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In the process of drug discovery the lead-identification phase may be critical due to the likely poor safety
profile of the candidates, causing the delay or even the abandonment of a certain project. Nowadays, com-
bining molecular modeling and in vivo cellular evaluation can help to identify compounds with an
enhanced safety profile. Previously, two quinoxalines have been identified as inhibitors of the folate-
dependent proteins belonging to the thymidylate synthase cycle. Unfortunately, cytotoxic activity against
a panel of cisplatin(cDDP)-sensitive ovarian carcinoma cell lines and their resistant counterparts was cou-
pled with toxicity to non-tumorigenic Vero cells. Here we describe the application of a ligand-based virtual
screening, and several [1,2,4]triazolo[4,3-a]quinoxalines were optimized to improve their ADME-tox pro-
file. The resulting 4-(trifluoromethyl)-1-p-tolyl-[1,2,4]triazolo[4,3-a]quinoxaline (24), which interferes
intracellularly with DHFR and TS reducing the protein levels like 5-FU, but without inducing TS ternary
complex formation, was 2-times less toxic in vitro than cisplatin and 5-FU.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The identification of a lead compound is a critical step in the pro-
cess of drug discovery. The efficacy of anticancer drugs is usually
accompanied with severe toxicity and the balance of these two bio-
logical effects is one of the most challenging problems in this area.
Combining computational chemistry and in vitro cellular evaluation
can lead to compounds with both an improved efficacy and safety
profile (although it is well-known that simple cellular assays will
not necessarily reveal all of the likely toxicities of a compound),
therefore we applied this strategy to the ovarian cancer anticancer
lead discovery process. Ovarian cancer is the most common cause
ll rights reserved.
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of death from gynecological cancers among women of all ages in
the western world. Efforts to improve survival continue to focus
on the development of more effective systemic therapies.1 Among
these, the combination of cyclophosphamide or paclitaxel and a
platinum compound such as cisplatin (cDDP) or carboplatin still rep-
resents the best available therapy in the standard treatment for this
disease.2 The use of drug combination therapy is justified by the
occurrence of resistant cell populations in the tumor, which limit
the usefulness of the platinum drug. Many studies have implicated
an interaction between cisplatin and folate metabolism in the mech-
anism of resistance to cDDP, associated with cross-resistance to the
folate antimetabolite methotrexate (MTX) in different tumor cell
lines.3–13 These cancer cells overexpress Thymidylate Synthase
(TS) and dihydrofolate reductase (DHFR) and are intrinsically resis-
tant to known therapeutic antifolates such as Pemetrexed and anti-
metabolites such as 5-fluorouracil (5-FU).3–16 Both TS and DHFR are
involved in the folate cycle: TS catalyzes the reductive methylation
of deoxyuridine monophosphate (dUMP) by N-5,N-10-methylentet-
rahydrofolate (mTHF) generating dTMP and dihydrofolate,17 and
DHFR catalyzes the reduction of the dihydrofolate to tetrahydrofo-
late (THF) to provide new substrate material for the TS cycle. Since
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these enzymes are indispensable in the de novo synthesis of dTMP,
playing an important role in DNA replication and repair in actively
dividing cells, they have been attractive targets for anticancer che-
motherapy. A large panel of human ovarian carcinoma cell lines, in
which cDDP-resistance was associated with cross-resistance to 5-
FU and MTX, showed an increase in TS and in the intracellular pools
of mTHF and THF.3

Classic TS cycle inhibitors, such as 5-FU and MTX, are structur-
ally similar to the substrate and the co-substrate, respectively.
However, this chemical structure resemblance has often induced
resistance in vivo and in many cell lines in vitro; therefore, new
drugs must be developed to avoid this resistance.18

With the aim of designing new molecules able to overcome resis-
tance by interfering with the folate cycle as in previous studies,
structural elaboration of the classical pteridine core led to the iden-
tification of the quinoxaline nuclei as an interesting core scaffold.19

The pteridine moiety present in the most active anticancer agents
(MTX, TMQ and PTX) was then replaced with this quinoxaline ring
functionalized with the trifluoromethyl and/or amino group. Such
modifications bioisosterically modulated the affinity for DHFR and
TS enzymes.19 In particular, several substituents often present in
classical and non-classical antifolates were inserted at positions 2
and 3 of the quinoxaline ring (see Chart 1). Among them some
3-parasubstituted-benzoyl and 2-piperazinyl quinoxalines were
found to inhibit TS and DHFR and demonstrated anticancer activ-
ity,19 exhibiting low values of cytotoxicity in the anticancer test per-
formed at the National Cancer Institute. Two quinoxalinic
compounds were identified with interesting activities at the cellular
level,20 namely 3-phenyl-7-(trifluoromethyl)-N-(3,4,5-trimethoxy-
phenyl)quinoxalin-2-amine (1), previously named as 453R and (4-
methoxyphenyl)(3-(4-methylpiperazin-1-yl)quinoxalin-2-yl)methanone
(2), previously named as 311S.20

Two human ovarian carcinoma cell lines, 2008 and A2780, and
the corresponding cisplatin-resistant sublines C13* and A2780/CP
were used, whereas the Vero lineage was chosen as control cell
line. Vero cells are normally used as control cells21 because they
present very well defined properties which enable easy observa-
tions of possible growth modification by chemical agents. The
rationale behind the use of Vero cells rather than primary ovarian
cells is that these cells can be banked and well characterized. This
avoids the issue of lot-by-lot variability and adventitious agent
contamination of primary cultures freshly initiated for each study
from the ovaries of patients. In addition, this line shares a common
embryonic origin (mesoderm) with cells from the human genital
tract,22 and it is recommended for investigation in standard proto-
cols (ISO 10993-5, 1992-E). Despite the weak inhibitory potency at
the enzyme level (hTS, Ki 125 lM and 10% inhibition of hDHFR at
Chart 1. Quinoxalines inhibitors of the folate cycle.
50 lM for compound 2 and 10% inhibition at 50 lM for compound
1 against hTS and no inhibition of hDHFR), these molecules showed
a modulation of the cell cycle through the reduction of TS and
DHFR protein expression and the effective capacity to restore the
sensitivity to cisplatin drug in cisplatin-resistant cells; therefore
they were defined as folate cycle inhibitors.20

The cisplatin-resistant line, C13* cells, exhibited a 2- and 2.3-fold
collateral sensitivity towards 1 and 2, respectively, when compared
to its sensitive parental 2008 cells. In this resistant line, which
showed elevated expression of TS and DHFR due to cisplatin-resis-
tance phenotype, collateral sensitivity correlated with the greater
reduction of enzyme expression. In addition, median effect analysis
of the interactive effects of cisplatin with the two quinoxalines
mainly showed additive or synergistic cell killing, depending on
schedules of drug combinations.20 More recently, it has been shown
that the simultaneous combination with polyamine analogues of
quinoxalines 1 and 2 or their pre-treatment synergistically in-
creased spermidine/spermine N1-acetyltransferase (SSAT) expres-
sion, depleted polyamines, increased reactive oxygen species
(ROS) production, and produced synergistic tumor cell killing in
both 2008 and C13* cell lines. This combined therapy increased
the chemosensitivity of cisplatin-resistant cells and cross-resistant
to the polyamine analogues. On the contrary, some pre-treatment
regimens of spermine analogues were antagonistic.23

Being quinoxalines multitarget compounds, since they are
well-known DNA binders, c-Met inhibitors and Topoisomerase
inhibitors,24 off-target effects may be an issue, with toxicity remain-
ing a critical aspect. Thus, the control of the multitargeting, by
impairing the toxic effect from the pharmacological activity, could
improve the biological profile of compounds 1 and 2.

