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Guanylthiourea (GTU) has been identified as an important antifolate antimalarial pharmacophore unit, whereas,
4-amino quinolones are already known for antimalarial activity. In the present work molecules carrying 4-
aminoquinoline and GTU moiety have been designed using molecular docking analysis with P/DHFR enzyme and
heme unit. The docking results indicated that the necessary interactions (Asp54 and Ile14) and docking score
(—9.63 to —7.36 kcal/mmol) were comparable to WR99210 (—9.89 kcal/mol). From these results nine mole-
cules were selected for synthesis. In vitro analysis of these synthesized compounds reveal that out of the nine

molecules, eight show antimalarial activity in the range of 0.61-7.55 uM for PfD6 strain and 0.43-8.04 pM for
PfW2 strain. Further, molecular dynamics simulations were performed on the most active molecule to establish
comparative binding interactions of these compounds and reference ligand with Plasmodium falciparum dihy-

drofolate reductase (PfDHFR).

1. Introduction

Malaria has been regarded as greatest health tragedies of 21st
century. According to the world malaria report 2018 published by
world health organization, approximately 219 million new cases were
reported in 2017. The numbers showed an increase of 2 million cases
from the previous year [1]. The number of global deaths reported in the
year 2017 was 435,000 out of which 61% of total malaria deaths is
accounted for children aged under 5years [1]. In the absence of ef-
fective vaccines, chemotherapy remains the first line of defense against
malaria [2]. However, this first line of defense received setback when
reports of chloroquine resistant plasmodium strains surfaced [3]. Sub-
sequently, the artemisinin and its derivative became an important
component in the malarial therapy [4]. This class of drugs were con-
sidered as the only drugs with the potential to treat multi drug resistant
strains of malaria. Given the recent reports of resistance that emerged
from Southeast Asia, on 21st century antimalarial “stars” artemisinin
and its derivative, the current state of antimalarial therapy is extremely
worrisome [5], thus there is challenge and urgent need to develop cost
effective antimalarial agents.

Regardless of the reports of resistance to quinoline based drugs,
which act on heme, they are still being exploited as lead compounds for

* Corresponding author.
E-mail address: pvbharatam@niper.ac.in (P.V. Bharatam).

https://doi.org/10.1016/j.bioorg.2019.103094

the design of new antimalarials [6], because, the resistance against this
class of drugs is more of a compound specific than target oriented [7].
Earlier it was established that GTU derivatives exhibit anti-malarial
activity [8]. Therefore, in this work 4-aminoquinoline (QN) moiety was
conjugated with previously identified guanylthiourea (GTU) moiety
(identified as antifolate) to design new antimalarial compounds (Fig. 1).
The two chemical entities were connected with linker chain in order to
identify the suitable linker for antimalarial action. Molecular docking
analysis was done to screen the designed molecules. Nine most pro-
mising molecules were taken up for synthesis. Cell based in vitro studies
[5¢,9] were carried out to estimate the antimalarial potential of the
synthesized molecules. Further, cytotoxic studies were carried out to
establish the safety of these molecules to humans.

2. Rational design

The already known PfDHFR inhibitors (pyrimethamine and cyclo-
guanil) and lead compound (WR99210) have 2,4-diaminopyridine and
2,4-diamino-1,3,5-triazine moieties, respectively [10]. GTU is nitrogen
rich species and provides sufficient number of H-bond acceptor and
donor group similar to that of pyridine and triazine moiety [11]. The
GTU moiety is particularly flexible because of the open chain character,
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Fig. 1. MESP surfaces of protonated pyrimidine (a), triazine (b) and GTU (c).
Blue color represents positive potential and red color represents negative po-
tential. Due to the overall protonated state of the molecules, there is no negative
potential observed. All the structures were optimized using B3LYP method in
Gaussian 09 and MESP plots were generated using Gauss View.[13]

but is also sufficiently rigid due to the presence of conjugated double
bonds, which allow it to acquire a close interaction with the Asp54 of
PfDHEFR in the molecular recognition site [10d,12]. To support the re-
placement of triazine and pyrimidine moieties with GTU, molecular
electrostatic surface potential (MESP) analysis was performed. The
MESP surfaces of the three moieties in the protonated form are shown
in Fig. 1. This surface property establishes that the required electronic
characteristics present on the surface of GTU are similar to that of the
2,4-diamino-1,3,5-triazine and 2,4-diaminopyridine moieties. Hence,
replacing pyridine and triazine moieties with GTU was found worth-
while for further widening this database.

Fig. 2 shows a schematic diagram of two pharmacophoric units QN
and GTU connected together using a flexible linker. The flexible linker
was varied to have 4, 5, and 6 carbon atom chain so that the two
pharmacophore may show antimalarial action against both PfDHFR and
heme. Several modifications in literature reported the addition of 4-12
atom linkers in the QN-antifolate molecules (Fig. 3).

