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Folate analogue inhibitors of Leishmania major pteridine reductase (PTR1) are potential antiparasitic
drug candidates for combined therapy with dihydrofolate reductase (DHFR) inhibitors. To identify
new molecules with specificity for PTR1, we carried out a virtual screening of the Available Chemicals
Directory (ACD) database to select compounds that could interact with L. major PTR1 but not with
human DHFR. Through two rounds of drug discovery, we successfully identified eighteen drug-like
molecules with low micromolar affinities and high in vitro specificity profiles. Their efficacy against
Leishmania species was studied in cultured cells of the promastigote stage, using the compounds both
alone and in combination with 1 (pyrimethamine; 5-(4-chlorophenyl)-6-ethylpyrimidine-2,4-diamine).
Six compounds showed efficacy only in combination. In toxicity tests against human fibroblasts, several
compounds showed low toxicity. One compound, Sc (riluzole; 6-(trifluoromethoxy)-1,3-benzothiazol-
2-ylamine), a known drug approved for CNS pathologies, was active in combination and is suitable for
early preclinical evaluation of its potential for label extension as a PTR 1 inhibitor and antiparasitic drug

candidate.

Introduction

Parasites of the Trypanosomatidae family are the causal
agents of a number of serious human diseases, including
African sleeping sickness, Chagas’ disease, and leishmaniasis.
The impact of these parasites on public health and the inad-
equacy of current treatments have created an urgent require-
ment for more effective drugs, since those in use are highly
toxic and often difficult to administer. The problem is com-
pounded by a rise in drug resistance. Therapy for leishmani-
asis generally relies on old drugs such as sodium stibogluco-
nate and Amphotericin B, and only one new treatment has
been developed in the last 25 years, Miltefosine, which is ap-
proved in India for visceral Leishmanisis."

Enzymes involved in the provision of reduced folate cofac-
tors, e.g., dihydrofolate reductase (DHFR®), and enzymes
that utilize these cofactors, like thymidylate synthase (TS),
are important drug targets for the treatment of bacterial
infections,” cancer,” and certain parasitic diseases, notably
malaria.* Inhibition of DHFR or TS leads to a reduction in
the cellular pools of 2'-deoxythymidine-5'-monophosphate,
severely impairs DNA replication, and results in cell death.

*To whom correspondence should be addressed. For M.P.C.: Phone
0039-059-205-5134; E-mail mariapaola.costi@unimore.it. For R.C.W.:
Phone 0049-6221-533-247; E-mail rebecca.wade@h-its.org.

“ Abbreviations: ACD, Available Chemicals Directory; DHFR, di-
hydrofolate reductase; PTR1, pteridine reductase; rmsd, root-mean-
square deviation; TS, thymidylate synthase.
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Trypanosomatids are auxotrophic for folates and pterins, and
inhibition of the enzymes involved in the salvage pathways
should provide effective treatment.’ However, antifolates are
currently not employed in therapy of trypanosomatid infections,
mainly because of the pteridine reductase (PTR1) activity of
the target organisms. PTR1 is a short-chain dehydrogenase/
reductase that is able to carry out successive reductions of both
conjugated (folate) and unconjugated (biopterin) pterins.®’
While the bifunctional DHFR-TS used by trypanosomatids
can only reduce folic acid, PTR1 can act on a broader range of
substrates. Under physiological conditions, PTR1 is respon-
sible for the reduction of 10% of the folic acid required by the
cell, but when classical antifolate drugs inhibit DHFR-TS,
PTRI1 can be overexpressed, ensuring parasite survival.>’ This
suggests that treatment of trypanosomatid infections could be
achieved through the simultaneous inhibition of DHFR and
PTRI1 by a single drug or a combination of compounds that
are specific and selective inhibitors of both targets.®
Previous work in our laboratories'’ has demonstrated that
it is possible to identify specific inhibitors of PTR1 and to use
such inhibitors in combination with known antifolates to
effectively improve in vitro efficacy against Leishmania and
Trypanosoma species.'® A similar approach has been taken to
discover new compounds with pyrrolo[2,3-d]pyrimidine struc-
tures that are active against Trypanosoma brucei PTR1 and
on bloodstream parasites.'' Very recently, a virtual screening
strategy revealed compounds with aminobenzothiazole and
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Table 1. Compounds with Inhibitory Activity against LmPTR1 and Their Biological Activity Profiles
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4~¢NI: No inhibition. Measurements made with the following concentrations of compound: * 500 «M; ® 1 mM; ¢ 50 zM; 9100 uM; € 25 uM (see Materials

and Methods).

aminobenzimidazole scaffolds that inhibit Trypanosoma brucei
PTR1."? In the present paper, we describe the application of a
different virtual screening approach combined with rapid
synthetic and experimental screening methodologies that has
enabled us to identify nonfolate like inhibitors of Leishmania
PTR1 with thiadiazole core structures. The hits identified

have been optimized in two structure-based design cycles,
including species specificity studies. The compounds were
tested against the Leishmania major enzymes, LmPTRI1 and
LmDHFR-TS, and the human DHFR (hDHFR). The best
compounds were also assayed against in vitro cultured cells
of different trypanosomatid species, such as promastigotes of
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Figure 1. Inhibitory activity (ICsq values) and specificity profile of
(A) compounds from virtual screening, (B) derivatives from the
thiadiazole library, and (C) benzothiazole compounds. The Y axisis
on a logarithmic scale. The color code is as follows: LmPTRI1, black;
LmDHFR, gray; hDHFR, striped.

L. mexicana and L. major, both as single agents and in com-
bination with 1 (pyrimethamine; 5-(4-chlorophenyl)-6-ethyl-
pyrimidine-2,4-diamine)* (Supporting Information Figure 1-SI).
The toxicity of these compounds was tested against human
fibroblasts (MRCS).

