (f) 0.2 % dimethyl sulfoxide (DMSO) (ve-
hicle control), for 2, 6, 12, 18, 24, and 36 h. Cells treated with
20 μMetoposide for 2, 6, and 12 h per manufacturer’s instruc-
tion were used as a reference control, and untreated cells (me-
dia only) were used as negative controls at all time points. At
the end of each treatment, adherent cells were harvested by
trypsin-EDTA treatment. Additionally, cells in supernatant
were harvested by centrifugation (100×g, 5 min). Harvested
adherent cells were pooled with harvested cells in supernatant.
Intracellular PARP activity was determined using the HT Col-
orimetric PARP Apoptosis Assay Kit as per manufacturer’s
instructions—this kit measures the deposition of PAR on
immobilized histones, due to action of intracellular PARP,
using anti-PAR and horseradish peroxidase (HRP)-conjugated
secondary antibody. PARP cleavage was measured using the
Pierce Cleaved PARP Colorimetric in-cell ELISA kit—this
ELISA employed anti-cleaved PARP and HRP-conjugated
secondary antibody. Intracellular caspase (-3 and -7) activities
weremeasured using the Enzcheck®Caspase-3Assay kit—this

kit employs Z-DEVD-AMC (benzyloxycarbonyl-Asp-Glu-
Val-Asp-7amino-4methyl-coumarin), a synthetic fluorogenic
substrate of cysteine proteases such as Caspase-3 and -7.

NCI 60 cell line growth inhibition 50 % (GI50)
determinations

Cells from each of the NCI 60 cell lines were harvested, count-
ed, and seeded into the wells of T0 and T72 384-well assay
plates at seeding densities that allowed for continuous prolif-
eration throughout 96 h of incubation at 37 °C, 5 % CO2, and
95 % humidity. After 24 h in culture, Cell Titer Glo detection
reagent (Promega, Madison,WI, USA) was added to the wells
of the T0 assay plate and the cellular ATP-dependent lumines-
cent signal was captured on an M5e micotiter plate reader.
Also, after 24 h, compounds that had been serially diluted in
tissue culture medium to provide a 5-point 10-fold dilution
series were transferred into the wells of the T72 assay plate
that was then returned to the incubator. After an additional
72 h of incubation, Cell Titer Glo detection reagent was added
to the wells of the T72 assay plate and the cellular ATP-
dependent luminescent signal was captured on an M5e
micotiter plate reader. The percent of growth in the
compound-treatedwells was normalized relative to the growth
observed in the corresponding T0 and T72 assay plate control
wells and the data was fit to curves and calculate a growth
inhibition 50 concentration (GI50) using the Sigmoidal dose
response variable slope equation Y=Bottom+[Top−Bottom]/
[1+10(LogEC50−X)×HillSlope] of the GraphPad Prism 5 soft-
ware. The percent growth (PG) was calculated according to
the definition from the NCI 60 web site:

PG ¼ Ti−Tzð Þ= C−Tzð Þ½ � � 100 for concentrations for which Ti > = ¼ Tz
PG ¼ Ti−Tzð Þ=Tz½ � � 100 for concentrations for which Ti < Tz

where Ti is the test value of the time 72 h, Tz is the average
of the test values from the T0 plate at the time zero, and C is
the average of the test values at the DMSO control wells
from the T72 plate, and the growth inhibition (GI50) is the
concentration at which cell growth was inhibited by 50 %,
total growth inhibition (TGI) is the concentration at which
cell growth was fully inhibited, and lethal concentration
(LC50) is the concentration at which 50 % of the cells were
killed.

NCI 60 drug combination synergy screening

In a pilot drug combination matrix screening assay using 10
randomly selected cell lines from the NCI 60 panel, we
assayed the effect of APE1 inhibitor AJAY-4 on the growth
inhibition responses of 20 recently approved non-genotoxic

anticancer drugs. Each drug combination matrix included the
3×3 drug combinations together with the corresponding indi-
vidual drug concentrations and a DMSO control well. DMSO
controls were also included on each assay plate (columns 1, 2,
23, and 24) for QC review purposes. Cells from each of the 10
NCI 60 cell lines were harvested, counted, and seeded into the
wells of T0 and T72 384-well assay plates at seeding densities
that allowed for continuous proliferation throughout 96 h of
incubation at 37 °C, 5 % CO2, and 95 % humidity. After 24 h
in culture, Cell Titer Glo detection reagent was added to the
wells of the T0 assay plate and the cellular ATP-dependent
luminescent signal was captured on an M5e micotiter plate
reader. Also, after 24 h, drug combination matrices that had
been diluted in tissue culture mediumwere transferred into the
wells of the T72 assay plate that was then returned to the
incubator. After an additional 72 h of incubation, Cell Titer
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Glo detection reagent was added to the wells of the T72 assay
plate and the cellular ATP-dependent luminescent signal was
captured on an M5e micotiter plate reader. Individual com-
pound controls run in singlet were included in each drug
combination matrix and compared to replicate (n=10) con-
trols for each compound. The percent of growth in the
compound-treated wells was normalized relative to the
growth observed in the corresponding T0 and T72 assay
plate control wells. The percent growth (PG) was calculated
according to the definition from the NCI 60 web site as
described above.

Synergy experiments

The SK-MEL-5 and SK-MEL-2 melanoma cell lines were
cultured at 37 °C in 5 % CO2 and 95 % humidity in RPMI
supplemented with 10 % FBS, 1 % L-glutamine, penicillin,
and streptomycin. On day 1, each cell line was harvested,
counted, and seeded at 1000 and 625 cells per well
(respectively) into 384-well assay plates. After 24 h in culture,
5 μL of compounds diluted in SFM were transferred into test
wells and assay plates were cultured for an additional 72 h.
Control wells received DMSO alone. On day 5, 25 μL of Cell
Titer Glo (Promega Corporation, Madison WI) detection re-
agent was added to assay plates and the luminescence was
captured on the M5e microtiter plate reader (Molecular
Devices LLC, Sunnyvale, CA).

Design of synergism matrix

The matrix was designed in a 10×10 format with single drugs
AJAY-4 and vemurafenib at maximum starting concentration
of 60 and 40 μM (respectively) in a 3-fold dilution series
bordering the matrix exterior, and the drugs in combination
within the matrix itself. In addition to the central drug ratio of
3:2, the design included other drug ratios within the matrix.
Cell lines were seeded in 384 well plates and treated after 24 h
of growth and cultured for an additional 72 h, and cell growth
was analyzed as described above.

Analysis of synergism

The Cell Titer Glo reagent measures cellular ATP as an indicator
of viability, and the fraction of cells affected (FA) was calculated
for each treatment both single drug and combination. The
COMPUSYN freeware program was utilized to evaluate drug
combination synergy and produced combination index (CI)
plots of the FA and calculated CI values based on the fit of the
experimental data to the Chou-Talalay median effects model.
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