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Enoyl acyl carrier protein (ACP) reductase, one of the enzymes of the type II fatty acid biosynthesis pathway,
has been established as a promising target for the development of new drugs for malaria. Here we present
the discovery of a rhodanine (2-thioxothiazolidin-4-one) class of compounds as inhibitors of this enzyme
using a combined approach of rational selection of compounds for screening, analogue search, docking
studies, and lead optimization. The most potent inhibitor exhibits an IC50 of 35.6 nM againstPlasmodium
falciparumenoyl ACP reductase (PfENR) and inhibits growth of the parasite in red blood cell cultures at
an IC50 value of 750 nM. Many more compounds of this class were found to inhibit PfENR at low nanomolar
to low micromolar concentrations, expanding the scope for developing new antimalarial drugs. The structure-
activity relationship of these rhodanine compounds is discussed.

Introduction
Over three billion people live under the threat of malaria

across the world and it kills over a million each year, mostly
children.1 Of the four species ofPlasmodiumthat cause human
malaria,Plasmodium falciparumaccounts for the most severe
and fatal form of the disease, cerebral malaria. Malaria has
primarily been treated with chloroquine or pyrimethamine-
sulfadoxine. Emergence of strains of the pathogen resistant to
these drugs has made the situation worse.2 Hence, finding novel
pathways unique to the malaria parasite and identifying lead
compounds against these pathways becomes necessary. Our
recent discovery of a type II fatty acid synthesis pathway in
Plasmodiumhas opened new avenues for drug development
against malaria.3

Type II fatty acid synthase (FASa II), present in prokaryotes,
plants, and some protozoans, is structurally different from FAS-I
(fatty acid synthase I) found in the human host as well as other
higher eukaryotes, yeast, and certain mycobacteria. While FAS-
II has discrete enzymes catalyzing individual reactions of the
pathway,4 FAS-I consists of a single multifunctional protein in
which various domains catalyze different reactions of the
biosynthetic pathway.5

In P. falciparum, type II fatty acid synthesis has been
localized in the relict plastid called apicoplast, which is
evolutionarily related to cyanobacteria.6 The striking difference
in the organization of the FAS catalyzing fatty acid synthesis
in P. falciparumandEscherichia coliwith that in the human
host makes this pathway a potent drug target not only for
developing drugs againstPlasmodium, but also against a number
of other infectious organisms harboring type II FAS.

The elongation module of fatty acid biosynthesis consists of
four iterative steps: decarboxylative condensation, NADPH-

dependent reduction, dehydration, and NADH-dependent reduc-
tion.4,5 The fourth step of NADH-dependent reduction is carried
out by enoyl-acyl carrier protein (ACP) reductase (ENR), which
reduces the trans-2 enoyl bond of enoyl-ACP substrates to
saturated acyl-ACPs. This step has been shown to be a rate
determining step inE. coli fatty acid biosynthesis (Scheme 1),7

which makes it an ideal point of intervention therapeutically. It
has been validated as a potential antimalarial3,8 and antibacterial9

drug target. The suitability of ENR as a drug target has been
discussed in detail previously.9,10 Extensive studies have been
done by us onP. falciparumENR (PfENR) using biochem-
ical11-14 as well as structural15-17 tools to understand the
mechanism of its inhibition by triclosan. Triclosan was found
effective in killing P. falciparumin vitro and was able to cure
mice of infection with the rodent malaria speciesP. bergheias
well as acute bacterial infection.3,18 Recently, a number of
analogs of triclosan were designed and tested by us and others
against PfENR.19-21 Though the study of the structure-activity
relationship of triclosan and its analogs provided good insight
into the roles of various functional groups, none of the
compounds showed significantly better activity over triclosan.
We also synthesized and tested some substituted pyrazoles,
which exhibited moderate inhibitory activity against PfENR.22

Recently, we have reported that green tea catechins are potent
inhibitors of PfENR and we have also reported their potentiation
of the inhibitory activity of triclosan for PfENR.23