A virtual library of 100 molecules with combinations of QN, varying
length linker chains and the GTU moiety were prepared. These species
were subjected to molecular docking analysis. Molecular docking stu-
dies were performed using Glide module of Schrédinger on PfDHFR
(PDB ID: 1J3I-wild type and PDB ID: 1J3K-mutant) and Heme (ex-
tracted from PDB ID: 2HBS; Fig. S1 of supporting information) crystal
structures for analysis [15]. Pharmacoinformatic tools were used for
predicting the drug like characters of the prepared library of com-
pounds. From combined results of these two studies, nine molecules
were selected for synthesis. GTU derivatives designed with 7-chlor-
oquinoline (4a-c), 7-trifluoromethylquinoline (4d-f) and 2,8-bis
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Fig. 2. Schematic representation of the fusion of different moieties to design the
hybrid molecule.
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(trifluoromethyl)quinoline (4g-i) moieties (Scheme 1) showed the
highest docking scores and most of the favorable interactions when
compared to WR99210 (with P/DHFR) and chloroquine (with heme).
Molecular docking studies confirmed that hydrocarbon linker with two
to four carbon atoms are most suitable to provide the favorable inter-
actions (Table 1). Whereas, the compounds with linker more than six
carbon atoms fail to accommodate in the active site of P/DHFR enzyme
and thus lack interactions for molecular recognition. It was observed
that the bound ligand (WR99210) binds deep in the cavity (in both wild
(1J3D) and quadruple mutant (1J3K) PfDHFR) forming bidentate H-
bonding with Asp54 and H-bonding with Cysl15, Ilel4, Ile;;3164/
Leu, j3x164. It shows m-it stacking interaction with Phe58. In case of
1J3K (quadruple mutant PfDHFR), WR99210 forms salt bridge with
Asp54. The interactions shown by pyrimethamine are very similar to
WR99210, however, it lacks the hydrophobic interactions with Phel16,
Prol13, Leul19, Val45 and Met45. Also, in case of quadruple mutant, it
was observed that the conformations of pyrimethamine were not stable
due to Asn108 mutation.

Druglikness studies showed that for all the selected molecules, the
molecular weight is less than 500 gm/mol. Their logP value is less than
5, hydrogen bond donors are less than 5, and hydrogen bond acceptors
are less than 10. The total polar surfaces for all molecules under con-
sideration are within the range of 90-140 A2 [16]. The detailed results
are listed in Table T1 of the supporting information.

3. Synthesis

Scheme 1 shows the complete synthetic scheme for the synthesis of
compounds 4a-i. 4,7-dichloroquinoline, 4-chloro-7-trifluoromethyl
quinoline and 2,8-bis(trifluoromethyl)-4-quinolinol were taken as the
starting material for 4a-c, 4d-f, and 4g-i, respectively. For the synthesis
of 1g-i, 4-quinolinol was converted to 4-chloroquinoline using phos-
phoryl oxychloride as chlorinating agent [17]. The alkyl chains con-
taining 2/3/4 carbon atoms were attached to the 4-chloroquinoline
(2a-i) intermediate by reacting aminoalcohols (ethanolamine/propa-
nolamine/butanolamine) under neat conditions to form intermediates
2a-i [18]. The quinoline aminoalcohol was converted to bromide de-
rivative (3a-i) using HBr-H,SO,4 as brominating agent [19]. The final
step was the S-alkylation of guanylthiourea with quinoline aminoalk-
ylbromide (3a-i) under reflux conditions in acetonitrile to give the final
product as bromide salt, 4a-i [8a,8¢,20].

4. Biological evaluation

Cell based in vitro analysis was carried out for the synthesized mo-
lecules on chloroquine-pyrimethamine sensitive strain (Pf D6) and
chloroquine-pyrimethamine resistant strain (Pf W2). Cytotoxicity stu-
dies for the compounds were performed on vero cell lines. Table 2
shows activity in uM range and relative inhibition (RI) (antimalarial
activity against CQ-S D6 strain vs CQ-R W2 strain) values. Compound
4c showed the highest activity against both Pf D6 strain (0.61 uM) and
Pf W2 strain (0.43 uM) followed by 4b and 4a. The RI value is more
(1.42) for 4c as compared to other compounds which indicates that it
inhibits chloroquine-resistant Pf W2 strain more effectively than
chloroquine-sensitive Pf D6 strain.

The 4-aminoquinoline based derivatives (4a-c) showed relatively
better activity compared to 7-trifluoromethyl quinoline (4d-f) and
mefloquine based derivatives (4g-i). Also, compounds with four atoms
linker exhibited better activity for 4-aminoquinoline based derivatives.
The analogs with two atoms linker were more active for trifluoromethyl
quinoline derivatives and the analogs with three atoms linker were
more active for mefloquine based derivatives. The better activity of 4a-
c can be due to the chlorine substituent in the quinolone moiety which
is a smaller group and may provide halogen bonding in the solvent
accessible region of the enzyme. However, the trifluoromethyl group in
4d-f is a bulky group and may result in unfavourable interactions or
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Scheme 1. (a) POCl3, 150 °C, 3 h; (b) amino alcohol, 130 °C, 3h; (c) HBr, a few drops of H,SO,4, 140 °C, 6 h; (d) guanylthiourea, CH5CN, reflux, 12-24 h.