Results and Discussion

Virtual Screening Hits and Scaffold Identification. Virtual
screening of the Available Chemicals Directory (ACD) data-
base against the three-dimensional structure of LmPTRI1
(PDB ID: 1E92) using the program LUDI'* resulted in
21394 docked molecules. Analysis of the available crystal-
lographic structures showed that the substrate, dihydro-
biopterin binds to LmPTR 1 by forming an extended network
of hydrogen bonds and aromatic stacking interactions with
the cofactor and Phel13. During the selection of the docked
molecules, we wanted to select compounds able to mimic the
binding mode of this substrate. The docked molecules were
initially filtered based on three calculated parameters: (I) the
ability of the ligand to bind deep into the active site (contact
percentage > 50); (II) the ability to replace the substrate by
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Figure 2. (A) Structure of LmPTR1 with compound 4a bound as
calculated with the LUDI software. (B) Schematic representation of
the binding mode of compound 4a derivatives with substituents at
position 5.

forming hydrogen bonds with the active site residues (number of
H bonds > 1); (IIT) the calculated score ( >400). The remain-
ing 724 docking results were analyzed visually and molecules
were selected based on (I) the number and type of interac-
tions established, (IT) which residues they interact with, and
(ITT) comparison of the structures of the active sites of
LmPTRI1 and hDHFR. Molecules that were predicted to
form a stacking interaction with Phel13 and to interact with
LmPTRI residues that are not conserved in the hDHFR
active site were selected preferentially. This second selection
resulted in 53 molecules that were purchased and tested
against LmPTRI1 (Supporting Information Table 1-SI). Six
of these compounds (4a, 6a, 28a, 35a, 38a, 53a) were found to
be active against LmPTR 1 with ICs, values between 0.39 and
5.6 mM (Table 1, Figure 1). These molecules were further
tested for their inhibitory activity against LmDHFR and
hDHFR. None of them was active against hDHFR. Only
compound 28a showed weak inhibitory activity against
LmDHFR. Compound 4a was selected for further development
on the basis of synthetic feasibility and biological activity
(ICso and K; against LmPTRI1 of 5.6 mM and 436 uM,
respectively). The derivatization of the hit at position 5 of
the thiadiazole ring (Figure 2) was expected to increase the
affinity and the specificity for PTR1 by introduction of frag-
ments that lead to more complex and drug-like compounds.

Library Design, Synthesis, and Testing. A first set of
derivatives of compound 4a with substitutions at position 5
was designed with the aim of increasing the affinity toward
LmPTRI1, as well as exploring molecular diversity (Figure 2,
Supporting Information Table 2-SI), thereby aiding optimi-
zation of the molecular properties for drug-likeness.'> The
calculated ternary complex of LmPTR1-NADPH-4a shows
the ligand to be involved in stacking interactions with both
the nicotinamide ring of the cofactor and the phenyl ring of
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Phel13, and making hydrogen bonds with the diphosphate
and the ribose moieties of NADPH and with the side chains
of Ser111 and Tyr194. On the basis of this model, we deri-
vatized position 5 because there is enough space to accom-
modate various different substituents. A variety of substit-
uents were designed to introduce interactions with the
residues lining this part of the binding site. Substituents
encompass small aliphatic chains (1b—3b), one-ring aromatic
systems with 0, 1, or 2 substituents (4b—15b), longer chains with
a variable-size aliphatic bridge and one (16b—23b) or two
(24b—25b) aromatic ring systems. All of these compounds
comply with Lipinski’s rule of five'® (Supporting Informa-
tion Table 2-SI). The compound library was obtained by
reacting thiosemicarbazide with different carboxylic acids
(Scheme 1) using Biichi’s Syncore parallel synthesizer, re-
sulting in 26 compounds, 1b-5b, 7b-11b, 13b-28b (Supporting
Information Table 3-SI). All designed compounds were
obtained as [1,3,4]thiadiazol-2-ylamine with the appropriate
substituent in the 5 position, except for compounds 6b and
12b, which were isolated only as the 5-substituted [1,3,4]-
thiadiazol-2-ylamide of the corresponding acid: N-(5-pyri-
din-4-yl-[1,3,4]thiadiazol-2-yl)pyridine-4-carboxamide (26b)
and N-[5-(3,4-dimethylphenyl)-[1,3,4]thiadiazol-2-yl]-3,4-
dimethylbenzamide (27b). From the reactions of thiosemi-
carbazide with 3-chloropropionic acid or phthalimidoacetic
acid were obtained both the[1,3,4]thiadiazol-2-ylamine derivative
and S-substituted [1,3,4]thiadiazol-2-ylamide, namely, 2b (5-(2-
chloroethyl)-[1,3,4]thiadiazol-2-ylamine) and 28b (3-chloro-
N-[5-(2-chloroethyl)-[1,3,4]thiadiazol-2-yl]-propionamide), 17b
(2-(5-amino-[1,3.4]thiadiazol-2-ylmethyl)-isoindole-1,3-dione),
and 29b (2-(1,3-dioxoisoindolin-2-yl)- N-5-(1,3-dioxoisoindolin-
2-ylmethyl)-[1,3,4]thiadiazol-2-ylacetamide). Twenty-six

compounds were tested against LmPTR1 (Supporting In-
formation Table 3-SI). Seven compounds (7b, 14b, 15b, 21b,
22b, 28b, 29b) showed competitive inhibition of LmPTR1
with respect to the dihydrofolate cofactor showing ICsg
values between 22 and 309 mM corresponding to K; values
of 2—24 mM (Table 1, Figure 1). All these compounds were
more active compared to the starting hit 4a (ICso 5.6 mM)
with the improvement in ICsq value being 254-fold in the case
of the best compound, 15b. The molecules were also tested
for their activity against LmDHFR and hDHFR (Table 1,
Figure 1). Only one compound, 21b, showed an inhibitory
activity against hDHFR with an ICs, value of 300 uM. Two
compounds, 15b and 21b, inhibited LmDHFR with 1Cs
values in the range 139—1300 uM; thus, this class of deriva-
tives showed specificity with respect to PTR1.

Virtual Docking as a Basis for Lead Optimization. Docking
studies were performed on the tested compounds (4a, 1b,
3b—5b, 7b—11b, 13b—29b) with the aim of guiding the fur-
ther synthetic elaboration of active compounds.