To expand the range of available pharmacophores from which
new ENR inhibitors can be developed, we have tested a diverse
set of compounds selected from Chemical Diversity Labs against
PfENR. Here we report the identification and evaluation of a
novel class of compounds with different core moieties that
inhibit PfENR. The most effective compounds contained a
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Scheme 1.Enoyl-ACP Reductase Catalyzed Reaction, Which
Reduces thetrans-Double Bond between C2 and C3 of the
Growing Fatty Acyl Chain Using NADH
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common core commonly known as rhodanines. This class of
small molecule inhibitors has been previously known to possess
pharmacological activities against various biological targets
ranging from aldose reductase,24 â-lactamase,25 HCV NS3 pro-
tease,26 UDP-N-acetylmuramate/L-alanine ligase,27 cathepsin,28

and histidine decarboxylase29 and is also shown to have
antidiabetic activity.21 In the present work, for the first time
we report a rhodanine class of compounds as novel and potent
inhibitors of ENR fromPlasmodium falciparum. Further, the
mechanisms of inhibition of PfENR by these compounds along
with their structure-activity relationship was probed, which
provide insights for further optimization of lead compounds of
this class and generation of a pharmacophore model.

Results and Discussion

ENR has been well established as a potent target for designing
antibacterials as well as antimalarials.3,16 The frontline drug
against tuberculosis, isoniazid, also targets ENR ofMycobac-
terium tuberculosis.30 Availability of atomic structures of ENR
from P. falciparumand other pathogenic organisms likeE. coli
make it possible to attempt structure-based drug design against
malaria as well as bacterial diseases. Atomic structures of ENR-
NAD+-triclosan complex and that of ENR-NAD+ with other
inhibitors like diazoborines, imidazoles, and aminopyridines
provide insights on the key features of ENR inhibition.31-33 The
two most striking features are (1) at least one of the rings in
the inhibitors participate inπ-stacking interactions with the

nicotinamide ring of the cofactor NADH and (2) the inhibitor
forms a hydrogen bond with the active site residue, tyrosine.
In the case of PfENR-NAD+-triclosan ternary complex, ring
A of triclosan nestles in a hydrophobic pocket made up of
residues Tyr267, Tyr277, Gly313, Pro314, Ile323, Phe368, Ile369, and
Ala372. The ring A stacks with the nicotinamide moiety of the
oxidized cofactor NAD+ (Figure 2a). Also, five hydrogen bonds
between NAD+ and the substrate-binding loop of PfENR
stabilize the ternary complex of the enzyme with NAD+ and
triclosan.

To identify new lead compounds against PfENR, we took
the above key features of interactions between the enzyme and
the inhibitor as well as those between NAD+ and inhibitor into
consideration and selected 382 compounds representing a diverse
set of scaffolds from a database of∼200 000 compounds
(Chemical Diversity Labs, Moscow; Chart 1). These 382
representative compounds were tested for their inhibitory activity
against purified PfENR in a spectrophotometric assay. Thirty-
one compounds among them were found to be active against
PfENR ate100µM, the best four of which showed IC50 values
of 6.0, 6.5, 7.0, and 10µM. These four compounds had a
common core moiety, that is, 2-thioxothiazolidin-4-one. Such
compounds are commonly known as rhodanines. We took all
the analogues of these four compounds from the database and
conducted docking studies on them using AutoDock to calculate
their binding energies against PfENR and selected 32 additional
compounds with better binding energies compared to the four
hits found earlier. We tested these compounds for their inhibitory