In this context, we adopted a ligand-based virtual screening ap-
proach starting from the aforementioned quinoxalines 1 and 2. A
library of approximately eleven thousand quinoxaline-containing
compounds was extracted from the ZINC archive,25,26 containing
either the quinoxaline moiety itself or included in a larger cyclic
system. Among the filters used in the screening, as well as in the
later refinement procedure, ADME properties were predicted in sil-
ico for the compounds of the library; properties such as molecular
weight, predicted aqueous solubility, and calculated polar surface
area (PSA) have been often used in screening processes to prioritize
compounds.27 Their use as computational filters allowed the selec-
tion of a reduced set of molecules to be compared with the two ref-
erence molecules 1 and 2 by means of a pharmacophore-based
method recently developed for virtual screening purposes.28,29

Investigating other compounds via classic structure–activity
relationships of the novel hits found allowed the collection of a
subset of analogues with significant differences in activity and tox-
icity. By studying such differences and combining with ADME-tox
prediction, enzyme profiling and cellular studies, compounds with
an improved predicted profile of high-activity/low-toxicity were
designed and compounds with higher activity and lower toxicity
with respect to the existing drugs (FU, taken as a reference) were
identified. The entire procedure of the identification via ligand-
based virtual screening and the ADME-tox optimization are de-
scribed in this paper.

2. Results

2.1. Ligand-based virtual screening

2.1.1. Overview
The ligand-based procedure was applied to the release 5 of the

ZINC database supplied via the worldwide web,25 which contained
roughly 3,000,000 commercially available compounds. The ZINC
database25 provides files corresponding to substances distributed
from different vendors,26 and the entire database was processed
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by using the SMILES compounds’ codes.30,31 Among this large set of
compounds the quinoxaline scaffold was found only in approximately
eleven thousand compounds, which were further investigated.

The main focus of a virtual screening procedure is to reduce the
size of a chemical library, providing a focused subset of molecules,
enriched in compounds likely to be active, which are then screened
experimentally. A multi-step process was applied: the schema of
the screening procedure is presented in Figure 1, whereas each sin-
gle step is described below.

2.1.2. Pharmacokinetic filtering
A preliminary analysis of data from Ref. 19 suggested pharmaco-

kinetic properties such as molecular weight (MW), aqueous solubil-
ity (SOLY) and polar surface area (PSA) as filters for reducing the
database. An initial set of 10,745 compounds was reduced to only
1568 molecules by using criteria based on the mentioned molecular
properties, calculated using the VOLSURF+ molecular descriptors.32–34

Initially, compounds with MW between 300 and 450 were re-
tained; then, compounds with the SOLY value between �5.5 and
�4.0 were further analyzed; finally, only compounds with PSA
<80 reached the final step.

At the end of this process the database size was significantly re-
duced from 10,745 to 1568, which equals an elimination of about
89%. In brief, according to the filters used, the compounds of this
selection are of ‘medium-size’ with a large hydrophobic moiety.

2.1.3. FLAP similarity
These 1568 compounds were in turn investigated using similar-

ity measures calculated with the FLAP program,28,29,35 a recently
developed algorithm which has been previously used successfully
on structure-based (high-throughput virtual screening of pro-
teins)36 and ligand-based projects such as virtual screening,37,38

QSAR39 and pharmacophore hypothesis generation.40,41 FLAP is
well suited for describing objects (proteins and/or ligands) on the
basis of a common reference framework. In this ligand-based case,
Figure 1. The ligand-based virtual screening (LBVS) cascade. Pharmacokinetic
filtering via VOLSURF+ reduced the initial database of 10,745 structures to a set of
1568 compounds. Similarity scores were calculated with the FLAP method using the
two reference compounds 1 and 2 as templates. In this way, 14 compounds were
selected. Biological tests on human ovarian cancer cell lines yielded six active
compounds.
compounds 1 and 2 were used as reference templates whereas the
1568 quinoxaline-containing compounds constituted the so-called
‘ligand molecules’.

FLAP aligns two molecules and quantifies the similarity be-
tween them. The ‘ligand molecule’ is aligned with each ‘template
molecule’, that is the reference, using pharmacophoric similarity.
A FLAP pharmacophore, which will be referred to as ‘quadruplet’,
is a combination of four hotspots (molecular atoms): each quadru-
plet of the ligand is searched over each of the template quadru-
plets. For each match, that is obtained when four hotspots of the
ligand molecule are found to fit over four hotspots of the template,
a potentially favorable superposition is detected. This iterative pro-
cess continues until all of the template quadruplets are combined
in all possible ways with all ligand quadruplets. Each time, a score
associated to the 3D-superposition of the two molecules, resulting
from the alignment of their corresponding quadruplets, quantifies
the 3D-similarity. At the end of the process, only the best score ob-
tained, that corresponds to the best superposition of each ligand to
the template is used to assess the 3D-similarity between the two
molecules. The FLAP score is an estimation of how the Molecular
Interaction Fields (MIF) calculated for the two molecules with
the GRID force-field42–44 are intersected. Since the MIF encode into
energy values the information of hydrophobic and hydrogen bond-
ing interactions of the molecule with a virtual receptor, the best
intersection of the MIF of two molecules represents the interaction
with a virtual receptor that potentially the two molecules have in
common.

The screening was performed using the set of 1568 compounds,
and for each compound the similarity versus the templates 1 and 2
was calculated. Compounds with high similarity to at least one
template were checked for chemical instability and/or potential
toxicity by visual inspection: removing compounds with potential
toxic and/or reactive functional groups was based on literature
suggestions45,46 and basic medicinal chemistry criteria. Finally,
the availability was checked from the vendor databases and 14
compounds were purchased. These compounds, identified by vir-
tual screening and biologically tested, are reported in Chart 2.

2.2. Analysis of potential inhibitors

The compounds that showed interesting cell growth inhibitory
activity against ovarian cancer cells were considered as hits; their
data are graphically reported in Figure 2 in comparison with some
references (cDDP, 5-FU, 1 and 2). All the selected compounds, given
their structural diversity, are discussed below on the basis of the
quinoxalinic scaffold, using the groups presented in Chart 2.

Four compounds are basically quinoxalines, differently mono-
substituted at positions 6 (3, 4, and 5) or bi-substituted at 2 and
3 (6). Overall, this group was the least interesting since two com-
pounds, 5 and 6, resulted insoluble whereas the other two, 3 and
4, for which the experiments were conducted, were inactive.

Four other compounds have a tri-cyclic, quinoxaline-containing,
scaffold. Both compounds 7 and 8 are [1,2,4]triazolo[4,3-a]quinox-
alines substituted at position 4, but 7 is also substituted with
p-chlorophenyl at position 1. This scaffold was very promising, gi-
ven the activity of 7 and 8 on 2008 and C13* cells. In particular,
compound 8 was weakly active and with a scant selectivity for
the cell lines used, having IC50 values of 17 lM on 2008 cells,
19 lM on C13* cells, and 20 lM on Vero cells, whereas 7, namely
1-(4-chlorophenyl)-4-trifluoromethyl-[1,2,4]triazolo[4,3-a]quinoxaline
(LQ011), was the most potent of the series on both 2008 and C13*
cell lines, with IC50 values of 2.5 lM on 2008 cells and 3.4 lM on
C13* cells, respectively. Also 7 was not selective, being active and
even more potent on Vero cells with IC50 value of 1.2 lM. The other
tri-cyclic scaffolds were 1H-pyrrolo[3,2-b]quinoxaline 9 and
1H-imidazo[4,5-b]quinoxaline 10. Of these two compounds, 9



Chart 2. Structures of the compounds identified by virtual screening (compound 5 was purchased as racemate).
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and 10, which differ for the five-member ring and for their substit-
uents, only 9 was active, with IC50 values of 18 lM on 2008 cells
and 22 lM on C13* cells, but also 9.1 lM on Vero cells, presenting
the problem of low selectivity and cell toxicity like 7. The dihydro-
1H-imidazo-quinoxaline compound, 10, was inactive.