Table 1

Molecular docking studies of selected nine molecules on PfDHFR (PDB ID: 1J3K and 1J3I, and Heme (extracted from PDB ID: 2HBS).

S. No. Ry Ry Rs n PfDHFR PfDHFR Heme
(1J3D) (1J3K)
Gicore Interactions® Gicore Interactions®
WR99210 - - - - -9.89 114, C15, D54, 1164 —9.64 114, C15, D549, L164 -
CLQ" - - - - - - - —4.01
Pyrb - - - - —-8.32 114, C15, D54d, 1164, F58 -7.81 114, C15, D54d, F58, L164, Y183 -
4a Cl H H 2 —-7.36 D54 -7.73 D54d, F58 —5.56
4b Cl H H 3 —7.84 D54, Al6 —-9.31 D54 —-5.34
4c Cl H H 4 —-8.31 114, D54d, Al6 —-7.52 D54¢ —5.54
4d CF3 H H 2 —8.00 114, D54, 1164 -7.57 D54, L164, F58 —4.93
4e CF3 H H 3 —8.06 D54, 1164, F116 —6.82 D54, F58 -5.00
4f CF3 H H 4 —-9.01 114, D54 -7.74 A16, D54¢ —-5.26
4g H CF3 CF3 2 —-8.73 114, D54, 1164 -7.12 114, C15, D54, L164, F58, N108 —4.58
4h H CF3 CF3 3 -9.15 D54 —8.43 A16, D54¢ —-4.99
4i H CF3 CF3 4 —-9.63 D54 —8.28 D54, S111 —5.05

2 Chloroquine (CLQ).

b pyrimethamine (Pyr).

¢ Amino acids are given in one letter code.
4 salt bridge.
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Table 2

In vitro results of the synthesized compounds in Pf D6 strain, Pf W2 strain and
vero cell lines with ICsq, standard inhibition (SI) and relative inhibition (RI)
values.

Compd. No. Pf D6 strain  Pf W2 RI”  Cytotoxicity (vero cell lines)
strain ICso (UM)
ICs0 (uM) ICso (M)
4a 2.25 3.71 0.61 >11.79
4b 1.56 213 0.73 >11.39
4c 0.61 0.43 1.42  >11.02
4d 1.86 2.95 0.63 > 10.89
4e 2.85 3.21 0.89 > 10.55
4f 2.80 6.06 0.46 >10.23
4g 7.55 8.04 0.94 >9.42
4h 5.54 7.21 0.77 >9.17
4i > 8.93 > 8.93 1.00 > 8.93
Chloroquine 0.04 0.39 0.10 NC
Pyrimethamine  0.01 NA - 18.2

# RI = ICsq (PfD6)/ICs (Pf W2).

steric clashes. This is further supported by the fact that 4g-i are the least
active compounds in the given group and contain two trifluoromethyl
groups.

5. Molecular dynamics

Molecular dynamics simulations were carried out for 1J3I-WR,
1J3K-WR, 1J3I-4c and 1J3K-4c complexes to evaluate the atomic level
interactions of the hybrid molecule (4c) with the wild type and quad-
ruple mutant P/DHFR enzyme and also to compare these interactions
with the standard WR99210 (WR) molecule. The stability of the com-
plexes was determined by calculating the RMSD values from the initial
coordinates for each of the complexes (see supporting information, Fig.
S2). The systems attained equilibrium after 4 ns of the production run.
All the four complexes were stable throughout the whole simulation run
of 20 ns. Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) energy decomposition analysis was performed using AMBER
11.0 program (last 4 ns). The results of binding energy obtained from
MM-PBSA for 4c with Pf/DHFR were on par with that of the co-crys-
tallized ligand, as shown in Fig. 4. The energy difference of ~7 kcal/
mol in case of the wild type P/DHFR may be attributed to the stronger
van der Waals interactions in case of WR due to aromatic triazine
moiety and high polar solvation energy for 4c. It was also observed that
the binding of 4c molecule was not affected by mutations present in the
PfDHEFR as the binding affinities for both WR and 4c in the quadruple
mutant (1J3K) were comparable. Residue wise decomposition analysis
suggests that 4c¢ has the highest binding affinity for Asp54 and Ilel4,
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Fig. 4. Bar graph depicting the binding energy and its components for WRA and
4c complexed with wild (1J3I) and quadruple mutant (1J3K) type PfDHFR.
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which are the major amino acids for molecular recognition in both 1J3I
and 1J3K (Fig. S3). The hydrogen bond occupancy was also analysed
which indicated that WR forms a bifurcated H-bond with Asp54 as the
occupancy is more than 100% (Fig. S4). The detailed binding poses are
given in the supporting information (Figs. S5-S8).