Figure 1. (a) Inhibition of PfENR by compound17. PfENR activity was determined in the presence of various concentrations of the inhibitor
(25-750 nM). The percent inhibition was calculated from the residual PfENR activity and was plotted against log [compound17] used. The
sigmoidal curve indicates the best fit for the data, and the IC50 value was calculated from the graph. Each point in the graph is the mean value
calculated from three different sets of experiments, and the error bars show the standard deviation of the data. (b) Inhibition kinetics of compound
17 with respect to crotonoyl CoA were determined using the Dixon plot. PfENR was assayed at two fixed concentrations, 100µM [b] and 200µM
[9], of crotonoyl CoA in presence of 250 nM of compound17 and 100µM of NADH. Ki was calculated from thex-intercept. The plot indicates
competitive kinetics with respect to crotonoyl CoA. Each point in the graph represents the mean value calculated from three different sets of
experiments, and the error bars show the standard deviation of the data. (c) Inhibition kinetics of compound17 with respect to NADH were
determined using the Dixon plot. PfENR (200 nM) was assayed in the presence of 200µM of crotonoyl CoA, 250 nM of compound17, and 50
µM [b] and 100µM [9] of NADH. Ki of inhibitor was calculated from thex-intercept. The plot indicates noncompetitive kinetics with respect to
NADH. The data points of the plots are the mean value of three different sets of experiments, and the error bars show the standard deviation of the
data. (d) Inhibition of growth of the parasite in red blood cell cultures. Compound17 was assayed for in vitro growth inhibition ofP. falciparum
by incubating the cultures with different concentrations of the inhibitors in Me2SO (final concentration, 0.05%). The cultures were checked for
growth inhibition by microscopic examination by assessing the parasitemia at every 48 h (b) and 96 h (O). Each data point represents the mean
value calculated from three different set of experiments, and the error bars show the standard deviation of the data.
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activity against PfENR and found that nine of them possess
the activity (Scheme 2). The best compound among them
(compound17) gave an IC50 of 35.6 nM. The most active
compounds belong to two related classes of compounds (Tables
1, 2 and 3), but sharing a common core moiety, that is, 2-thioxo-
thiazolidin-4-one, commonly known as rhodanine. One class
of these rhodanines has a furan ring attached to the 2-thioxo-
thiazolidin-4-one core moiety through a methylene linker, while
the other class has a benzene ring attached to the 2-thioxo-
thiazolidin-4-one core moiety in a similar way. Other than
rhodanines, we identified four compounds having quinoline/
quinazoline scaffold as the core moiety, with IC50 values from
50 to 60µM. Also a few individual molecules belonging to
different classes of compounds showed moderate inhibitory
activities against PfENR. Triclosan was used as a positive
control and it exhibited an IC50 of 66 nM andKi of 53 nM. So,
the most potent rhodanine compound (17) is better as an
inhibitor compared to triclosan.

Rhodanine derivatives are known to possess biological
activities as anticonvulsant, antibacterial, antiviral, and antidia-
betic.34,35 They have been found to inhibit some other targets
previously, for example, arylalkylidene rhodanines with bulky
and hydrophobic functional groups were found to inhibit
hepatitis C virus (HCV) nonstructural protein 3 (NS3), a serine
protease with IC50 values in low micromolar range,26 rhodanine-
3-acetic acid derivatives have been found to inhibitCandida
albicans protein mannosyl transferase 1 (PMT1) with IC50

values in 0.2-0.5µM range,36 some rhodanine derivatives have
been found to inhibit the phosphatase of regenerating liver (PRL)
family tyrosine phosphatase 3 (PRL-3) at an IC50 value of 0.9
µM.37 Other rhodanines have been found to inhibit JNK-
stimulating phosphatase-1 (JSP-1) in low micromolar range

(1.2-20 µM)38 and to inhibit Anthrax lethal factor protease in
micromolar to submicromolar range.39,40A rhodanine derivative
has been recently found to prevent biofilm formation by
Staphylococcus epidermidis.41 In a recent screening, some
rhodanine derivatives have emerged as inhibitors of the enzymes
involved in the synthesis ofL-rhamnosyl residue (IC50 ) 10µM),
a part ofMycobacterium tuberculosiscell wall.42 The rhodanine
derivatives described in this manuscript display inhibitory
activity against PfENR which are better than that against any
other targets explored so far, and hence, they make potential
lead compounds for further exploration as antimalarial agents.
The kinetic data are shown for compound17as a representative
example among the rhodanines tested.

Kinetics of the Inhibition of PfENR by Rhodanines.
PfNER was expressed, purified, and its activity was checked
as described earlier.11,12The IC50 values for the 10 best inhibitors
were determined as described in the Experimental Section. Five
of these are rhodanines with furan moiety attached through a
methylene linker, and the other five are rhodanines with phenyl
moiety attached through a methylene linker. The residual PfENR
activity was plotted against the log of the respective inhibitor
concentration using a nonlinear regression method. The best fit
of the data gave a sigmoidal curve from which IC50 values were
calculated (Figure 1a). The IC50 value for the best compound,
compound17, was found to be 35.6 nM.