First, different crystal structures of LmPTRI1 were re-
trieved from the Protein Data Bank'’ (Supporting Informa-
tion Table 4-SI). and the docking procedure was tested by
cross-docking all the ligands for which the crystal structures
of their complexes with LmPTR1 were known. That is, for
each of the seven crystal structures of LmPTRI-ligand
complexes, the ligand was removed and the ligands from
the other six crystal structures were docked into this protein
structure and evaluated. Rmsd (root-mean-square deviation)
values were calculated for the docking poses with respect to
the ligand position in the crystal structures, either for all non-
hydrogen atoms or for the core scaffold atoms. Fragments
with high B-factors for the ligands 10-propargyl-5,8-dideazafolic
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Figure 3. Interaction properties of the LmPTRI active site. (A) The isosurfaces show energetically favorable regions for a hydrophilic water
probe (blue, —6.0 kcal/mol) and a hydrophobic “DRY” probe (yellow, —0.5 kcal/mol) computed with the GRID program. The NADPH
cofactor, docked [1,3,4]thiadiazole-2-amine compound, 4a, and some important residues surrounding the active site are shown in stick
representation. D181, Y194, and K198 are the catalytic triad residues involved in the first step of reduction. R287' is a residue from a second
subunit of PTR1 which contributes to the hydrogen bond network of the water-filled pocket at the active site. Crystallographic water molecules
are represented by blue spheres. The four water molecules close to R287' were treated explicitly for docking of ligands (see text for details). R17
and the nearby water molecule are important in the second step of the reduction reaction.?® (B) Schematic representation of the main
hydrophilic (blue) and hydrophobic (yellow) regions in the active site of PTR 1 identified with the GRID calculations. The regions marked with
dashed lines are somewhat further away from the active site and are not conserved among all the PTR1 structures investigated.

acid (CB3 of PDB ID: 2BFA) and 2 (methotrexate; 2-{4-
[(2,4-diamino-pteridin-6-ylmethyl)-methyl-amino]-benzoyl-
amino}-pentanedioic acid)'® (MTX of PDB ID: 1E7TW)
(Supporting Information Figure 1-SI) were omitted. The
initial results obtained using both the GOLD v 3.2'%%° and
GLIDE*' programs were unsatisfactory with three of the
ligands showing rmsd values over 5 A for some or all of the
target LmPTRI1 structures. The poor docking poses could,
however, be improved by including the four most conserved
water molecules (with a conservation of 100%, 86%, 71%,
and 71%, respectively, in the crystal structures used) in the
binding site of LmPTR1 near the nicotinamide ring of the
cofactor. These water molecules were identified by a cluster
analysis based on all crystallographic water molecules in the
listed crystal structures of LmPTRI1. The use of these four
conserved water molecules in combination with the GOLD
program and the embedded GoldScore fitness function
improved the cross-docking of the ligands to the different
target structures. The average rmsd values of the 10 docking
solutions for each ligand in the different receptor structures
dropped below 2.2 A for 5,6,7,8-tetrahydrobiopterin (THB
of PDB ID: 2BFP) and below 1.2 A for 7,8-dihydrobiopterin
(HBI of PDB ID: 1E92 and 2BF7). The average RMSDs for
2,4,6-triaminoquinazoline (TAQ of PDB ID: 1W0C) and
methotrexate (MTX of PDB ID: 1E7W) were higher and lay
between 2.0 and 4.2 A, respectively. Docking of 10-propargyl-
5,8-dideazafolic acid (CB3 of PDB ID: 2BFA) and trimethoprim
(TOP of PDB ID: 2BFM) remained poor, showing an
average rmsd between 2.7 and 7.0 A.

After evaluating the docking procedure, 27 compounds
(4a, 1b, 3b—5b, 7b—11b, 13b—29b) were docked into the
LmPTRI crystal structure (PDB ID: 1E92). The docking
position for 4a identified with GO LD was very similar to that
found with LUDI during virtual screening, with the ring of
the compound sandwiched between the side chain of Phel13
and the nicotinamide ring of the cofactor. On one hand, this
result prompted us to use the calculate binding modes to
design further synthetic elaborations of the active com-
pounds by a structure-based approach. On the other hand,
we wanted to check if the docking procedure could also

correctly rank the docked compounds. Therefore, we com-
pared the GOLD scores and the inhibitory activity data for
the docked compounds. The results showed that these scores
could not discriminate between active and inactive com-
pounds. A second trial was done by rescoring the calculate
binding poses with Autodock 4.>> The results showed that all
but one active compound had a negative computed binding
free energy, whereas the computed binding free energies of
the inactive compounds were both positive and negative.
This means that, in this second trial, we obtained many false
positive results but only one false negative result. The posi-
tive energy values resulted from large Lennard-Jones ener-
gies due to van der Waals bumps. Energy minimization with
AMBER? and computation of interaction energy terms did
not, however, lead to better discrimination between active
and inactive compounds. In summary, the docking calcula-
tions gave useful insights into the possible binding modes of
the compounds, even though they had a limited predictive
ability for activity.

Finally, docking of the same set of compounds was also
performed against two crystal structures of hDHFR to get
insights into the selectivity of these compounds. With a few
exceptions, the thiadiazole ring did not dock on top of the
nicotinamide ring of NADPH as observed for LmPTRI1, but
instead faced a hydrophilic pocket in the core of the active
site. This suggests that the compounds would have different
binding modes to the two enzymes and are good candidates
for binding selectively to LmPTR1 and not to hDHFR.

Structure-Based Comparative Analysis of LmPTR1 and
hDHFR to Guide Further Lead Optimization. In the context
of the docking results and analysis of available X-ray struc-
tures of PTR1 and hDHFR, molecular interaction fields
calculated with the GRID program>**° were used to suggest
possible extensions of the original lead compound, 4a. We
focus our analysis and discussion on the LmPTRI1 structure
(PDB ID: 1E92). The GRID calculations were however
performed for all available PTR1 structures listed in Table
4-SI of the Supporting Information.