6. Conclusions

Structure based drug design approach was used to design a library
QN-GTU hybrid molecules with different quinoline substitutions and
variable hydrocarbon chain as linker. Molecular docking analysis was
carried out on the wild type PfDHFR (PDB ID: 1J3I), mutant type
PfDHFR (PDB ID: 1J3K) and heme (isolated from PDB ID: 2HBS) and
results were compared with WR99210 (co-crystallized ligand) and
chloroquine. Property filters were applied to determine the drug like-
ness of these molecules. Nine molecules were finally selected for
synthesis from molecular docking and property filter analysis. The se-
lected compounds 4a-i were then synthesized by attachment of the
linker on the quinoline moiety. The GTU moiety was linked through S-
alkylation with the final yield of the compounds in the range of
35-65%. Biological testing was done on chloroquine-pyrimethamine
sensitive (D6 strain) and resistant (W2 strain) P. falciparum. Eight
compounds showed antimalarial activity with ICs, values in the range
of 0.43-8.04 uM. None of these compounds showed cytotoxicity against
vero cells, which indicates that all the compounds were non-cytotoxic
at the highest concentrations tested. Compounds 4a-c, with 4-amino-
quinoline moiety showed the better activity compared to the corre-
sponding 7-trifloromethyl quinoline (4d-f) and mefloquine derivatives
(4g-i). Six atom linker 4-aminoquinoline derivative, 4c, showed highest
activity i.e. 0.6 uM against Pf D6 strain and 0.4 uM against Pf W2 strain.
In case of 7-trifloromethyl quinoline derived compounds (4d-f), the
ICso values were in the range of 2.85-1.86 uM for Pf D6 strain and
2.95-6.06 uM for Pf W2 strain. The compound with 4 atom linker chain
(4d) was found to be most active. The mefloquine based derivatives
(4g-i) were less active with ICs values in the range of 5.54- > 8.9 uM
and 7.2- > 8.9 uM against Pf D6 strain and Pf W2 strain respectively.

To determine the binding interaction details of 4c on PfDHFR en-
zyme (both wild, 1J3I, and mutant type, 1J3K), molecular dynamics
(MD) simulations studies were carried out. In 1J3I, co-crystallized li-
gand (WR99210) displayed 7kcal/mol higher binding energy
(53.5 kcal/mol) as compared to 4c (46.2 kcal/mol) which showed that
4c has comparable binding energy (MM-PBSA) of —45kcal/mol to
1J3K when compared with the co-crystallized ligand where binding
energy is —46 kcal/mol. The residue wise decomposition energy ana-
lysis shows that 4c exhibits similar interactions as shown by WR99210.
Binding energy of 4c with Ilel4 is comparable to that of WR99210 but
that with Asp54, it is 3kcal/mol less than WR99210. However, 4c
forms a bidentate H-bond with Asp54 energy with an occupancy
of > 100% (~50% for WR99210).

7. Experimental section

Proton NMR experiments and carbon-13 NMR experiments were
recorded on Bruker Advance DX 400 MHz spectrometer. Chemical shifts
were reported in parts per million relative to tetramethylsilane as in-
ternal standard. Splitting pattern were designated as s, singlet; d,
doublet; dd, doublet of doublet; m, multiplet. Thin layer chromato-
graphy (TLC) analyses were performed on precoated silica gel plates
(GF 254, Merk). Mass spectrometry was performed using Shimadzu
QP5000 mass spectrometer and LTQ Finnigen MAT. IR spectroscopy
was performed using Perkin Elmer FTIR with ATR and IR microscope
Synthesis Monitoring System. HRMS was performed using instrument
XEVO G2-XS QTOF.
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7.1. Typical procedure for the synthesis of S-alkylated quinoline derivatives

7.1.1. Synthesis of 4-chloro-2,8-bis(trifluoromethyl)quinoline [21] (1g)

Phosphorous oxychloride (1.02g, 3.56 mmol) under nitrogen at-
mosphere was added to a 50 mL round bottom flask fitted with a con-
denser and stirred at 70 C until all the solid was dissolved (usually
within 5-10min). 4-quinolinol (1g, 3.56 mmol) portion wise was
added to this hot solution and the bath temperature was increased to
150 °C. Stirring was continued at this temperature for 2h. After al-
lowing to cool to room temperature, the reaction mixture was quenched
by the addition of ice-cold water (10 mL) and stirring was continued for
another 1 h. The precipitated chloride was then filtered through a sin-
tered funnel by washing with an excess of purified water and dried
under vacuum to obtain a colourless solid 1g, as a single spot on TLC
(1.16 g). The chloride was then carried to the next step without further
purification [17].

7.1.2. Synthesis of 2-((7-chloroquinolin-4-yl)amino)ethan-1-ol [22] (2a)
4,7-Dichloroquinoline (2 g, 10 mmol) was heated with stirring in
neat aminoethanol (10 mL) at 130 C for 5h. The mixture was then
allowed to cool at room temperature and poured into cold water during
which the compound precipitated. The precipitate was filtered using a
Buchner funnel dried under vacuum to get 2-((7-chloroquinolin-4-yl)
amino)ethan-1-ol (2a) as a white solid in 95% yield. 'H NMR
(400 MHz, CD3SOCD3) 6 = 8.36 (d, J = 5.8, 1H), 8.09 (d, J = 9.0 Hz,
1H), 7.78 (d, J = 2.0Hz, 1H), 7.40 (dd, J = 2.0Hz, J = 9.0 Hz, 1H),
6.57 (d, J = 5.5Hz, 1H), 3.86 (t, J = 5.8, 2H), 3.51 (t, J = 5.8, 2H); 1°C
NMR (100 MHz, CD;SOCD;): § = 151.43, 151.03, 148.28, 134.92,
126.21, 124.62, 122.83, 118.30, 98.33, 59.33, 44.81; MS (LTQ): m/z
calculated for C;;H;;CIN,O" [M+H]* 223.06; found 223.03.