Six tetra-cyclic compounds were selected via virtual screening
and purchased, but three out of six resulted insoluble in DMSO.
The three that were experimentally tested, 12, 13, and 16, were
slightly active on both the ovarian carcinoma cell lines, being the
IC50 in the range of 30 lM (16) or 50 lM (12 and 13), and selective,
being the IC50 for Vero cells greater than 50 lM for 16 and than
100 lM for 12 and 13. For two 1,3-dimethyl-1H-pyrrolo
[3,4-d]pyrimidine-2,4(3H,6H)-diones (12 and 13) the same substi-
tuent, the tolyl group, is differently linked to the quinoxaline (12)
and pyrrolo (13) moieties, whereas for 16 a di-chloro-phenyl group
is linked to the tetra-cyclic structure.
Given the problematic solubility range of the starting quinoxa-
lines 1 and 2, low soluble derivatives were expected. This problem
affected also the in vitro experiments with hTS: compounds 11, 12,
14, 15, and 16 were not soluble in DMSO and could not be tested
whereas compounds 3, 4, 6, 8, 9, 10, 11, and 13 were not inhibitors
at 50 lM, and 5 at 100 lM. Summarizing, nine compounds were
tested but none inhibited hTS at the concentration used (up to
50–100 lM).

At the cellular level the situation was more promising, since
nine compounds were tested and six out of nine killed tumor cells
in a range of 50 lM (Fig. 2). Unfortunately, the most potent hits
found (7) revealed a scant selectivity of action because it inhibited
the growth of the Vero cells in the same range as the effective
inhibitory concentration, whereas the less potent compounds were
more selective. Four different quinoxaline-containing scaffolds
were identified as active for inhibiting the folate cycle. Two of



Figure 2. IC50 values (lM) against the human ovarian 2008 and C13* cell lines, and against Vero lineage for the reference compounds (cDDP, 5-FU, 1 and 2) and for the hits
identified with the virtual screening 7, 8, 9, 12, and 13 and 16.
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them, the [1,2,4]triazolo[4,3-a]quinoxaline scaffold of the hits 8
and 7, and the 1H-pyrrolo[3,2-b]quinoxaline scaffold of the hit 9,
are tri-cyclic whereas the other two, the pyrrolo-pyrimidin-
dione[a]quinoxaline and pyrrolo-pyrimidin-one[b]quinoxaline
scaffolds, are tetra-cyclic. Only one scaffold (the [1,2,4]triazol-
o[4,3-a]quinoxaline) was selected for further investigation, by
studying a few derivatives as described in the next section. Data
of the activity on 2008, C13* and Vero cell lines is also reported
in the Supplementary data.

2.3. Derivatives of novel folate cycle inhibitors

The two molecules with the [1,2,4]triazolo[4,3-a]quinoxaline
core, 7 and 8, were among the most promising in terms of potency,
with 7 being the most effective drug, with interesting IC50 values
(2.5 and 3.4 lM) in 2008 and C13* cells as well as against Vero cells
(1.2 lM). With the aim of reducing the toxic effect from the phar-
macological activity and to shed light on the biological behavior of
this class of compounds, six new derivatives of 7 were found by
searching through the initial quinoxaline-dataset, and their effect
was studied on both enzyme hTS and cells. The structure of the se-
lected derivatives is presented in Chart 3, the biological activities
are reported in Table 1 and the structure–activity relationships
are briefly discussed below.

At the cellular level, the only active derivative out of these six
was 17, with IC50 values of 17.5 lM (2008 cells) and of 27 lM
(C13* cells). Unfortunately, 17 was still more potent on Vero cells,
with IC50 of 14 lM. Among the inactive derivatives 19 can be men-
tioned, since its activity, limited to the 2008 cell line with IC50 of
48 lM, resulted much lower than its toxic effect on the safe cell,
with an IC50 on Vero cells of 22 lM. Summarizing the structure–
activity relationships observed so far, no optimization of the activ-
ity versus the toxicity was achieved. However, all the collected
data, taken together, could be used for building qualitative models
to be used in the design of more selective compounds, as described
in the next section.

At the enzymatic level (see Table 1), two of the six derivatives
(21 and 22) revealed interesting activity, with 53% of inhibition
at 25 lM (21) and 70% of inhibition at 50 lM (22). Another three
compounds were slightly active (17, 18 and 20) whereas the
remaining one (19) was almost inactive. The inhibition of the TS
enzyme does not parallel the cellular inhibitory activity and this
may be due to difficulties in membrane crossing. Despite the low
potency in the enzymatic test (Table 1), compound 19 was passed
to the cellular assay because the piperazinyl ring is usually consid-
ered a fragment that improves the solubility and cellular mem-
brane permeability.

2.4. ADME-tox optimization of [1,2,4]triazolo[4,3-a]quinoxaline
derivatives

The biological activities on the three cell lines (2008, C13* and
Vero) were available for eight compounds (7, 8, 9, 12, 13, 16, 17,
and 19). A PLS2 model was built over this set of molecules with
VOLSURF+ to investigate the relationships between the activities on
2008 and C13* cell lines and the toxicity, the latter being the activ-
ity on the Vero cells. Given the extremely low number of com-
pounds used, these models were developed for interpretative
purposes only.

The PLS2 method reports three separate PLS models for the
three activities (Fig. 3a) but also an overall model for the relation-
ships between the blocks X and Y. In the resulting plot of PLS
weights ( Fig. 3b) it is evident that the activities on 2008 and
C13* cells are coupled, whereas the activity on the Vero cells (tox-
icity) is more isolated. Being the final aim of this optimization the
reduction of such toxicity without affecting the other activities, the
PLS coefficients (Fig. 3c) were analyzed to identify which variables
(molecular descriptors) could be easily modulated in order to de-
crease the activity on Vero cells.

The metabolic stability (MetStab VOLSURF+ descriptor) was se-
lected as the molecular descriptor, directly related to the cellular
toxicity, to be reduced in order to decrease the activity on Vero
cells (i.e., reduce the toxicity). The presence in cancer cells of
defensive/detoxifying enzymes such as cytochromes P450 has
been investigated by several authors. In particular, the expression
in malignant cells of enzymes of the subfamily 1A has been re-
ported47,48 and recently reviewed.49 Therefore, following this
hypothesis, new derivatives of 7 (LQ011) were designed focusing
on the reduction of their (predicted) metabolic stability, by chang-
ing a metabolically stable group with a more unstable group.

The design of new derivatives of 7 was carried out with the help
of the program MetaSite,50,51 used to predict the metabolism of 7.
METASITE was specifically designed to study the metabolism of xeno-
biotics due to cytochromes P450, and to predict the sites of metab-
olism (SOM). The predictions obtained with MetaSite for 7 are
reported in Figure 4: the first two solutions (most unstable groups)



Chart 3. Structures of the hits’ derivatives starting from compounds 7 and 8.