We then deduced the mechanisms of inhibition for each of
the ten inhibitors with respect to substrate analog crotonoyl-
CoA as well as the cofactor, NADH. All the inhibition data
were analyzed by Dixon plot. The reaction velocity was
measured at a fixed concentration of substrate, while concentra-
tion of the inhibitor was varied. TheKi values for the inhibitors
were calculated from thex-intercept of the Dixon plot. All the

Figure 2. (a) Interactions of triclosan in the cocrystallized ternary complex PfENR and NAD. Triclosan is shown in ball and sticks and NAD and
amino acids are shown in sticks. Atoms are colored in their elemental color format: carbon, gray; oxygen, red; nitrogen, blue; chlorine, green;
phosphorus, orange. Hydrogen bonds are shown with green dotted lines. (b) Interactions of compound1 with PfENR and NAD, as deduced by
docking. Color-coding and cartoon representation is as described in Figure 2a. (c) Interactions of compound17 with PfENR and NAD, as deduced
by docking. Color-coding and cartoon representation is as described in Figure 2a. (d) Interactions of compound36 with PfENR and NAD, as
deduced by docking. Color-coding and cartoon representation is as described in Figure 2a.

Inhibitors of P. falciparum Enoyl-ACP Reductase Journal of Medicinal Chemistry, 2007, Vol. 50, No. 112667



rhodanines were competitive inhibitors for crotonoyl-CoA
(Figure 1b) and exhibited noncompetitive inhibition for NADH
(Figure 1c). TheKi values of these inhibitors with respect to
both crotonoyl-CoA and NADH are given in Tables 1, 2 and 3
along with their respective IC50 values. The kinetics of the
rhodanine compounds clearly indicate that these compounds
occupy either the substrate binding site or a site overlapping
with it, thus blocking the enzyme activity by forbidding the
entry of the substrate to the active site of the enzyme. Thus, a
Ki value for compound17 was calculated to be 4.2 nM against
crotonoyl-CoA (Figure 1b) and 32.7 nM against NADH (Figure
1c). Triclosan exhibits uncompetitive kinetics for crotonoyl-
CoA and yields aKi value of 660 nM. Thus, the rhodanines
not only follow a different mechanism to inhibit PfENR but
also the best among them (compound17) is almost 13 times
more potent than triclosan.

In Vitro Whole-Cell Assay againstP. falciparum. Anti-
malarial activity of the best rhodanine inhibitor of PfENR (17)
was checked against the chloroquine-sensitiveP. falciparum
FCK2 strain in red blood cell cultures. The IC50 value for growth
inhibition of the parasite was found to be∼0.75 µM by
nonlinear regression analysis after 96 h (Figure 1d), which is
quite significant. The minimum inhibitory concentration value
of the compound was found to be 2.5µM. From the inhibitory
data of P. falciparum cultured in human erythrocytes, it is
evident that compound17 is as potent as triclosan3 in inhibiting
the parasite growth.

Thus, both from enzyme inhibition data and from the in vitro
Plasmodiumgrowth inhibition studies, it is concluded that
compound17of the rhodanine series provides a promising lead
compound for the development of a novel series of rhodanine-
based antiplasmodium chemotherapeutics.

Chart 1. Scaffolds Tested against PfENR
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Structure-Activity Relationship of 5-((Furan-2-yl)meth-
ylene)-2-thioxothiazolidin-4-one Compounds:There were 16
compounds belonging to this series in our acquired library of
414 compounds. Out of these 16 compounds (1-16), nine gave
IC50 values of less than 35µM (1-9), and the best among this
class of molecules is compound1 with an IC50 of 0.87µM. It
has an H at R1 and a 2,3-dichloro-phenyl at R2. Any replacement
of R1 with a bigger group led to a decrease in inhibitory activity
(e.g., compound8). At R2, displacement of the chlorine from
position-3 to any other position also led to a decrease in activity
(compound9). Moving the chlorine from position-2 to position-4
has also led to a slight decrease in activity (compound2).
Removal of this chlorine altogether reduces the inhibitory
activity further (compound3). Also, its replacement at thepara-
position by a methyl group led to a further diminution in activity
(compound7). Likewise, replacement of R1 with a methyl group
not only reduces the activity of the compound, it also makes
the compound more hydrophobic and in general insoluble in
most solvents (compound14). IC50 values of all the compounds
in this series are given in Table 1.