The remaining quinoline aminoalcohol derivatives (2b-i) were
prepared following this typical procedure [18]. Intermediates 2d-i were
determined by change in the TLC pattern and LTQ, thus were directly
taken to the next step for synthesis of bromide derivatives.

7.1.3. 3-((7-chloroquinolin-4-yl)amino)propan-1-ol (2b)

White solid in 90% yield. 1H NMR (400 MHz, CD5SOCD3) § = 8.36
(d,J = 5.5,1H), 8.07 (d, J = 9.0 Hz, 1H), 7.78 (d, J = 2.2 Hz, 1H), 7.41
(dd, J = 2.0Hz, J = 9.0Hz, 1H), 6.56 (d, J = 5.5Hz, 1H), 3.37 (t,
J = 6.0, 2H), 3.49 (t, J = 7.0, 2H), 1.98 (m, 2H); '*C NMR (100 MHz,
CD3SOCD3): & = 151.42, 150.91, 148.09, 134.94, 126.08, 124.59,
122.81, 117.32, 98.18, 59.37, 39.83, 30.71; MS (LTQ): m/z calculated
for C;5H14CIN,O* [M+H]* 237.08; found 236.99.

7.1.4. 4-((7-chloroquinolin-4-yl)amino)butan-1-ol (2c)

White solid in 92% yield. 'H NMR (400 MHz, CD5SOCD3) § = 8.35
(d,J = 5.8,1H), 8.08 (d, J = 9.0 Hz, 1H), 7.77 (d, J = 2.0 Hz, 1H), 7.39
(dd, J = 2.0Hz, J = 8.8Hz, 1H), 6.51 (d, J = 5.5Hz, 1H), 3.65 (t,
J = 6.5, 2H), 3.39 (t, J = 7.0, 2H), 1.83 (m, 2H), 1.69 (m, 2H); °C
NMR (100 MHz, CD3SOCDs3): 6 = 151.29, 151.04, 148.23, 134.86,
126.17, 124.54, 122.87, 117.33, 98.24, 61.23, 42.45, 29.63, 24.54; MS
(LTQ): m/z calculated for C;3H;cCIN,O" [M+H]" 251.09; found
251.02.

7.1.5. Synthesis of N-(2-bromoethyl)-7-chloroquinolin-4-amine [23] (3a)

Hydrobromic acid (0.88 mL, 16.2 mmol) and then sulphuric acid
(0.29mL, 5.5mmol) was added dropwise to 2a (0.67 g, 2.6 mmol),
under cold conditions. The reaction was then heated for 4h at 165 C
under reflux. The reaction medium was quenched by adding NaHCO
solution slowly and the pH was adjusted around 7. The reaction mixture
was then extracted with dichloromethane dried over Na,SO, and con-
centrated under vacuum to obtain the desired product 3a in 85-95%
yield as a white solid [19]. 'H NMR (400 MHz, CDCl3) & = 8.59 (d,
J =5.3, 1H), 8.01 (d, J = 2.5Hz, 1H), 7.74 (d, J = 9.0Hz, 1H), 7.44
(m, 1H), 6.46 (d, J = 5.3 Hz, 1H), 3.80 (t, J = 5.8, 2H), 3.72 (t, J = 5.8,
2H); 13C NMR (100 MHz, CD3SOCDs): § = 152.27, 150.315, 149.21,
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134.17, 127.74, 124.94, 117.75, 99.36, 44.48, 31.72; MS (LTQ): m/z
calculated for C;;H;;CIN,O* [M+H]* 285.57; found 285.14.

The remaining quinoline aminoalkylbromide derivatives (3b-i)
were prepared following this typical procedure. Intermediates 3b-i
were determined by change in the TLC pattern and LTQ, thus were
directly taken to the next step for synthesis of bromide derivatives.

7.1.6. Synthesis
amine (4a)

3a (200 mg, 1 mmol) was added to acetonitrile and 1-Amidino-2-
thiourea (0.7 eq., 82 mg) and refluxed at 100 °C for 12-24 h. TLC was
monitored at regular interval for the consumption of 1-Amidino-2-
thiourea was consumed. The reaction mixture was then concentrated
under vacuum to obtain a white solid. Successive washings by DCM,
followed by acetonitrile and ethyl acetate resulted into the final product
4a as a white solid in 55% yield [8a,20]. 'H NMR (400 MHz,
CD3SOCD3) § = 8.37 (d, J = 5.5 Hz, 1H), 8.29 (d, J = 9.0 Hz, 1H), 7.79
(s, 1H), 7.64 (s, 1H), 7.43 (d, J = 10.5, 1H), 6.52 (d, J = 5.5, 1H), 3.60
(m, 2H), 3.07 (m, 2H); '*C NMR (100 MHz, CD5SOCD3): § = 164.09,
162.73, 155.84, 143.59, 139.05, 138.57, 127.50, 126.10, 119.69,
115.87, 99.49, 43.13, 28.98; IR (ATR) v (cm ™ ') 3206, 2912, 1607; MS
(LTQ): m/z calculated for C;3H;6NgSCI* [M+H]* 323.07; found
323.08; MS ES+ (HRMS): m/z calculated for C;3H;6NeSCI*T [M+H] ™"
323.0846; found 323.0837.