Table 1
TS and DHFR inhibitory activity at 100 lM and IC50 values (lM) for the triazolo-
quinoxaline 17–22 against the human ovarian 2008, C13*, and Vero lineages

TS% inhib
(100 lM)

DHFR% inhib
(100 lM)

IC50 (lM)
2008 cells

IC50 (lM)
C13* cells

IC50 (lM)
Vero cells

17 17 10 17.5 27 14
18 22 10 >50 >50 NTa

19 <10 40 48 >50 22
20 41 NId >50 >50 NTa

21 53b NId >50 >50 NTa

22 70c NId >50 >50 NTa

a NT = Not tested.
b 25 lM.
c 50 lM.
d NI = No inhibition.

7778 E. Carosati et al. / Bioorg. Med. Chem. 18 (2010) 7773–7785
are the quinoxaline ring (especially position 7 of [1,2,4]triazol-
o[4,3-a]quinoxaline) and the two positions (in meta with respect
to the chlorine) of the phenyl ring which is substituted at position
1 (Fig. 4a).

The MetaSite prediction with the reactivity factor switched ‘off’
offers an alternative perspective. This way the researcher can
investigate exclusively the affinity with the enzyme cavity of the
different molecular moieties. This is often roughly referred to as
the ‘exposure’ of the atoms/groups of the compound within the en-
zyme cavity.52,53 In case of 7 the most exposed group is the phenyl
ring at position 1, and in particular the chlorine atom (Fig. 4b). The
designed molecules were subjected to metabolic stability and Met
ID experiments, whose results will be reported in due course.

Overall, modifications at the p-chlorine group were expected to
favor the metabolism, and three derivatives were designed with
this scope. 1-(2,6-Dichlorophenyl)-4-methyl-[1,2,4]triazolo[4,3-a]quin-
oxaline (LQ029, 23) differs from 7 for two chlorine atoms in ortho-po-
sition instead of one chlorine atom in the para-position (see Chart
4); in 4-methyl-1-(p-tolyl)-[1,2,4]triazolo[4,3-a]quinoxaline
(LQ030, 24) such chlorine atom is replaced by a methyl group,
whereas 4-chloro-1-phenyl-[1,2,4]triazolo[4,3-a]quinoxaline (LQ031,
25) is unsubstituted in the phenyl at position 1 and a chlorine atom
replaces the trifluoromethyl group. The structures of 23, 24 and 25
are presented in Chart 4, whereas their biological activities are re-
ported in Table 2.

2.5. Biological activity of the optimized compounds

The cytotoxic effects of the most interesting compounds 7, 23, 24
and 25 have been compared with the dose–response curves of the
traditional anticancer drugs cDDP and 5-FU (Fig. 5). The C13* cells,
about 13-fold and 4-fold resistant to cDDP and 5-FU respectively,
were almost as sensitive to 7 and 25 as 2008 cells, indicating that
the pharmacology of these novel compounds was not affected by
the resistance phenotype. On the contrary, even if the order of
magnitude of the IC50 of 23 and 24 against the sensitive tumor cells
is higher than the classical anticancer compounds, both 23 and 24
presented a higher cytotoxic activity towards the resistant line
(Table 2).

The results on the other pair A2780-A2780/CP cell lines showed
that there is no specific activity towards the resistant line, since the
IC50 values of these compounds were quite the same in sensitive
and resistant lines, especially with the compounds 23 and 24.
Interestingly, 24 and 25 showed a better selectivity than both tra-
ditional drugs and 7, since they were less toxic against Vero lineage
than the other drugs. In particular, compound 25 appeared the
most interesting inhibitor of cell growth, even improved with re-
spect to 7. This result is even better if compared with the cytotox-
icity against A2780 and A2780/CP, which were 7.3- and 3-fold,
respectively, more responsive to 25 than the Vero lineage (Table
2). In addition, all drugs did not affect human fibroblast cell growth
up to 100 lM (data not shown).



Figure 3. (a) VolSurf+ molecular descriptors are related to biological activities (expressed as pIC50) on 2008, C13* and Vero cell lines via three separate PLS models. (b) Using
the PLS2 method the three activities can be handled simultaneously: in the ‘PLS Weights’ plot the three dependent variables are reported with yellow circles, the molecular
descriptors are reported with blue circles, whereas the descriptor MetStab is represented with the red circle. (c) PLS coefficients plot for the PLS model for the Vero cell line;
the red bar in the histogram is the molecular descriptor named MetStab, which refers to human metabolic stability.

Figure 4. MetaSite predictions for 7 obtained with the reactivity switched ‘on’ (a)
or switched ‘off’ (b). The first three sites of metabolism (SOM) are reported with the
codes 1, 2, and 3. The calculations were run using the ‘liver’ consensus model.

Chart 4. Structures of the compounds of the ADME-tox optimization.

Table 2
IC50 values (lM) for the references 1 and 2, and triazolo-quinoxalines against cDDP-
sensitive (2008, A2780) and resistant counterpart (C13*, A2780/CP) ovarian cancer
cells and Vero lineage

2008 C13* A2780 A2780/CP Vero

1a 28.8 ± 2.4 14.2 ± 1.3 27.5 ± 3 35.3 ± 4 40.2 ± 4.1
2a 18.8 ± 1.5 8.3 ± 1 17.4 ± 1.5 27.4 ± 2.6 42.4 ± 3.3
7 2.5 ± 0.4 3.4 ± 0.5 2.3 ± 0.4 4.7 ± 0.5 1.2 ± 0.2

17 17.5 ± 2 27 ± 3.1 9 ± 1.1 11 ± 1 14 ± 1.3
19 48 ± 4.5 >50 18 ± 2 38 ± 2.9 22 ± 1.5
23 37 ± 5 28 ± 2 27.5 ± 2.5 25 ± 2 10 ± 0.7
24 42.5 ± 2.5 26.7 ± 1 33 ± 1 35.7 ± 1.5 >50
25 12.5 ± 1 13 ± 1.2 2.5 ± 0.3 6 ± 0.5 18.2 ± 1.6

The IC50 is defined as the concentration causing 50% growth inhibition in treated
cells when compared to control cells after 72-h drug exposure. Values are mean-
s ± S.E.M. of four separate experiments performed in duplicate. Exception is 25 for
which N = 5.

a From Ref. 20.
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The effects of two representative of the new compounds on fo-
late cycle enzymes expression of 2008 and C13* cells have been
verified. In particular, we have chosen 23 and 24 which showed
a higher activity against resistant than sensitive cells but with a
different selectivity towards the non-tumorigenic Vero line. Like
the two quinoxalinic compounds 1 and 2, compounds 23 and 24
induced a decrease in the TS expression ( Fig. 6a). In particular,
24 induced a dramatic reduction of the amount of TS, which almost
disappeared in the sensitive line and barely reaches 10% of control
in the resistant one.