The calculations showed several hydrophilic and hydro-
phobic regions in the active site of LmPTR1. The hydrophilic
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Figure 4. Docked configurations of [1,3,4]thiadiazole-2-ylamine, 4a, (blue) and 1,3-benzothiazole-2-ylamine, 1¢, (yellow) at the active site of
LmPTRI1. (A) Top view. Hydrophobic and hydrophilic regions are shown as in Figure 3. (B) Side view. Note the stacking interaction between
the nicotinamide ring of the cofactor (below) and the side chain of residue F113 (above).

pocket labeled i/ is above the ribose ring of the NADPH
cofactor (Figure 3). A group located in this region may be
involved in hydrogen bonds with nearby serine residues and
the ribose ring of NADPH in a similar way to that observed
in the X-ray structure of PTR1 bound to a substrate.® The
large hydrophilic pocket labeled i2 protrudes into the core of
the protein and contains four rather conserved water mole-
cules. A small hydrophilic pocket i3 is at the opposite side of
the active site and contains one water molecule, which is
suggested to be a proton source in the second step of the
reduction reaction.?” The hydrophobic region o/ is at the
core of the active site surrounded by the previously men-
tioned hydrophilic regions. The hydrophobic region labeled
o2 extends from the core of the active site outward toward the
surface of the protein. Further identified regions marked
with dashed lines in Figure 3B are at the side of the active site
and not conserved among the analyzed X-ray structures of
the PTR1.

To investigate which binding regions might be most im-
portant to exploit to obtain selective inhibitors, we analyzed
the binding of inhibitor 2 in the context of the GRID maps.
Inhibitor 2 binds to both PTR1 and hDHFR, but crystal
structures show that its orientation differs in these two
proteins. In both cases, the diaminopteridine ring of 2 is
involved in stacking interactions between the nicotinamide
ring of NADPH and the aromatic ring of the protein residue,
whereas the rest of the molecule points out of the active site
with two carboxy groups exposed to the solvent. GRID
calculations for both the PTR1 and hDHFR structures show
that the hydrophilic patch, corresponding to i/, at the core of
the active site coincides with the location of the amino groups
of 2 and that the hydrophobic patch corresponding to o/
partially coincides with the second pteridine ring. In both
cases, the benzene ring of 2 coincides with the hydrophobic
patch corresponding to 02 at the exit of the active site.
However, hDHFR does not have a deep hydrophilic pocket
like i2 in PTR1. Therefore, an extension of the lead com-
pound toward this hydrophilic pocket might enhance selec-
tivity of the compounds toward PTR1. As seen from the
docked position of 4a in LmPTRI1, the i/ region is already
occupied with the amino group and the nitrogen in position
4, which may be involved in hydrogen bonds; therefore, no
modifications were suggested on this side of the compound.
However, the other side of 4a is only partially inserted into

the hydrophobic region o/, and there is enough space for
extension with a hydrophobic group. Furthermore, this
region is sandwiched between the nicotinamide ring of the
cofactor at the bottom of the active site and the aromatic ring
of the Phell3 side chain from above. Therefore, we sug-
gested extension of 4a by adding a benzene ring, resulting in
the 1,3-benzothiazole-2-amine compound, le. Subsequent
docking of 1c¢ showed that the thiazole ring of 1¢ was in
essentially the same position as that of the docked 4a. The
benzene ring overlapped better with the o/ hydrophobic
region and showed stacking interactions with the nicotin-
amide ring of the cofactor and the Phel13 side chain (Figure 4).
Taken together, these results suggest that the proposed 1,3-
benzothiazole-2-amino compound should exploit the phys-
icochemical properties of the core of the active site better.
This was confirmed by in vitro experiments in which le was
found to have greater inhibitory activity than 4a, with a K;
value of 143 uM compared to 436 uM for 4a (Table 1).

Taking the 1,3-benzothiazole-2-amine, lc¢, as a second
starting hit, we identified further extensions of compound
1c to better utilize the hydrophobic region o2 (Figure 3), and
the hydrophilic pocket i2. From comparison of the GRID
results for the hDHFR active site (not shown) and for the
LmPTRI1 active site, better specificity of the compound
toward PTRI1 relative to hDHFR could be gained through
these extensions. We searched for commercially available
compounds with a 1,3-benzothiazole-2-amine core and small
substituents that might extend into these regions of the active
site. Four compounds (2¢—5¢) were selected. Compound Sc¢
(6-trifluoromethoxybenzothiazol-2-ylamine) is also known
as riluzole.”®

Testing of Benzothiazole Compounds. Five benzothiazole
compounds (le—5¢) were purchased and tested for their
effect on the activity of LmPTR1, LmDHFR, and hDHFR
(Table 1, Figure 1). All compounds inhibit LmPTR1 with
1Csq values in the range from 40 uM to 1.8 mM (K values
from 3 to 143 uM). Only two of them (2c and 4¢) show a weak
inhibition of LmDHFR activity (with ICs, values of 1.4 and
1.8 mM, respectively), whereas three compounds (3¢—5c)
inhibit hADHFR with ICsq values from 89 uM to 1 mM. The
best compounds, 3¢ and Sc, with ICsq values of 40 and 50 uM,
respectively, show a lower inhibitory activity against hDHFR
(IC5q values of 89 and 312 uM, respectively) and do not inhibit
LmDHFR.
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Table 2. Effect of Different Compounds, Administered at 50 ug/mL, Alone or Combined with 1 at 30 ug/mL, on the Growth of Leishmania

romastigotes®
V4 g

compound growth of L. mexicana (%) growth of L. major (%) EDs, of human MRCS fibroblasts (ug/mL)
1 102.5+0.3 68.0+1.2 16.23 +2.47
7b 111.6£0.7 105.6£1.9 10% inhibition at 100 ug/mL
b +1 15.6£0.5 38.0+0.7 ND
14b 111.6+1.4 83.5+1.5 51.50 +5.52
14b + 1 182+1.5 409 £0.2 ND
15b 131.9+2.1 76.0£1.4 43.03 £5.15
15b + 1 35.1+£10.9 14.6 £0.9 ND
21b 96.9+0.7 85.1+1.5 34.36 +3.72
21b +1 27.3+8.1 17.5+0.2 ND
28b 474+0.7 7.1£0.2 418 £0.43
28b + 1 3.5£0.2 4.1+£0.2 ND
5c¢ 21.5+0.7 101.8£1.8 27.88 £ 3.17
S5c+1 15.1+1.4 22.940.004 ND

“EDsq values vs human MRCS5 fibroblast. Data are expressed as percentage of growth compared to control cultures to which no compound had been
added.The results for L. mexicana, L. major, and human cells are given as the mean + SD from three independent experiments. ND = not detected.