The remaining quinoline aminoalkylguanylthiourea derivatives (4b-
i) were prepared following procedure as mentioned above.

of  N-(1-Amidino-2-thiourea-ethyl)-7-chloroquinol-4-

7.1.7. N-(1-Amidino-2-thiourea-propyl)-7-chloroquinol-4-amine (4b)

White solid; 65% yield; 1H NMR (400 MHz, CD3;0D) § = 8.42 (m,
2H), 7.88 (s, 1H), 7.63 (d, J = 10.3 Hz, 1H), 6.86 (d, J = 6.8, 1H), 3.63
(t, J=6.5, 2H), 3.10 (t, J=7.3, 2H), 2.18 (m, 2H); *C NMR
(100 MHz, MeOD): § = 164.21, 162.62, 155.75, 143.52, 139.02,
138.42,127.27,126.25, 119.51, 115.94, 99.17, 49.04, 42.34, 28.36; IR
(ATR) v (cm ™) 3108, 2937, 2194, 1610, 1585, 1553, 1449; MS (LTQ):
m/z calculated for C;4H;5NSC1T [M+H]" 337.09; found 337.04; MS
ES+ (HRMS): m/z calculated for C;4H;sN¢SCIT [M+H] " 337.1002;
found 337.0996.

7.1.8. N-(1-Amidino-2-thiourea-butyl)-7-chloroquinol-4-amine (4c)

Oily liquid; 52% yield; '"H NMR (400 MHz, CD3;OD) & = 8.31 (d,
J=9.3, 1H), 8.25 (d, J = 6.2Hz, 1H), 7.74 (d, J = 2.2Hz, 1H), 7.36
(dd, J = 2.3, J = 9.3, 1H), 6.54 (d, J = 6.0, 1H), 3.76 (t, J = 4.0, 4H),
2.09 (m, 4H); '3*C NMR (100 MHz, MeOD): § = 153.47, 147.06, 135.65,
127.71, 125.03, 123.79, 123.27, 118.22, 102.34, 98.25, 61.28, 52.43,
34.38, 25.42; IR (ATR) v (cm ™) 3318, 2944, 2834, 2195, 1614, 1587,
1562, 1451; MS (LTQ): m/z calculated for C;5HyoNeSCl™ [M+H]™
351.11; found 351.14; MS ES+ (HRMS): m/z -calculated for
C15H20N6SC1+ M - C2H6N4S]+ 233.0846; found 233.0832. (HRMS
spectra is showing the peak of the fragment after losing C;HgN4S unit.)

7.1.9. N-(1-Amidino-2-thiourea-ethyD)-7-trifluoromethylquinol-4-amine
(4d)

White solid; 60% yield; 'H NMR (400 MHz, CD30D) § = 8.68 (d,
J = 8.8, 1H), 8.57 (d, J = 7.3, 1H), 8.24 (s, 1H), 7.96 (d, J = 8.8, 1H),
7.10 (d, J = 7.0, 1H), 3.99 (t, J = 7.5, 2H), 3.39 (t, J = 7.6, 2H);'3C
NMR (100 MHz, MeOD): § = 166.84, 164.51, 156.05, 154.79, 154.73,
145.73, 143.66, 138.02, 134.28, 123.51, 119.09, 117.87, 99.65, 42.98,
28.36; IR (ATR) v (cm ™ 1) 3283, 3159, 2921, 2794, 1613, 1507, 1446;
MS (LTQ): m/z calculated for C;4H;cNgSF3* [M+H] ™ 357.11; found
357.08; MS ES+ (HRMS): m/z calculated for C;4H;¢NgSF3* [M+H]*
357.1109; found 357.1105.

7.1.10. N-(1-Amidino-2-thiourea-propyD)-7-trifluoromethylquinol-4-amine
(4¢)

White solid; 65% yield; "H NMR (400 MHz, CD5SOCDs3) § = 8.64 (d,
J =9.0, 1H), 8.50 (d, J = 6.8, 1H), 8.19 (s, 1H), 7.88 (d, J = 8.8, 1H),
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6.93 (d, J = 6.8, 1H), 4.03 (t, J = 6.3, 2H), 3.09 (t, J = 7.0, 2H), 2.18
(m, 2H), 13C NMR (100 MHz, CD;SOCD3): § = 164.09, 162.67, 155.80,
144.09, 137.74, 126.30, 112.39, 119.49, 118.03, 99.96, 42.52, 28.36,
28.89; IR (ATR) v (cm™h) 3296, 3176, 2252, 1644; MS (LTQ): m/z
calculated for C;4H;7,NeSCF3* [M+H]* 371.13; found 371.03; MS ES
+ (HRMS): m/z calculated for C;sH;gNgSF3+t [M+H]" 371.1266;
found 371.1261.