On the other hand, DHFR expression even showed a greater
inhibition after exposure to 23 and 24, and they were, like 1 and
2, more active on the resistant line with respect to the sensitive
one (Fig. 6b). Partly correlating with the effects on TS protein level,
23 and 24, at their IC50 values, interfere with the catalytic activity
of TS enzyme in both 2008 and C13* cell lines, after 72 h-treatment
(Fig. 6c). Moreover, both 23 and 24, accordingly to cytotoxicity,
appeared to affect more specifically the resistant line (32.3 ± 0.9



Figure 5. Dose–response curves of cDDP, 5-FU, 7, 23, 24 and 25 against human ovarian cancer cell lines and Vero lineage. 24 h after seeding, 2008 (open circles), C13* (closed
circles), A2780 (open triangle down), A2780/CP (closed triangle down) and Vero (open diamonds) cell lines were exposed to the indicated concentrations of the drugs for 72 h
and then fixed and stained with crystal violet solution. Results represent the mean of three separate experiments performed in duplicate. Error bars, S.E.M.; where not visible,
error bars did not exceed symbol size.
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and 12.9 ± 0.6% of control, respectively) than the sensitive line
(58.9 ± 3.6 and 38.8 ± 3.9, respectively).

Compounds 23 and 24 did not show any activity against TS en-
zymes at concentration lower than 50 lM due to solubility limit,
whereas 25 showed inhibitory activity of 28% at 50 lM hTS (Ki esti-
mated at 10 lM). In general, it was not possible to test the com-
pounds at concentration higher than 50 lM due to solubility
limit. However, the inhibitory effect of the TS protein observed in
the cellular extract (Fig. 6) is likely due not only to the inhibition
of the TS protein itself, but also to the lower protein concentration
in the cells when the cells are pre-treated with the compounds,
suggesting the occurrence of an inhibition either at transcriptional
or post-transcriptional level.

Apart from the folate cycle inhibition activity, the quinoxalinic
compounds may act with other mechanisms, since exogenous
compounds may oxidize intracellular products producing hydro-
gen peroxide, which at high levels damages mitochondrial mem-
branes and triggers the cascade to apoptosis.54 Thus, we checked
for quinoxalines-induced production of Reactive Oxygen Species
(ROS) by means of the fluorescent probe CM-H2DCFDA. Indeed,
results from our study show that these novel folate cycle inhibitors
elevate cellular hydrogen peroxide content, which may initiate the
apoptotic cascade. However, this effect does not appear to contrib-
ute to the cell growth inhibition in resistant cells since ROS pro-
duction was comparable to controls. Probably, the more elevated
content of intracellular detoxifying compounds such as metallothi-
onein, glutathione and thioredoxin,55 allows resistant C13* cells to
counteract the toxic effects better than sensitive 2008 line (see
Supplementary data).

3. Discussion and conclusion

The up-regulation of folate cycle enzymes is probably the most
common mechanism of resistance presented by a wide panel of
cisplatin-resistant human tumor cell lines, including ovarian carci-
noma cells3 such as the C13* and A2780/CP cells used in this study.
By this mechanism resistant cells can survive better the drug injury
caused by cDDP or by other traditional TS inhibitors such as 5-FU.

Therefore, the development of treatments against tumor cells
resistant to TS inhibitors, without the concomitant long-term
over-expression of folate cycle enzymes, appears nowadays of
great importance. In this context we have recently reported two



Figure 6. Effects of 23 and 24 on TS and DHFR expression in 2008 and C13* cells. (a and b) Western immunoblot analysis of TS and DHFR from 2008 and C13* cells treated for
72 h with the indicated concentrations of 23 (blue bars) and 24 (red bars). The blots of hTS monomer, molecular mass of 35 KDa, and DHFR monomer, molecular mass of
21 KDa, were quantified by densitometric scanning and the values were bar graphed. Western blot analyses were performed on cytosolic extracts from cells in the
exponential phase of growth and prepared as described in Section 4, using an anti-human TS and DHFR monoclonal antibody. Results of a typical experiment, which was
carried out three times, are shown. Equal lane loading was confirmed using an anti-human b-tubulin mouse antibody (b-tubulin protein level did not change significantly and
it was not shown). (c) TS activity inhibition in 2008 and C13* cells was determined under the same experimental conditions using the IC50 values of 23 (blue bars) and 24 (red
bars) for 72 h. Results represent the mean of three separate experiments performed in duplicate. Error bars, S.E.M.
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quinoxalines 1 and 2 able to inhibit the expression of both TS and
DHFR, and in particular of a cDDP-resistant human ovarian carci-
noma cell line. Starting from the quinoxaline core structure of
compounds 1 and 2, in silico ADME predictions were applied in
parallel with enzyme profiling and cellular growth inhibition
(cytotoxicity) to understand how to progress along the optimiza-
tion stage. In this case we considered as important activity indica-
tor the cellular activity of the compounds with respect to enzyme
inhibition, because we have observed that even the references 1
and 2 were folate cycle inhibitors with low efficacy against the re-
combinant protein. A set of 14 compounds was selected starting
from a large database of approximately eleven thousand quinoxa-
lines available from different vendors. Together with the necessary
presence of the quinoxaline moiety, the selection was based on in
silico prediction/calculation of molecular properties and on molec-
ular similarity to the two active quinoxalines 1 and 2. With biolog-
ical tests six hits were identified: in particular, compounds 7 and 8,
bearing a quinazoline and triazolo-quinoxalinic core, showed an
interesting inhibitory cell growth activity, even better than 5-FU
in the same assay. Further compound selection was carried out
by means of substructure searches; although the toxicity of the
derivatives, the data collected allowed to refine the optimization
which finally led to the three compounds 23, 24 and 25, with a re-
duced toxicity with respect to the starting compounds, while
maintaining a similar or even better cytotoxicity.

The data here presented indicate that compound 24 represents
the best compromise between antitumor activity and toxicity
(selectivity) of drugs with this kind of chemical structure. Com-
pound 23 shares with 24 folate cycle inhibition and similar cyto-
toxic activity, but not selectivity. Interestingly, unlike 5-FU, both
23 and 24 down-regulate TS expression without inducing ternary
complex formation.

The cellular activity profile was studied in detail for the opti-
mized compounds 23–25, and compared with 5-FU. It has been re-
ported that resistance to 5-FU is due to the up-regulation of TS
expression following the binding of inhibitors, as well as of the
substrate and the co-substrate, to TS protein causing its dissocia-
tion from TS mRNA and thus relieving the translation repression
brought about by the TS monomer, allowing translation and in-
creased intracellular TS protein level.56 In our cell model, the for-
mation of a ternary complex was evident in both lines but it is
amplified by the resistant phenotype. In addition, 5-FU treatment
derepressing translation accounted for the outstanding level of
the ternary complex. According to the suggestion that even the en-
zyme stabilization could play a role in the induction of TS, as al-
ready proposed in other cell lines,57 5-FU treatment increased TS
protein half-life in both lines.20

It is worth noting that 23 and 24 do not induce over-expression
of the TS, but instead they lower the protein production, while 5-
FU induces TS over-expression in different tumor cell models,
including the cell lines used in this study. In addition, 23 and 24
showed a cytotoxic profile similar to 1 and 2 in 2008 and C13*
cells, even if to a lower extent. Indeed, 23 and 24 displayed a slight
collateral sensitivity against resistant C13* line that correlated
with the greater reduction of TS catalytic activity with respect to
2008 parental line. The same correlation was observed for the
reduction of DHFR expression. Compound 25 showed a Ki value
of 3 lM against hDHFR and the best cellular profile because it is
more cytotoxic, even better than 5-FU and less toxic against Vero
cells and presumably shares the same cellular effect with respect
to 23 and 24 which did not show any inhibition of hDHFR.