Testing the Compounds on Cultured Parasites. Out of the
six compounds (7b, 14b, 15b, 21b, 28b, 5¢) assayed on
cultured promastigotes (insect stage) of L. mexicana, only
28b and 5c¢ were able, as a single agent at 50 ug/mL, to
reduce parasite growth compared to the control (Table 2).
They did so by 95.3% and 78.5%, respectively, (with corre-
sponding EDs, values of 10.1 ug/mL and 30.8 ug/mL).
None of the other compounds showed an inhibitory effect
at concentrations up to 100 ug/mL. With L. major prom-
astigotes, 14b, 15b, and 21b tested as single agents at 50 ug/mL
showed a moderate effect on parasite growth with a per-
centage of growth inhibition in the range 14.9—24.0%. Only
28b showed strong inhibition with a percentage of growth
inhibition above 90% (EDsy 22.1 ug/mL) (Table 2). In
parallel experiments, the EDs, value for the control, the
approved antileishmaniasis drug, Amphotericin B, was
determined to be 0.1 ug/mL.

All compounds were tested in combination with 1, a
known antifolate drug with a therapeutic indication for
malaria that can be administered in combination with
sulfadoxine (trade name Fansidar). It is not usually active
against infections caused by trypanosomatids. When our
new compounds were tested in combination with 1,
growth inhibition of both L. major and L. mexicana prom-
astigotes was observed in all cases (Table 2, Figure 5).
1 alone, at 30 ug/mL, showed no effect on growth of L.
mexicana and reduced that of L. major by 32%. However,
1 in the presence of 50 ug/mL of each of the other com-
pounds caused considerable reduction of growth of the
parasites. For L. mexicana, the percentage of growth com-
pared to cells not treated with the compounds was between
15.6% (7b plus 1) and 35.1% (15b plus 1). For L. major, the
remaining growth was between 14.6% (15b plus 1) and
40.9% (14b plus 1). At the measured concentration, all these
compounds, except 28b and Sc which are active as a single
agent, show a synergy with 1 against L. mexicana and against
L. major.

The toxicity of the compounds was assayed on human
MRC-5 cell line derived from fibroblasts. The EDs, values
are indicated in Table 2. Almost all compounds showed
inhibition of growth of the MRC-5 cells at moderately toxic
levels with ED s, values ranging from 4 ug/mL (28b) to 51 ug/mL
(14b). 1 and 5¢ showed EDsq values of 16 ug/mL and 28
ug/mL, respectively. As a positive exception, compound 7b
showed very little inhibition of growth of MRC-5 cells, thus
indicating that this compound has low toxicity.
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Figure 5. Growth of L. mexicana (in black) and L. major (in gray)
parasites in the presence of 30 ug/mL 1 and/or thiadiazole/
benzothiazole compounds at a concentration of 50 ug/mL. The
growth values are expressed as percentages calculated with respect
to the growth of parasites without 1 and thiadiazole/benzothia-
zole compounds.

Concluding Discussion

From the three rounds of drug discovery involving compu-
tational and experimental approaches, we have identified 18
nonfolate compounds with specific inhibitory activity against
LmPTRI1. Some of them have been shown to inhibit the PTR1
protein at the low micromolar level (Table 1) and show
specificity with respect to the human DHFR enzyme. Five
compounds were found to be active in inhibiting parasite
growth when administered in combination with 1, a well-
know DHFR inhibitor. The compounds show synergetic
activity at the concentrations tested with the known DHFR
inhibitor, 1, indicating the value of inhibiting PTRI and
DHFR simultaneously in order to block folate reduction in
Leishmania parasites. In particular, 7b showed over 85% of
parasite growth inhibition in combination with 1 and almost
no toxicity against the MRCS5 cells suggesting better safety
profile with respect to the other compounds and 1 itself. Two
compounds, 28b and 5¢, have also been shown to be active
when administered as single agents at 50 ug/mL. Comparison
of the toxicity and specificity profiles suggests that several of
the compounds identified in these screens, including 28b and
5S¢, provide a useful basis for further studies to discover clinical
agents against leishmaniasis and possibly other parasitic diseases.
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Interestingly, 5c¢ is a known clinical drug, riluzole, which is
used to treat amyotrophic lateral sclerosis with moderate
toxicity. It has also been proposed for the treatment of
mood and anxiety disorders, probably as glutamate re-
ceptor modulator.?’

We searched in DrugBank (www.drugbank.ca) for other
benzothiazole derivatives or benzothiazole containing drugs
and found that there is only one drug currently in use:
Ethoxazolamide (DrugBank code: DB00311, PubChem CID:
3295). It is a carbonic anhydrase inhibitor used as a diuretic
and in glaucoma. These finding suggest that benzothiazole
compounds are drug-like molecules and prospective chemical
modulation of the decorating fragments could improve their
specificity as antiparasitic drugs and improve their safety
profile.

Independently, Mpamhanga et al.'> have, by employing
different computational and medicinal chemistry approaches,
identified similar compounds, containing the aminobenzo-
thiazole scaffold, as inhibitors of Trypanosoma brucei PTR1.

Encouragingly, their crystal structures of 2-aminobenzimi-
dazole and 1-(3,4-dichloro-benzyl)-2-amino-benzimidazole in
complex with T. brucei PTR1 show the ligand in a similar
orientation in the binding site to that which we found in our
docking studies for similar compounds. We have conducted
crystallization trials for LmPTR1 with inhibitors identified in
this work (not shown), but we were unable to obtain any
suitable crystals of protein—inhibitor complexes. However,
unlike the compounds identified in ref 12, our compounds
show promising inhibitory activity in parasite promastigotes.

In conclusion, the compounds designed and tested here in
combination with 1 have potential for therapeutic application
against important neglected diseases.