7.1.11. N-(1-Amidino-2-thiourea-butyl)-7-trifluoromethylquinol-4-amine
(41

Oily Liquid; 58% yield; '"H NMR (400 MHz, CDsOD) & = 8.69 (d,
J = 8.5, 1H), 8.53 (d, J = 6.3 Hz, 1H), 8.21 (s, 1H), 7.93 (d, J = 8.5,
1H), 7.00 (d, J = 6.3, 1H), 3.69 (t, J = 6.3, 2H), 3.11 (t, J = 7.0, 2H),
1.93 (m, 4H);'3>C NMR (100 MHz, MeOD): § = 162.86, 162.03, 152.20,
144.41, 140.04, 128.01, 125.62, 124.19, 122.67, 119.60, 93.83, 42.12,
30.41, 29.23, 26.76; IR (ATR) v (cm™h) 3115, 2938, 2193, 2150, 1612,
1568, 1454; MS (LTQ): m/z calculated for CigHyoNeSF3* [M
+H]*385.14; found 385.09; MS ES+ (HRMS): m/z calculated for
C16H20N6SF3* [M +H] *385.1422; found 385.1409.

7.1.12. N-(1-Amidino-2-thiourea-ethyl)-(2,8-Bis-(trifluoromethyl) )quinol-
4-amine (4g)

Brown solid; 20% yield; 'H NMR (400 MHz, CD;0D) § = 8.39 (d,
J=8.0,1H), 8.09 (d, J = 7.3, 1H), 7.63 (t, J = 8.0, 1H), 7.13 (s, 1H),
3.80 (t, J=7.8, 2H), 3.28 (t, J=7.8, 2H);'>C NMR (100 MHz,
CD3SOCDs): & = 165.42, 163.63, 151.97, 144.39, 128.32, 125.43,
124.33, 119.51, 94.38, 42.29, 28.30; IR (ATR) v (cm™ Y 3266, 3105,
2195, 1687, 1592, 1544, 1526, 1504; MS (LTQ): m/z calculated for
C1sH;sNSFs+ [M+H]* 425.09; found 424.99.

7.1.13. N-(1-Amidino-2-thiourea-propyD)-(2,8-Bis-(trifluoromethyl))
quinol-4-amine (4h)

White solid; 50% yield; '"H NMR (400 MHz, CDsOD) § = 8.45 (d,
J=28.5,1H) 8.10 (d, J = 7.3, 1H), 7.63 (t, J = 7.6, 1H), 6.87 (s, 1H),
3.57 (t, J = 7.0, 2H), 3.17 (t, J = 6.8, 2H), 2.18 (m, 2H); '*C NMR
(100 MHz, MeOD): & = 166.19, 162.89, 152.16, 148.96, 148.62,
144.39, 128.28, 125.54, 124.24, 119.62, 93.92, 41.26, 28.18, 27.87; IR
(ATR) v (cm ™ 1) 3400, 2951, 2843, 2077, 1645, 1454, 1412; MS (LTQ):
m/z calculated for C;gH;7NgSFet [M+H]*439.11; found 439.07; MS
ES+ (HRMS): m/z calculated for C;¢H;7NgSF¢* [M+H] " 439.1140;
found 439.1141.

7.1.14. N-(1-Amidino-2-thiourea-propyD-(2,8-Bis-(trifluoromethyl))
quinol-4-amine (4i)

Yellow Oily Liquid; 50% yield; 'H NMR (400 MHz, CDs;OD)
8 =8.46 (d, J = 8.6, 1H) 8.09 (d, J = 7.3, 1H), 7.62 (t, J = 8.0, 1H),
6.87 (s, 1H), 3.47 (t, J = 6.2, 2H), 3.10 (t, J = 7.0, 2H), 1.88 (m, 4H);
13C NMR (100 MHz, MeOD): § = 166.41, 162.87, 152.28, 144.40,
128.26, 128.10, 125.61, 125.39, 124.18, 122.67, 119.59, 93.84, 93.03,
42.12, 30.42, 26.95, 21.22; IR (ATR) v (cm ™ ') 3303, 3162, 2300, 2194,
1621, 1594, 1542; MS (LTQ): m/z calculated for C;7H;oN¢SFs* [M
+H]" 453.42; found 453.09; MS ES+ (HRMS): m/z calculated for
Cy17H oN6SFs+ [M+H]" 453.1296; found 453.1295.