Despite the direct correlation between cytotoxic effects and fo-
late cycle enzymes down-regulation is evident, it cannot be ruled
out that these quinoxaline compounds may act by affecting differ-
ent mechanisms other than the folate cycle. In this regard, other
quinoxalines structurally similar to those presented here have
been reported to act as topoisomerase II poisons and anticancer
agents.58

Besides, these quinoxalines also showed to affect the intracellu-
lar redox state by inducing ROS production, but only in sensitive
lines because resistant phenotypes counteract this mechanism.

Another possible mechanism may involve c-Met kinases, a
member of receptor tyrosine kinase (RTK) family that is important
for normal mammalian development, and found deregulated in
high tumor grade,59 becoming an attractive target for cancer
therapy. In this regard, a novel series of quinoxalines as inhibitors
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of c-Met kinase has been discovered very recently:60 this series,
structurally similar to the series presented here, indicates an addi-
tional likely intracellular target.

Therefore, while characterizing the folate cycle inhibition effect,
for these triazolo-quinoxaline compounds other additional inhibi-
tion mechanisms cannot be excluded. Thus, the most active and
interesting compounds of this series deserve further investiga-
tional studies to elucidate in detail all their biochemical target(s).

As a final remark, this work represents an example in which the
cellular activity of the compounds, and not the recombinant pro-
tein inhibition, guided the drug discovery process and led to the
identification of optimized compounds. This approach, differing
from the classical enzyme activity guided selection, can be usefully
applied when preliminary data clearly shows poor correlation of
cellular activity and enzyme inhibition profile.

4. Experimental

4.1. Purity of tested compounds

Purity of compounds was >95%, as determined by TLC. Com-
pounds 1 and 2 were synthesized as reported in Section 4.2. Com-
pounds 3, 5, 8, and 11 were purchased from Chembridge;61

compounds 4, 19, 20, and 25 from Specs;62 compounds 6, 12, 13 from
Chemdiv;63 compounds 7, 17, 18, 23 and 24 from Key Organics Ltd;64

compound 9 from Ambinter;65 compounds 10, 14, 15, 16, 21 and 22
from Enamine.66 Compound codes from the vendors are available in
the Supplementary data. Compound purity has been defined by TLC
using 5:5 ethyl acetate–nExane or 9:1 ethyl acetate–nExane. LCMS
for compounds 17, 18, 19, 21, 22, 23, 24, and 25 are reported as
Supplementary data; all of them are LC–MS pure.
4.2. Synthesis

Compounds 1 and 2 were synthesized following the reported
methods.67–71

4.3. Computational modeling

4.3.1. Flap
The program FLAP28,29 (Fingerprint for Ligands And Proteins)

was originally conceived as a fast algorithm for performing virtual
screening by means of a fingerprint-type description of both
ligands and protein binding sites. It was designed to describe
molecules and protein structures in terms of a common reference
framework. This framework can be built from information ob-
tained from the active site of the protein of interest, in which case
the resulting study is called a structure-based study, or from li-
gands which are known to be active for a certain biological target,
in which case the resulting study is called a ligand-based study.
In ligand-based virtual screening, compounds from virtual li-
braries are ranked according to their similarity toward a given
reference molecule, called a template.28,29 Given the 3D structure
of a molecule, with the GRID force-field42–44 the interaction en-
ergy between the molecule and a probe are calculated at different
points in space. As a result, one has the so-called Molecular Inter-
action Fields (MIF): the hydrophobic and hydrogen bonding inter-
actions of the molecule with a virtual receptor are schematised by
the probes and encoded into energy values assigned to the nodes
of a grid built around each molecule. MIF are of central impor-
tance in the execution of the FLAP algorithm since, given two
molecules, their MIF are used by FLAP to align one to the other.
The first step of the FLAP procedure is the creation of a database:
all the molecules imported will be referred to as ligand mole-
cules. The ligand molecules are subjected to a fast conformational
analysis, a reasonable number of conformations are generated
and each conformer is individually treated (in this application,
up to 50 conformations were generated by FLAP). Some represen-
tative fields are extracted from the MIFs of the individual ele-
ments entered, and stored in the database. Then, a molecular
template is imported, the corresponding MIF are calculated with
the program GRID and again some representative fields are se-
lected from the MIFs. The pairwise similarity is calculated on
the basis of MIF superposition which, in turn, is obtained by com-
bining quadruplets of hotspots, that could be either molecular
atoms or points from the MIF. The first case was used: FLAP clas-
sifies all the heavy atoms of ligand molecules as hydrophobic,
hydrogen bond donating or accepting, and positively or nega-
tively charged; then FLAP describes each molecule as a set of qua-
druplets, derived by combining all the hotspots, four by four, in
an exhaustive way. Each quadruplet is defined by the character
of its composing hotspots, by their six inter-atomic distances,
measured in Angstroms and binned in 1 Å intervals, and by an
additional flag for the chirality of the quadruplet. The huge infor-
mation obtained is then documented in a fingerprint mode where
the absence or presence of all quadruplets corresponds to 0 or 1,
respectively. For computational reasons, only present quadruplets
are stored in such a way that facilitates further searches and uses:
the information obtained for the template molecule is stored in a
virtual bit-string making future computations much easier and
quicker to complete and compare. The next step in the FLAP pro-
cess would be finding the matches of the 4-hotspots of the indi-
vidual ligands to those of the template. When four hotspots of the
ligand molecule are found to fit over four hotspots of the tem-
plate framework, a potentially favorable superposition has been
detected. The process is iterative, and it continues until all the
template quadruplets are combined in all possible ways with all
ligand quadruplets. Each time, a score associated to the two mol-
ecules and their common quadruplet of hotspots quantifies the
overlap of the two MIFs: a score is assigned to the superposition
in order to evaluate its ‘goodness’ of MIF-overlapping, using the
MIF of the two molecules produced with the GRID probes DRY
and OH2. At the end of the process, only the best superposition
of each ligand to each template is memorized. Some details of
the FLAP calculations are briefly listed: (1) The tolerance between
pair wise atoms (from template and ligand molecules) was set to
1 Å. (2) The conformers are produced by FLAP on-the-fly with a
routine that randomly modifies the molecule and adds a new
conformation to the set only when it differs from the ones al-
ready existing. The difference is calculated by using RMSD (root
mean square deviation) criteria, using 0.1 as threshold for consid-
ering two conformations enough diverse to be treated individu-
ally. In this way, the FLAP conformational sampling guarantees
an adequate treatment of molecular flexibility in order to span
as much as possible the conformational space. For the templates
1 and 2 the conformational analysis was carried out on-the-fly
producing ten different conformations and repeating for each
conformation the entire procedure described, whereas up to 50
conformers were generated for each ligand molecule, and the best
results obtained among these was the result assigned to the com-
pound. (3) GRID probes DRY and OH2 were used to describe the
template and each ligand molecule; in addition, the GRID probe H
is used for describing the molecular shape. (4) The molecular
atoms were used as hotspots. (5) The level of speed was set to
75%. ‘Ligand’ molecules were subjected to a fast conformational
analysis: a reasonable number of conformations were generated,
and each conformer was treated individually. Since the FLAP
method has been created for virtual screening projects in order
to run over libraries of thousands of compounds, the conforma-
tional analysis of FLAP is carried out on-the-fly to span reasonably
the conformational space.
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4.3.2. Potential toxicity and reactivity filter
Potentially toxic functional groups as well as reactive ones were

removed following the suggestions of several authors.45,46 There-
fore, the presence of the following chemical moieties served as crite-
rion for removal: (a) five or more halogen atoms, (b) two or more
cyano or nitro groups, (c) epoxide or aziridine, (d) two or more
aliphatic esters, (e) 1,2-dicarbonyl groups, (f) sulfonate and phos-
phonate esters, (g) aldehydes, (h) acyl or sulfonyl halides, (i) anhy-
drides, and (j) heteroatom-heteroatom single bonds, when not in a
cycle or linked to aromatic/olefinic systems.