Materials and Methods

Virtual Screening. The structure of LmPTR1 (PDB ID: 1E92)
was considered for the virtual screening. The bound cofactor
NADP" in its oxidized form was replaced by NADPH in the
reduced form, taken from the LmPTR1 complex (PDB ID:
1EW7). All water molecules and other ligands were removed
and not considered during the calculation. WHATIF?® and
AMBER 8.0 were used to add missing hydrogen atoms.
LUDI' was used within the InsightII*° suite of programs to
perform the virtual screening of the ACD database (~350 000
molecules) against the LmPTRI1 three-dimensional structural
model. The parameters used were as follows: Energy-Estimate-3
as scoring function, 10 A as the radius and the centroid of the
bound natural substrate, dihydrobiopterin, as the center of the
sphere used to screen the molecules. The 21 394 results so ob-
tained were filtered based on three parameters computed for
each screened ligand: contact percentage (> 50); number of H
bonds (> 1); calculated score (>400). The calculated poses of
the resultant 724 ligands were visually analyzed. The analyzed
ligands were grouped based on the number and type of interac-
tions established and the residues with which they interact.
Molecules that were predicted to form a stacking interaction
with Phel13 and H bonds with active site residues were selected
preferentially. Visual comparison of the structures of the active
sites of LmPTR1 and hDHFR was used to prioritize the
predicted interactions to obtain more specific compounds.
Following this selection, 53 molecules were suggested for enzy-
matic screening.

Preparation of Protein Crystal Structures. The X-ray crystal
structures of the PTR1 and hDHFR proteins were downloaded
from the PDB;!” see Supporting Information Table 4-SI for a
complete list of the structures used in this study. The PTRI1
protein is a homotetramer; thus, the subunit labeled chain A was

Ferrari et al.

extracted from all PTR1 structures and aligned on chain A of the
structure 1E92 using the Chimera®' program. Residue Arg287
from chain D was also included because it is located close to the
active site of chain A. Water molecules and ions were removed,
hydrogens were added, and all structures were minimized using
the Maestro modeling environment.?'

Structural Analysis and Comparison. The GRID program
was used to determine energetically favorable binding sites for
different chemical groups in the region of the active site of the
PTR1and hDHFR proteins in the presence of cofactor. A set of
probes representing hydrophobic and hydrophilic chemical
groups with hydrogen bond donor or acceptor properties were
used for the calculations. The grid spacing was set to 0.5 A and
other parameters were assigned default values.

Docking Procedures. The GOLD v 3.2'%?° and GLIDE'
programs were used for ligand docking. For GOLD, two fitness
functions, GoldScore and ChemScore,*? were used, and pro-
teins and ligands were input in Mol2 format. The binding site
was defined as being within a sphere of radius of 20 A from the
hydroxyl O atom of Tyr194. The number of output docking
solutions was set to 10, and the other parameters were set to
default values. For GoldScore, tests were done allowing two
bumps between the ligand and the protein during docking. For
GLIDE, receptor grids were centered on the centroid of Tyr194.
Docking was performed with standard precision (SP), with the
options “dock flexibly” and “allow flips of 5 and 6 member
rings” enabled. Output was set to 10 poses per ligand after post-
docking minimization. The other parameters were set as default.
For cross-docking tests, the ligand structures were taken from
the crystal structures of LmPTRI1. For docking other com-
pounds, the three-dimensional structures of the molecules were
built and energy minimized using Maestro’! or Corina.** The
compounds were protonated using Epik.2! The compounds
were docked into the LmPTRI structure with PDB ID: 1E92
(chain A plus Arg287 of chain D). Compounds were also docked
into two structures of hDHFR (PDB ID: 1IKMS and 1U72) with
NADPH bound to aid in assessment of binding selectivity.

The WatCH?* program was used for the cluster analysis of the
crystallographic water sites in the superimposed LmPTR1 crys-
tal structures with a threshold of 2.4 A. To include the water
molecules in selected GOLD docking runs, two water sites were
set as “on” and two sites were set to “toggle”. During the dock-
ing, GOLD could automatically determine whether these spe-
cific waters were bound or not. The orientation of the waters was
optimized by GOLD with the option “spin”.

Tests of rescoring of the best pose found by GOLD were
performed by computing the free energy of binding of the
complex using AutoDock 4.0* with the parameter “epdb”. This
binding free energy includes the ligand intramolecular contribu-
tions as well as intermolecular electrostatic and desolvation
contributions. Rescoring with the AMBER force field® was
also tested. 100 steps of steepest descent energy minimization of
the docked structures was performed with Amber8 using the
AM BER 103 forcefield. The cofactor and protein atoms, except
hydrogens, were restrained using a harmonic force constant of
10 kecal/mol/A? and the following parameter settings: imin = 1,
maxcyc = 100, ntmin = 1, ncyc = 100, nsnb = 20, igb =0, ntb =0,
dielc = 1.0, ntpr = 10, ntr = 1, cut = 15.0, eedmeth = 5. The
Lennard-Jones and Coulombic contributions to the interaction
energy were then computed using ptraj.

Synthetic Chemistry. The reagents were purchased from
Sigma-Aldrich. Reactions were performed using Bilichi’s Syn-
core parallel synthesizer. Reaction progress was monitored by
TLC on precoated silica gel 60 F»s4 plates (Merck) and visual-
ization was accomplished with UV light (254 nm). Yields of
these reactions referred to purified products were in the range
30—45%. Compounds 7b, 14b, 15b, and 21b were resynthesized
through microwave synthesis to obtain a larger amount for
growth inhibition tests with cultured parasites. Small-scale open-
vessel microwave reactions were conducted using a commercially