8. Computational methodology
8.1. Molecular docking

Molecular docking was performed using Schrodinger software
package (GLIDE module) [14]. Initial 3D structures of all the molecules
were obtained by (energy minimization) geometry optimization using
OPLS_2005 force field. LigPrep module of maestro is used to prepare
(standard-data file (.sdf) format) the 3D structures of the molecules
implementing OPLS_2005 force field and keeping ionic states of the
ligands at pH values 7.0 = 2.0. Conformational search of all the li-
gands was performed using confgen module of maestro and top five
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poses were chosen for docking in 1J3I and 1J3K. Two different crystal
structures of P/DHFR were chosen i.e. 1J3I for wild type and 1J3K for
quadruple mutant PfDHFR, both with WR99210 as the co-crystallized
ligand. Missing residues were added using prime module of maestro and
incorporating FASTA peptide sequence for both 1J3I and 1J3K. The
protein structural preparation was carried out using the protein pre-
paration wizard in maestro during which only chain A (PDB ID 1J3I and
1J3K) was considered for the docking purpose. Generate states option
was used to obtain the docked structure of the reference ligand in the
crystalized protein at pH 7.0 = 2.0. All the water molecules were re-
moved, hydrogen atoms were added and the final protein complex with
WR99210 and NADPH was optimized and minimized (10,000 cycles).
The grid was generated taking the reference ligand as core, with the
grid size of 10 A. Glide module (Grid-based Ligand Docking with En-
ergetics), was used to perform molecular docking with standard preci-
sion mode. The docking protocol was validated by re-docking the
bound ligand (WR99210) and comparing the RMSD value with the X-
ray crystallographic conformation of the ligand. The best suited pose
and corresponding Gg.ore Values are considered as standard for com-
parison with the docking scores of 4a-i.

9. Molecular dynamics (MD) simulations

MD simulations were carried out using AMBER 11.0 program [24].
Ligand preparation was done using “leaprc.gaff” (generalized amber
force field) force field and enzyme preparation was done using
“leaprc.ff03” [25]. A 10 A cubic box of TIP3P water was positioned to
surround each system and chloride ions were added to neutralize the
system. Minimization (500 steps of steepest descent followed by 500
steps of conjugate gradient method), 50 ps of heating, and 50 ps of
density run with weak restraints on the complex followed by 4ns
constant pressure equilibration at 300K were performed on each
complex. A cut-off of 8.0 A was used for MD simulations. Particle mesh
Ewald method was exploited to include all long-range electrostatics.
The system was maintained at 300K temperature using Langevin
thermostat. All the conditions applied in the final phase of equilibration
were used for production run, and the coordinates were recorded every
10 ps. The periodic boundary conditions were used during MD simu-
lations. Root mean squared deviation plots (RMSD) were constructed
before submitting for the production run of 24 ns to make sure that
system has equilibrated.

MM-PBSA calculations: The AGg;,q.pp between ligand and receptor
to form a complex can be calculated as follows:

AGging = AEmm + AGsorps) — TAS
AEMM = AEimemal + AEelectrostatic + AEvdw

AGsorp) = AGpp + AGsa(pp)

where AEyy is the total gas-phase energy, AGsorpp, is the sum of non-
polar and polar contributions to solvation calculated by PB. AE;,ernal iS
the internal energy arising from bond angle and dihedral terms in the
MM force field and is zero in case of single trajectory approach.
AEelectrostatic 1S €lectrostatic energy as calculated by the molecular me-
chanics force field. AE,q4, is van der Waals contribution from MM. AGpg
is the non-polar contribution to the solvent free energy and was esti-
mated by SASA determined using a water probe radius of 1.4 A. The
surface tension constant y was set to be 0.00542 keal/mol/A2. AGsoLpp)
is the electrostatic contribution to the solvation energy calculated by
the PB method. Dielectric constants for solute and solvent were set to be
1 and 80, respectively. Vibrational entropy contributions can be esti-
mated by classical statistical thermodynamics, using normal mode
analysis. As the main goal is to analyse the comprehensive interaction
features, the entropy contribution was not included in the study due to
high computational cost.


http://firstglance.jmol.org/fg.htm?mol=1J3I
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10. Biological evaluation- determination of in vitro antimalarial
activity and cytotoxicity

The compounds were tested for in vitro antimalarial activity against
the D6 (chloroquine-sensitive) and W2 (chloroquine-resistant) strains of
P. falciparum. The 96-well microplate assay is based on evaluation of
the effect of the compound on growth of asynchronous cultures of P.
falciparum determined by the assay of parasite lactate dehydrogenase
(pLDH) activity [5c]. The stock solutions of the test were prepared in
DMSO, appropriate dilutions were prepared in serum-free RPMI-1640
medium and the compounds were added to the cultures of P. falciparum
(2% haematocrit, 2% 84 parasitaemia) set up in clear, flat-bottomed,
96-well plates. The plates were placed into the humidified chamber and
flushed with a gas mixture of 90% N, 5% CO, and 5% O,. The cultures
were incubated at 37 °C for 48 h. Growth of the parasite in each well
was determined by pLDH assay using Malstat® reagent as described
earlier [9a]. The medium and red blood cell (RBC) controls were also
set up in each plate. The standard anti-malarial agents, CQ and pyr-
imethamine, were tested as the positive controls, while DMSO was
tested as the negative control. The antimalarial efficacy (expressed as
ICsp value) was determined by the dose response analysis with XLfit©.
The compounds were simultaneously tested for cytotoxicity against
vero cells [9b].
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