4.3.3. METASITE

METASITE is a program to predict the site of metabolism of drugs
and xenobiotics with a mixed approach, which means that infor-
mation related to both the structure of the protein and the ligand
are combined to provide the site of metabolism (SOM) prediction.
In 80% of the cases, METASITE predicted the correct SOM within the
top three predicted sites.49,51 The prediction of the most likely met-
abolically labile site(s) in a structure of a drug candidate can be rel-
evant to modulate the metabolic stability. Increasing the metabolic
stability of a compound can be achieved by replacement of the
metabolic ‘hot spot’ with a metabolically stable substituent, such
as a trifluoromethyl group, which will resist CYP-catalyzed oxida-
tion. Vice versa, decreasing the metabolic stability of a compound
can be achieved by replacement of metabolically stable substituent
with atoms/groups metabolically unstable. Predictions of sites of
metabolism (SOM) were done with the version 3.0 of METASITE using
the P450 liver model that displays a ‘weighted consensus’ of the
SOM predictions of the main isoforms present in the liver such as
CYP3A4, CYP2D6, and CYP2C9 and of other isoforms with minor
impact such as CYP1A2, CYP2C19, and CYP2E1. The reactivity con-
tribution was set ‘On’ and ‘Off’. When the reactivity is taken into
account (‘On’) the final ranking for potential metabolic sites is
the product of the similarity analysis and the chemical reactivity.
In the ‘Off’ mode, METASITE predicts how the protein orients the com-
pounds in the enzyme active site without considering the reactiv-
ity of the atoms.

4.3.4. VOLSURF+
VOLSURF+32–34 is a program to transform 3D energy maps into

molecular descriptors. In the VOLSURF+ procedure, first the GRID42–

44 force field is applied to characterize potential polar and hydro-
phobic interaction sites around target molecules by the water
probe (OH2), the hydrophobic probe (DRY), the hydrogen bonding
acceptor carbonyl oxygen probe (O) and hydrogen bonding donor
amide nitrogen probe (N1). Afterward, molecular descriptors are
calculated from these 3D maps. They refer to molecular size and
shape, to hydrophilic and hydrophobic regions and to the balance
between them. The descriptors used as filters are the molecular
weight, the polar surface area, that is calculated starting via the
sum of polar region contributions, and SOLY. The descriptor called
SOLY is the projection on a quantitative model for thermodynamic
aqueous solubility obtained over more than 1100 different chemi-
cal structures. The solubility values are the log[Soly] where Soly is
expressed in mol/l at 25 �C. Another relevant molecular descriptor
was MetStab that is a quantitative model for metabolic stability in
human CYP3A4. The predicted MetStab value corresponds to the
metabolic stability of a drug incubated at a fixed concentration
for 60 min with a fixed concentration of protein at 37 �C. Com-
pounds with a final concentration greater than or equal to 50% of
the corresponding control sample were defined as stable, whereas
compounds with final concentrations of less than 50% of the corre-
sponding control were defined as unstable. The used version 1.0.2
comprises 128 molecular descriptors covering biologically relevant
properties such as shape, surface and volume, electrostatic forces,
hydrogen bonding and lipophilicity. Multivariate statistics
methods are present in the VOLSURF+ package and are used to enable
a simple and straightforward chemical interpretation of the
descriptor matrix. Principal Components Analysis (PCA) is an ex-
tremely useful technique to ‘summarize’ all the information con-
tained in the X-matrix in a more understandable form. PCA
works by decomposing the X-matrix as the product of two smaller
matrices, which are called the loading and score matrices. The Par-
tial Least Squares (PLS) analysis is a regression technique whose
goal is to explain dependent variable(s) Y(s) in terms of the X-ma-
trix, that is composed of VOLSURF+ molecular descriptors.

4.4. Biological testing of virtual hits at the enzyme level

Purification protocol hDHFR: The strain BL21 containing the plas-
mid with human DHFR gene was grown at 37 �C, 120 rpm in 1000 ml
of LB medium containing 100 mg/liter ampicillin. Isopropyl-D-thiog-
alactoside (IPTG) was added (OD600 = 0.7) to a final concentration of
1 mM for the induction of expression. The pellet was defrozen and
resuspended in buffer 10 mM KxHyPO4, 1 mM EDTA (pH 7.5) using
2 mL/g. The protein was precipitated using (NH4)2SO4 35% and
resuspended in buffer 10 mM KxHyPO4, 1 mM EDTA (pH 7.5) then
dialyzed with buffer 10 mM KxHyPO4, 1 mM EDTA (pH 7.5). The
resuspended protein was loaded in DE52 column, washed with buf-
fer 10 mM KxHyPO4, 1 mM EDTA (pH 7.5). The column was eluted
with a gradient from buffer 10 mM KxHyPO4, 1 mM EDTA (pH 7.5)
to buffer 100 mM KxHyPO4, 1 mM EDTA (pH 7.5). The fractions were
collected and (NH4)2SO4 1.4 M was added to the pool that was
Loaded in Phenyl-Sepharose CL-4B column. The protein was eluted
with a gradient from buffer 25 mM KxHyPO4, 20 mM bME (pH 7.5)
1.4 M (NH4)2SO4 to the buffer 25 mM KxHyPO4, 20 mM bME (pH
7.5) 0.5 M (NH4)2SO4.

4.4.1. Purification protocol hTS
The strain BL21 containing the plasmid with human TS gene

was growth at 37 �C, 120 rpm in 1000 ml of LB medium containing
100 mg/liter ampicillin. Isopropyl-D-thiogalactoside (IPTG) was
then added (OD600 = 0.7) to a final concentration of 1 mM for
the induction of expression. The pellet was resuspended with buf-
fer 20 mM NaH2PO4, 30 mM NaCl, pH 7.5. The crude extract was
loaded in Ni-HTP column and washed with buffer 20 mM NaH2PO4,
30 mM NaCl, 20 mM imidazole at pH 7.5. The protein was eluted
with buffer 20 mM NaH2PO4, 30 mM NaCl, 1 M imidazole pH 7.5.
The purified protein was obtained loading the Ni-HTP eluted pro-
tein through a desalting column with buffer 20 mM NaH2PO4,
30 mM NaCl, pH 7.5 provided the 90% purified protein (gel electro-
phoresis purity grade).

4.4.2. TS assay activity
Assay reaction with a final volume of 800 ll, contained 50 mM

TES, 25 mM MgCl2, 6,5 mM formalin, 1 mM EDTA, 75 mM bME, hTS
0.4 lM, mTHF 50 lM, dUMP 120 lM. The reaction was initiated by
dUMP followed by rapid shaking. The activity was determined by
following the increase of absorbance at k = 340 nm on a Beckman
DU640. The inhibition is performed at maximum compound con-
centration (0, 50 and 100 lM), depending on compound solubility.
The compounds were dissolved in 10 mM DMSO stock.