Docking studies with AutoDock show that in the case of R1

) H, the thioxothiazolidin-4-one core moiety occupies the same
space in the substrate binding site as does the ring A of triclosan
and makes a stacking interaction with the nicotinamide ring of
NAD+ (Figure 2b). This stacking interaction is very important
and has been conserved in all the ENRs for which the crystal
structures have been solved with NAD+ and triclosan in ternary
complex with the enzyme. The oxygen of this core moiety
makes hydrogen bonds with the OH of the active site Tyr277 as
well as the NO2* of nicotinamide ribose. This interaction is
also conserved in all the ternary complexes of ENR-NAD+-
triclosan solved so far. The docked compounds also explain the
importance of H at R1. The NH group makes NH-π interaction
with the aromatic side chain of Tyr267. Replacement of H with
any bigger group will lead to a steric clash with the side chain
of Tyr267 and, hence, we observe a decrease in activity when H
is replaced with CH3 (compound8). At R2, the chlorine on the
benzene ring at themeta-position (compound1) make hydro-
phobic-hydrophobic contacts with AC8, AC2*, AC3*, and
AC5* of NAD. But there is also an unfavorable hydrophobic-
hydrophilic contact with O of Ala217. Given the hydrophilic
nature of this part of the active site, any more additions of
chlorines lead to unfavorable interactions and, hence, a decrease

in inhibitory activity. Probably an OH at thepara-position would
be a better replacement, which could make hydrogen bonds with
the backbone O of Ala217 or the side chain of Asn218 (Figure
2b). The one exceptional compound (compound6) that shows
moderate activity even with a bigger R1 binds at the active site
in a different manner compared to other active compounds of
this series.

Structure-Activity Relationship of 5-Benzylidene-2-
thioxothiazolidin-4-one Compounds:In our acquired library
of 414 compounds, there were 35 compounds belonging to this

Scheme 2.Flow Chart for This Study Table 1. Inhibitory Potencies of the
5-((Furan-2-yl)methylene)-2-thioxothiazolidin-4-one Class of
Compounds for PfENR

a With respect to crotonoyl CoA.b With respect to NADH.
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Table 2. Inhibitory Potencies of the 5-Benzylidene-2-thioxothiazolidin-4-one Class of Compounds with Aromatic R1 for PfENRa

a R6 ) H except in entry 37.b With respect to crotonoyl-CoA.c With respect to NADH.d Insoluble above 50µM.
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series. This series could be further divided into two subcatego-
ries, one with a six-carbon aromatic ring and the other with an
aliphatic chain at R1, which is attached to the nitrogen of
2-thioxothiazolidin-4-one core moiety (Tables 2 and 3). Nineteen
compounds belonged to the first subcategory (with an aromatic
ring at R1). Out of these, six compounds (17-22) showed an
IC50 of e30 µM. Compound17 (mol wt 329.399) with an IC50

value of 35.6 nM against PfENR was the most potent of all the

compounds tested. Overall, 10 compounds (17-23 and 36-
38) gave IC50 values lesser than 100µM, while 21 compounds
(24-28, 30-33, 39-48, 50, and 51) did not show any sig-
nificant inhibition up to a concentration of 100µM. Four com-
pounds (29, 34, 35, and49) in this series did not dissolve in
water/DMSO. IC50 values of all the compounds in this series
are given in Tables 2 and 3. Looking into the structure-activity
relationship of the first subcategory of compounds, we find that