24,25
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available single-mode microwave unit (CEM Discover). The
machine consists of a continuously focused microwave power
delivery system with operator selectable power output from 0 to
300 W. Reactions were performed in a 50 mL round-bottom
flask. The temperature of the contents of the vessel was mon-
itored using an IR sensor located underneath the reaction vessel.
The contents of the vessel were stirred by means of a rotating
magnetic plate located below the floor of the microwave cavity
and a Teflon-coated magnetic stir bar in the flask. Temperature
and power profiles were monitored using commercially avail-
able software provided by the microwave manufacturer. Yields
of these reactions referred to purified products were in the range
55—70%. Purification by flash column chromatography was
conducted using Sigma-Aldrich SilicaGel (grade 9385, pore size
of 60 A, 230—400 mesh). Purity of all compounds was deter-
mined to be atleast 95% from TLC and elemental analyses. This
analysis was performed on a Perkin-Elmer 240C instrument,
and the results for C, H, and N were within 0.4% of theoretical
values. The synthesized compounds were characterized by 'H NMR
on a Bruker FT-NMR AVANCE 400. Spectra were recorded in
DMSO-d¢. Chemical shifts are reported as d values (ppm)
referenced to tetramethylsilane as an internal standard. When
peak multiplicities are given, the following abbreviations are
used: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd
double doublet; dt double triplet; dq double quartet; br, broad-
ened signal.

General Procedure for the in-Parallel Synthesis. To an ice-
cooled mixture of thiosemicarbazide (0.150 g, 1.65 mmol) and
the corresponding carboxylic acid (1.65 mmol), an excess of
phosphorus oxychloride (0.3 mL, 3.3 mmol) was added slowly
and under continuous stirring. Subsequently, the temperature
was raised gradually to 75—80 °C. The reaction was kept at this
temperature and stirred for 3 h. Ice—water was added, and the
mixture was stirred for an additional hour and the solvent
removed by filtration under reduced pressure. The residual pre-
cipitate was suspended in water and 7 mL of 20% sodium bicar-
bonate solution was added to remove the unreacted carboxylic
acid. Afterward, the mixture was filtrated under vacuum and the
obtained solid was treated with an acidic or basic solution to
remove the starting material. For compounds 2b, 7b, 14b, 15b,
and 17b, chromatography purification (CH,Cl,/MeOH 9:1) was
performed. The obtained solid was dried in vacuo.

General Procedure for the Microwave Synthesis. To an ice-
cooled mixture of thiosemicarbazide (0.30 g, 3.3 mmol) and the
corresponding carboxylic acid (2.2 mmol), an excess of phos-
phorus oxychloride (0.6 mL, 6.6 mmol) was added slowly and
under continuous stirring. The flask was placed in the micro-
wave cavity. Microwave irradiation of 50 W was used, the tem-
perature being ramped from room temperature to 75 °C. Once
75 °C was reached, the reaction mixture was held at this tem-
perature for 10 min. The glue was allowed to cool to room
temperature and manually stirred; the microwave irradiation
was repeated. Ice—water was added and the mixture was stirred
for an hour. NaOH (3 M) was added to the mixture until pH 11
was reached. The volume was reduced under vacuum, and the
mixture of products isolated by filtration was purified and
separated by chromatography column (CH,Cl,/MeOH 9:1).

3-(5-Amino-[1,3,4]thiadiazol-2-yl)-pyridin-4-ylamine (7b).
'"H NMR 6 8.28 (s, 1H), 7.97 (d, J = 5.7 Hz, 1H), 7.4 (br,
4H), 6.72 (d, J = 5.7 Hz, 1H). Elemental analysis: calcd for
C;H,N;sS.C, 43.51; H, 3.65; N, 36.24. Found: C, 43.50; H,
3.65; N, 36.25.

5-(1H-benzo[d][1,2,3]triazol-5-yl)-[1,3,4]thiadiazol-2-ylamine
(14b). "H NMR 6 8.20 (s, 1H), 7.99 (d, J = 8.8 Hz, 1H), 7.93 (d,
J = 8.7 Hz, 1H), 7.47 (br, 2H). Elemental analysis: calcd for
CgH¢NGS, C,44.03; H,2.77; N, 38.51. Found: C, 44.17; H, 2.77;
N, 38.49.

2-(5-Amino-[1,3,4]|thiadiazol-2-yl)-4 H-chromen-4-one (15b).
'"H NMR 6 7.90 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.8 Hz, 1H),
7.50 (t, J = 7.8 Hz, 1H), 7.49 (dd, J = 8.2, 7.8 Hz, 1H), 6.93
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(s, 1H). Elemental analysis: caled for C;;H;N30,S, C, 53.87;
H, 2.88; N, 17.13. Found: C, 53.69; H, 2.88; N, 17.11.
3-(5-Amino-[1,3,4]thiadiazol-2-yl)-1-(thiophen-2-yl)propan-1-
one (21b). "HNMR 6 7.90 (dd, J=3.8, 1.1 Hz, 1H), 7.83 (dd, J =
5.0,1.1Hz, 1H), 7.20 (t,/=3.8 Hz, 1H), 3.45(dt, J=8.2, 1.2 Hz,
2H), 3.00 (dt, J = 7.0, 0.4 Hz, 2H). Elemental analysis: calcd for
CoHoN;0S,, C, 45.17; H, 3.79; N, 17.56. Found: C, 45.18; H,
3.79; N, 17.55.
3-(5-Amino-[1,3,4]thiadiazol-2-yl)-1-(4-chlorophenyl)-propan-
1-one (22b). '"H NMR 6 7.99 (d, J = 8.8 Hz, 2H), 7.60 (d, J =
8.8 Hz, 2H), 3.24 (t, J = 6.3 Hz, 2H), 2.57 (t, J = 6.3 Hz, 2H).
Elemental analysis: calcd for C;;H;(CIN;0S, C, 49.35; H, 3.76;
N, 15.69. Found: C, 49.40; H, 3.75; N, 15.65.
3-Chloro-N-[5-(2-chloroethyl) 1,3,4]thiadiazol-2-yl]-propionamide
(28b). '"H NMR 6 4.01 (t, J = 6.5 Hz, 2H), 3.92 (t, J = 6.5 Hz,
2H), 3.48 (t, J= 6.5 Hz, 2H), 3.00 (t, /= 6.5 Hz, 2H). Elemental
analysis: calcd for C;HyCLLN;OS, C, 33.08; H, 3.57; N, 16.53.
Found: C, 33.34; H, 3.70; N, 16.69.
2-(1,3-Dioxoisoindolin-2-yl)-/V-5-(1,3-dioxoisoindolin-2-ylmethyl)-
[1,3,4]thiadiazol-2-ylacetamide (29b). 'H NMR 6 8.0—7.8 (m, 8H),
5.14 (s, 2H), 4.60 (s, 2H). Elemental analysis: calcd for
C,1H3N505S, C, 56.37; H, 2.93; N, 15.65. Found: C, 54.38; H,
2.93; N, 15.68.