4.4.3. DHFR assay activity
Assay reaction with a final volume of 800 ll, contained 50 mM

TES, 25 mM MgCl2, 6.5 mM formalin, 1 mM EDTA, 75 mM bME,
hDHFR 0.5 lM, DHF 50 lM, NADPH 120 lM. The reaction was ini-
tiated by NADPH followed by rapid shaking. The activity was deter-
mined by following the decrease of absorbance at k = 340 nm on a
Beckman DU640. The inhibition is performed at maximum concen-
tration possible (0, 50 and 100 lM), depending on compound
solubility. The compounds were dissolved in 10 mM DMSO stock.
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4.5. Biological testing of virtual hits at the cell level

For screening the biological activities of the selected com-
pounds, their effects on different cell lines were studied.

4.5.1. Cell lines
The 2008 cell line was established from a patient with serous

cystadenocarcinoma of the ovary and the cDDP-resistant C13* sub-
line, about 15-fold resistant to cDDP, was derived from the parent
2008 cell line by monthly exposure to cDDP, followed by chronic
exposure to step-wise increases in cDDP concentration.72 The hu-
man ovarian carcinoma A2780/CP cells are 12-fold resistant to
cDDP and derived from the parent A2780 cell line. These human
ovarian cell lines were grown as monolayers in RPMI 1640 medium
(Lonza, Verviers, Belgium) containing 10% heat-inactivated fetal
bovine serum (Lonza, Verviers, Belgium) and 50 lg/ml gentamycin
sulfate. Vero cells, established from kidney cells of the African
green monkey (Cercopithecus aethiops),73 were chosen as a control
cell line.21 These cells were obtained from the Istituto Zooprofilat-
tico (Brescia, Italy), and maintained in MEM medium (Whittaker
Bioproducts, Walkersville, MD, USA) supplemented with 10%
heat-inactivated fetal calf serum (Gibco/BRL, Gaithersburg, MD,
USA) and penicillin G (100 lg/ml), streptomycin (100 lg/ml) (Sig-
ma Chemical Company, MO, USA). Human fibroblasts were ob-
tained from healthy donors and cultured in DMEM containing
10% heat-inactivated fetal bovine serum and 50 lg/ml gentamycin
sulfate. Cultures were equilibrated with humidified 5% CO2 in air at
37 �C. The medium was renewed at 48 h intervals, and the cells
were always subcultured when the monolayers become confluent.
All studies were performed in Mycoplasma negative cells, as rou-
tinely determined with the Mycotest detection kit (Euroclone,
Switzerland).

4.5.2. Protein determination
Protein content in the various assays was estimated by the

method of Lowry et al.,74 unless otherwise indicated.

4.5.3. Cell growth assay
Cell growth was determined by a modification of the crystal

violet dye assay.75 Cells were seeded into 24-well plates and al-
lowed to attach overnight, then were treated with proper concen-
trations of drugs. On selected days, after removal of the tissue
culture medium, the cell monolayer was fixed and stained with
0.2% crystal violet solution in 20% methanol for at least 30 min.
After washing several times with distilled water to remove the
dye excess, the cells were let to dry. The incorporated dye was sol-
ubilized in acidic isopropanol (1 N HCl/2-propanol, 1:10). After
appropriate dilution, dye was determined spectrophotometrically
at 540 nm. The extracted dye was proportional to cell number. Per-
centage of cytotoxicity was calculated by comparing the absor-
bance of exposed to non-exposed (control) cultures.

4.5.4. TS catalytic assay
Cells to be used for the enzyme assay were harvested by tryp-

sinization when they were in an exponential growth phase,
washed with PBS and used daily or stored at �20 �C for few days.
Cell pellets were thawed by the addition of ice-cold lysis buffer
(200 mM Tris–HCl pH 7.4, 20 mM 2-mercaptoethanol, 100 mM
NaF and 1% Triton X-100), sonicated (three times 5 s with intervals
of 5 s), and subsequently centrifuged at 14,000g for 15 min at 4 �C.
The supernatant was used for enzyme assay. TS catalytic assay,
conducted essentially according to a previously reported method,76

determines the catalytic activity of TS by measuring the amounts
of 3H release from [5-3H]dUMP during its TS catalyzed conversion
to dTMP. Briefly, the assay consisted of enzyme suspensions in as-
say buffer (lysis buffer without Triton X-100), 650 lM 5,10-
methylenetetrahydrofolate in a final volume of 50 ll. The reaction
was started by adding [5-3H]dUMP (1 lM final concentration, spe-
cific activity 5 mCi/mol), incubated for 60 min at 37 �C, and
stopped by adding 50 ll of ice-cold 35% trichloroacetic acid. Resid-
ual [5-3H]dUMP was removed by the addition of 250 ll of 10% neu-
tral activated charcoal. The charcoal was removed by
centrifugation at 14,000g for 15 min at 4 �C, and a 150-ll sample
of the supernatant was assayed for tritium radioactivity by liquid
scintillation counting in the liquid scintillator analyzer Tri-Carb
2100 (Packard). For each cell line, linearity of [5-3H]dUMP conver-
sion with respect to amount of protein and time was established.
4.5.5. Western blotting
Western blot analysis was conducted as previously described.77

Cells were harvested, washed twice in ice-cold 1� PBS, and resus-
pended in 20 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA
(pH 8.0), 1% Triton X-100, and 0.1% SDS. Cells were lysed by
freeze-thawing three times followed by sonication using three 2-
to-3-s bursts. The insoluble debris was removed by centrifugation
at 15,000g for 30 min. Protein concentrations were determined
using the method of Lowry et al.74 Twenty-five microgram of each
protein sample were resolved by SDS–PAGE (12%). The gels were
electroblotted onto hydrophobic polyvinylidene difluoride mem-
branes (Hybond™-P PVDF, GE Healthcare Bio-Science, Uppsala,
Sweden). Antibody staining was performed with a chemilumines-
cence detection system (ECL Plus Western Blotting Detection
Reagent, GE Healthcare Bio-Science, Uppsala, Sweden), using a
1:500 dilution of the anti-human TS mouse TS106 monoclonal pri-
mary antibody (Invitrogen S.r.L., Milan, Italy), 1:1000 dilutions of
the anti-human DHFR mouse monoclonal antibody (Tebu-Bio,
Milan, Italy) and 1:1000 of anti-human ß-tubulin mouse antibody
(Sigma-Aldrich S.r.L., Milan, Italy) in conjunction with a 1:3000 dilu-
tion of a horseradish peroxidase-conjugated sheep anti-mouse sec-
ondary antibody (GE Healthcare Bio-Science, Uppsala, Sweden).
Quantitation of signal intensity was performed by densitometry
on a GS-800 calibrated densitometer (Bio-Rad) and analyzed by
using Quantity One software (Bio-Rad, CA, USA).

4.5.6. Measurement of reactive oxygen species (ROS) production
Cells were seeded in 96-well plates and treated with drugs for

72 h. 10 lM CM-H2DCFDA, (5-(6) chloromethyl-20,70-dichlofluo-
rescein diacetate acetyl ester), (Invitrogen S.r.L., Milan, Italy) was
applied for 10 min, in the dark at 37 �C.55 Afterward, cells were
washed and incubated in PBS for 30 min. The amount of ROS, nor-
malized to cell growth by a modification of the crystal violet dye
assay, was estimated using the wavelengths of 485 nm (excitation)
and 535 nm (emission) in a Tecan GENios Pro (Tecan Trading AG,
Switzerland) plate reader. Results were analyzed using Magellan
Standard 5.0 software.

4.5.7. Statistical analysis
All values report the mean ± S.E., unless otherwise indicated.

Statistical significance was estimated by a two-tailed Student’s
t-test performed using Microsoft Excel Software; a P value <0.05
was considered significant.
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