Table 3. Inhibitory Potencies of the 5-Benzylidene-2-thioxothiazolidin-4-one Class of Compounds with Aliphatic R1 for PfENR

a With respect to crotonoyl-CoA.b With respect to NADH.
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the compound having a phenyl group at R1 and hydroxyl groups
at R2 and R3 (17) is relatively more effective of all the molecules
of this class investigated in these studies. Hydroxyl group at
R3 seems to be the most critical factor for activity, replacement
of this hydroxyl group with hydrogen led to a total abolition of
inhibitory activity (compound24, IC50 > 100). Docking studies
show that compounds belonging to this subcategory bind in a
different manner compared to the earlier series of rhodanines.
In this case, it is the phenyl ring attached to the 2-thioxothia-
zolidin-4-one core moiety through a methylene bridge (equiva-
lent to the furan of the earlier class of compounds) that shows
stacking interaction with the nicotinamide of NAD+, though
the oxygen of the 2-thioxothiazolidin-4-one moiety still makes
hydrogen bond with the OH of Tyr277 of the active site (Figure
2c). All inhibitors of this subcategory bind in a similar fashion,
and the docked complex of compound17 is shown in Figure
2b as a model case. There are two new hydrogen bonds, the
m-OH on the phenyl ring that stacks over nicotinamide ring of
NAD+, participating in a hydrogen bond with CdO of Ala320,
and thep-OH makes a hydrogen bond with the side chain of
Tyr267. These additional hydrogen bonds are probably the reason
for high inhibitory activity of this compound.

The compounds in the other subcategory of this series mostly
have aliphatic chains, some ending with-COOH/-COOCH3

at R1, having OH/Cl/OCH3 at R2 and an aromatic group or an
aliphatic chain linked through an ether at R3 (Table 3). Out of
18 compounds in this subcategory, only three were active at
<50 µM. Best among them gave IC50 values of 6.5 and 7.0
µM (compounds36and37). The third one gave an IC50 of 45.0
µM (compound38). These three compounds differ at R3, while
compound36 has ap-chlorobenzene, compounds37 and 38
have five- and two-carbon alkyl chains, respectively. Shortening
of the aliphatic chain by three carbons (38) led to a 6.4-fold
decrease in inhibitory activity. Surprisingly, compound45with
a corresponding intermediate length of four carbon chain did
not show inhibition even at 100µM. Docked complex of
compound36 with PfENR shows stacking interactions of
p-chlorobenzene at R2 with the nicotinamide ring of NAD+.
The CdO of the rhodanine core moiety is involved in hydrogen
bonding with NH of Asn218 and the COOH at R1 is involved in
hydrogen bonding with the side chains of Asp236 and Lys240

(Figure 2d), but due to a large number of possible torsions in
the aliphatic chain of the molecule, the conformations do not
cluster well together. Cluster analysis shows that there are only
five to seven conformations in the most populated clusters in a
set of 100 runs, and much of the variations are contributed by
the highly flexible aliphatic chain at R1.

Structure-Activity Relationship of the Quinoline/Quinazo-
line Class of Compounds:These compounds exhibited moder-
ate activity and were much poorer as inhibitors compared to
rhodanines. We had three compounds with quinoline (X) CH)
and one compound with quinazoline (X) N) as core moiety
in our library. Both R1 and R2 groups as well as the core moieties
are dominated by ring structures, and hence,π-π stacking
interactions are expected to play a major role in their affinity
towards PfENR. The first quinoline (53) with a 1,2,3,4-
tetrahydro-naphthalene group attached through a methyl-acet-
amide at R1 and 1-chloro-3-methylsulfanyl-benzene at R2 gave
an IC50 value of 50.0µM. In the other two quinolines, there is
a common group, 2-chloro-thiophene, at R2 but different groups
at R1. Compound55 has 1-chloro-4-methoxy-benzene and
compound56 has 1-propyl-1,2,3,4-tetrahydro-quinoline linked
through a methyl-acetamide at R1. Both of these compounds
have an IC50 value of 60µM. The quinazoline compound (54)

with a (4-chloro-benzyl)-methyl-amine group at R1 and 1-chloro-
4-methylsulfanylmethyl-benzene group at R2 gave an IC50 of
52.0 µM (Table 4).

Other than these three series of compounds, there were four
sets of two compounds each (57-64) that gave IC50 values
ranging from 40.0 to 100µM (Supporting Information).