Enzymology. Proteins were purified as described.>*™** Folate
cofactors and substrates were a gift from Eprova; all other
substrates, cofactors, and reagents were purchased from differ-
ent companies at the maxiumum purity grade. Compounds
la—53aand le—5c and 1 were purchased from different vendors
and purity of key compounds evaluated to be higher than 95%
(the elemental analysis is reported in Supporting Information).
For determination of reductase activity, NADPH oxidation was
followed at 340 nm.** K,,, values were determined by measuring
the dependence of the enzyme activity on substrate concentra-
tion using folic acid as the substrate. The K;,, value was 2.5 uM
for LmPTRI1. Kinetic measurements with DHFR were per-
formed at 25 °C in standard enzyme buffer.*® K., values were
determined by measuring the dependence of the enzyme activity
on substrate concentration using dihydrofolate as the substrate.
The K, values of dihydrofolate for hDHFR and LmDHFR in
this buffer were determined to be 7uM and 3.5 uM, respectively.
The kinetic experiments were carried out in triplicate, and no
individual measurement differed by >20% from the mean.

All tested compounds (1a—53a, 1b, 3b—5b, 7b—11b, 13b—
29b, 1¢—5¢) were dissolved in DM SO. Compounds 1a—53a were
initially screened for inhibitory activity against LmPTR1 at a
single concentration (500 uM). Compounds 1b, 3b—Sb, 7b—11b,
and 13b—29b were initially screened for inhibition of LmPTRI1
activity at a single concentration (5 uM). For those compounds
which were found to be active against LmPTRI1, a complete set
of measurements was performed to determine the ICs, values.
For compounds le—5¢, the ICsq value against LmPTR1 was
obtained. K; values were obtained from ICsq plots by assuming
competitive inhibition.*”**® For compound 15b, the K, value was
determined by Lineweaver—Burk analysis of multiple substrate
and inhibitor concentrations and showed a competitive inhibi-
tion pattern with respect to the dihydrofolate cofactor. The
result was consistent with the value determined from the I1Cs
plots (data not shown).

Compounds 4a, 6a, 28a, 35a, 38a, 53a, 7b, 14b, 15b, 21b,
22b, 28b, 29b, 1c—5c¢ were screened for their activity against
LmDHFR and hDHFR. The compounds were screened at a
single concentration in the range of 25 uM to 1 mM. For those
compounds which were found to be active, an ICs, value was
estimated by considering a linear relation between the percent-
age of inhibition and concentration.

No incubation effect was detected for any compound. All
compounds discussed here behaved well kinetically and do not
fall into the category of aggregation-based promiscuous
inhibitors.*” The DMSO concentration was kept below the
concentration affecting enzyme activity (1% for PTR1).
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Biological Evaluation. Parasitology. Promastigote forms of L.
mexicana (MHOM/BZ/84/BEL46) and L. major (MHOM/SU/
73/5-ASKH) were cultured in SDM-79 medium, pH 7.3, sup-
plemented with 15% heat-inactivated fetal calf serum, penicillin
(100 units/mL), and streptomycin (100 mg/mL) at 28 °C under
water-saturated air with 5% CO, as described earlier.”® The
cultures were initiated at 10° parasites/mL, and cells were
harvested at a density of 2 x 107 parasites/mL.

To estimate the concentrations at which compounds cause
50% inhibition of growth (effective dose, EDsy) of cultured
Leishmania promastigotes, the Alamar Blue micromethod,
based on monitoring the reducing environment of proliferating
cells, was used as previously described.’! Briefly, cultures were
diluted in medium to 1 x 10° parasites/mL and seeded in 96-well
flat-bottom microplates (Nunc) to a final volume of 100 uL.
Inhibitor stock solutions were in DMSO. For each compound,
dilutions were made in culture medium and added to the parasite
cultures giving a series of concentrations starting from 100 ug/mL
downward. The final DMSO concentration in the cultures was
always less than 1%. Each inhibitor concentration was tested in
duplicate. Controls with DMSO alone in the medium (which
never caused any growth inhibition at the concentration used)
and the parasites without compounds were also tested. After
72 h of incubation at 28 °C, 10 uL Alamar Blue was added to
each well, and after 4 h incubation at 28 °C, its fluorescence was
quantified at an excitation wavelength of 530 nm and at an
emission wavelength of 590 nm. EDj5, values were calculated by
linear interpolation. The optical density in the absence of drugs
was set as the 100% control. Assays with the commercial
antileishmaniasis drug, Amphotericin B, were also carried out
in order to have reference values. Three independent experi-
ments, each in duplicate, were performed for the determination
of the EDs( value of each compound.

In separate experiments, compounds were tested in combina-
tion with 1 to evaluate the synergic effect. Combinations were
tested with each compound at a single dose of 50 ug/mL and 1 at
30 ug/mL, in duplicate. The percentage of growth inhibition of
promastigotes in the presence of the combination of each
compound with 1 was compared with controls in which only
the compound was added at 50 ug/mL and with controls without
the compound and 1.

Toxicity Test. The fibroblast cell line MRC-5 was used to
determine the possible toxicity of compounds for human cells.
The fibroblasts were grown in DMEM medium (Gibco) supple-
mented with 10% heat-inactivated FBS and extra glutamine, at
37 °C in humidified incubators in an atmosphere of 5% CO,.
The assay was performed using essentially the same method as
used for parasites. To each well of the microplates, without or
with compound at different concentrations, cells were added ata
density such that, after 72 h of incubation, adhesive cells have
formed a confluent monocellular film in control wells. Alamar
Blue was added to each well after 72 h and used to determine cell
growth, similarly to that described above for parasites.
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