Conclusion
Small-molecule databases present an ocean of scaffolds from

which representative compounds can be tested for their inhibi-
tory activity against a desired drug target to find new class of
lead inhibitors. Based on the information gathered from our
previous structural studies on the active site of PfENR and the
interactions in the PfENR-NAD+-triclosan complex, we
identified ∼20 such compounds. These compounds inhibit
PfENR at nanomolar to micromolar concentrations, and the most
potent of them has an IC50 of 35.6 nM in spectrophotometric
assay. This compound (17) also inhibitsPlasmodiumgrowth
in red blood cell cultures with an IC50 of ∼0.75 µM, making
this class of compounds promising candidates for further
evaluation inin ViVo studies. Inhibition kinetics were deduced
for the top 10 inhibitors and they are found to be competitive
inhibitors with respect to substrate. Most of the inhibitors belong
to 2-thioxothiazolidin-4-one class of compounds, also known
as rhodanines. Thein Vitro inhibition constants of compound
17 are better than the well proven antimalarial agent triclosan,
which further underscores the importance of the current study.
Molecular docking studies show that many of the active
compounds bind at the substrate binding site of PfENR in a
fashion similar to triclosan, show stacking interactions with the
cofactor NAD+ and similar hydrogen bonding as found in the
case of triclosan. Thus, our strategy to exploit the knowledge
about interactions in the PfENR-NAD+-triclosan complex has
proven successful leading to the discovery of a novel class of
PfENR inhibitors. Libraries of this class of compounds could
be screenedin silico to explore further PfENR inhibitors and
establish a structure-activity relationship leading to a pharma-
cophore model.

Experimental Section
Compounds of the Chemical Diversity Labs:All compounds

tested were obtained from Chemical Diversity Labs, California and
Moscow. The compounds are>93-95% pure, and the nuclear

Table 4. Inhibitory Potencies of the Quinoline/Quinazoline Class of
Compounds for PfENR
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magnetic resonance (NMR) spectra of compounds provided by the
supplier are given in the Supporting Information. The ESI-MS data
were obtained on a Waters’ Micromass LCT mass spectrometer
equipped with a TOF analyzer, MassLynx data system, and
pneumatic-nebulizer-assisted electrospray LC/MS interface.
Acetonitrile-water (1:1 mixture) was used as carrier solvent at a
flow rate of 50µL min-1. The samples were dissolved in DMSO
to get concentrations in micromolar range, and 5µL of each sample
was injected. Desolvation gas (grade-1 nitrogen) was used at a flow
rate of 400 L h-1 and maintained at 150°C, while nebulizer gas
(grade-1 nitrogen) was used at fully opened port. A capillary voltage
of 3500 V was used against the cone voltage of 40 V. The MCP
detector was kept at 2600.

Materials for PfENR Preparation and Enzyme Assay:Media
components were obtained from Hi-media (Delhi, India)â-NADH,
crotonoyl-CoA, imidazole, DMSO, and SDS/PAGE reagents were
bought from Sigma. All other chemicals were of analytical grade.

Expression and Purification of Recombinant PfENR:PfENR
was expressed and purified as described previously.11 The plasmid
with the 6XHis-tagged gene coding for the enzyme was transformed
into BL21 (DE3) cells. Culture was grown at 37°C for 12 h,
followed by subsequent purification on Ni-NTA (Ni2+-nitrilo-
acetate)-agarose column using an imidazole gradient. PfENR was
eluted using 400 mM imidazole. The purity of the protein was
confirmed by SDS/PAGE.

Enzyme Assay:Enoyl-ACP reductase fromP. falciparumwas
assayed using spectrophotometric method at 25°C by monitoring
the decrease in the absorbance of NADH at 340 nm. The standard
reaction mixture, in a total volume of 100µL, contained 150 mM
Tris-NaCl buffer (pH 7.5), 200µM crotonoyl-CoA, 100µM NADH,
200 nM enzyme, and 1% DMSO. A 10 mM stock solution of the
inhibitors was made in DMSO. The stocks were serially diluted to
add to the final reaction mixture for inhibition studies. The reaction
proceeds by reduction of crotonoyl-CoA to butyryl-CoA with the
oxidation of NADH to NAD+, which is monitored at 340 nm. Data
points were the mean of three different sets of experiments, and
the individual values were within(10% of the average.

Determination of IC50 Values: IC50 values of the synthesized
compounds for ENRs were determined by measuring the ENR
activity at various concentrations of these compounds. In the
standard reaction mixture mentioned above, various concentrations
of the compounds of interest were added one by one, and the percent
inhibition was calculated from the residual enzymatic activity. The
percent activity thus calculated was plotted against log concentration
of the compound. The data were analyzed by nonlinear regression
method using SigmaPlot 6.0 and the value of IC50 determined from
the fit of the data (IC50 corresponds to the concentration of the
compound that inhibited ENR activity by 50%).

Determination of Ki: Ki of individual inhibitors were determined
with respect to NADH and crotonoyl-CoA in separate experiments.
With respect to NADH, data were collected against two fixed
concentrations of NADH (50µM and 100µM), while varying the
inhibitor concentration from 1 nM to their respective IC50 values
and keeping crotonoyl-CoA concentration fixed at 200µM. For Ki

with respect to crotonoyl-CoA, data were collected against two fixed
concentrations of crotonoyl-CoA (100µM and 200 µM) and
inhibitor concentration was varied from 1 nM to the IC50 value,
while NADH concentration was kept at 100µM. All the data were
analyzed using the Dixon plot.43

Parasite Culture and Growth Inhibition Assay: The experi-
ments were performed usingP. falciparumFCK2 strain (chloro-
quine-sensitive, IC50)18 nM), an isolate from Karnataka, India.
P. falciparumwas cultured using standard techniques44 and routinely
synchronized using 5% sorbitol45 at 4% hematocrit in RPMI 1640
(Invitrogen, Carlsbad, CA) medium supplemented with 10% human
serum, 0.225% sodium bicarbonate, and 0.01 mg/mL gentamycin.
Growth inhibition was monitored using direct microscopic exami-
nation of the parasite by standard Giemsa staining. Typically
uninfected or infected (1-2% parasitemia) red blood cells (2%
hematocrit) were added to the culture medium in the wells of a
96-well plate (Nunc, Roskilde, Denmark), and a different concen-

tration of inhibitor in Me2SO did not exceed 0.05%. The experiment
started with the synchronized parasite culture in the early trophozoite
stage, and inhibitors were added up to the fourth day. Solvent
controls as well as triclosan as positive control were included.P.
falciparum growth was compared with solvent control. The IC50

was calculated from a plot of relative percent parasitemia versus
log concentration of the inhibitor by fitting it to nonlinear regression
analysis using SigmaPlot 2000 software (Systat Software Inc., CA).

Docking Studies of Inhibitors with PfENR: Preparation of
the Ligand and Receptor Molecules for Docking Studies:
Docking simulations were done using the program Autodock
version 3.05. The crystal structure of PfENR submitted to PDB
(www.rcsb.org) by Pidugu et al.16 was used for docking experi-
ments. Hydrogens were added and energy minimized. The 3-d
coordinates were converted into the mol2 format with MMFF94
charges using the MOE (Molecular Operating Environment) suite
of programs.46 The script molto2pdbqs (provided with AutoDock
program) was used to make the receptor file containing data on
fractional volumes and solvation parameters. Ligands were built
using MOE and energy minimized with MMFF94 charges. The
script AutoTors (provided with AutoDock program) was used to
define torsion angles in the ligands prior to docking.

Docking Simulations: All docking simulations were done with
AutoDock.47,48 Briefly, grid maps for docking simulations were
generated with 81 grid points (with 0.375 Å spacing) in thex, y,
and z direction centered in the active site using the AutoGrid
program. Lennard-Jones parameters 12-10 and 12-6 (supplied with
the program package) were used for modeling H-bonds and van
der Waals interactions, respectively. The distance-dependent di-
electric permittivity of Mehler and Solmajer49 was used in the
calculations of the electrostatic grid maps. The Genetic algorithm
(GA) and Lamarckian genetic algorithm with the pseudo Solis and
Wets modification (LGA/pSW) methods were used with default
parameters. Each docking experiment consisted of a series of 100
simulations. Cluster analysis was performed on the results using
an RMS tolerance of 2.0 Å.
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