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Targeting the Fatty Acid Biosynthesis Enzyme, f-Ketoacyl—Acyl Carrier Protein Synthase |11
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The importance of fatty acids to the human malaria parasite, Plasmodium falciparum, and differences due
to a type | fatty acid synthesis (FAS) pathway in the parasite, make it an attractive drug target. In the
present study, we developed and a utilized a pharmacophore to select compounds for testing against PFKASIII,
the initiating enzyme of FAS. This effort identified several PFKASIII inhibitors that grouped into various
chemical classes of sulfides, sulfonamides, and sulfonyls. Approximately 60% of the submicromolar inhibitors
of PFKASIII inhibited in vitro growth of the malaria parasite. These compounds inhibited both drug sensitive
and resistant parasites and testing against a mammalian cell line revealed an encouraging in vitro therapeutic
index for the most active compounds. Docking studies into the active site of PFKASIII suggest a potential
binding mode that exploits amino acid residues at the mouth of the substrate tunnel.

Introduction

Plasmodium falciparum, the deadliest species of malaria
worldwide, is responsible for the deaths of 2.7 million people
and the infection of 400—900 million annually. Resistance to
known antimalarials and the lack of an effective vaccine has
created an urgent need to discover new biologically active
compounds. Many apicomplexan parasites, including Plasmo-
dium falciparum, harbor a four-membrane plastid organelle
(called the apicoplast) that is believed to have arisen through
endosymbiosis of an algal cell that had previously incorporated
a cyanobacterium.>~* Because of its prokaryotic origin, the
apicoplast contains metabolic pathways that differ significantly
from those found in the human host and are potential targets
for new therapeutics.>®

Perhaps the best studied apicoplast metabolic pathway is fatty
acid biosynthesis. Most eukaryotes rely on type | fatty acid
synthase (FAS® enzymes, which are large multifunctional
enzymes composed of one or two polypeptides. Malaria parasites
of the genus Plasmodium do not contain a type | FAS, and rely
instead on a type Il FAS for the de novo production of fatty
acids. The type Il FAS of P. falciparum is composed of six
discrete enzymes and the acyl carrier protein (PfACP), which
serves to shuttle the nascent fatty acid between the enzymes of
the pathway.® All six enzymes and PFACP have been produced
as pure recombinant proteins and characterized in a variety of
assays.”” 2 Compound screening efforts have yielded micro-
molar inhibitors for several of the P. falciparum enzymes and
three of these have been structurally characterized to aid in drug
discovery efforts.** 16
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Erythrocytic stage malaria parasites scavenge the majority
of their fatty acids from the host.*” Thus, the type Il FAS is not
responsible for bulk membrane biogenesis but is probably
necessary for the production of certain fatty acids and related
compounds. One possible function of FAS is for the production
of lipoate. Lipoic acid is a cofactor that is indispensable for the
function of key enzyme complexes involved in oxidative
metabolism such as pyruvate dehydrogenase (PDH). In P.
falciparum, all four subunits of PDH have been exclusively
localized to the apicoplast*® and the E2 subunit has been shown
to be covalently modified with lipoate.*® Although lipoate can
be scavenged from the host, scavenged lipoate is not trafficked
to the apicoplast and attached to PDH.*® Thus, apicoplast lipoate
is derived from some other source, and although alternative
pathways have been suggested, all of them rely on fatty acids
produced by the type 11 FAS.%°

The initiating steps of P. falciparum type Il FAS rely on
PfACP and two enzymes. Malonyl-coenzyme A:ACP trans-
acylase (PTMCAT) catalyzes the formation of malonyl-ACP
from malonyl-coenzyme A (malonyl-CoA).2 5-Ketoacyl—ACP
synthase I11 (PfKASIII) catalyzes the condensation of malonyl-
ACP and acetyl-CoA, forming a (-ketoacetyl—ACP product
(Figure 1).”® This reaction is identical to that catalyzed by FabH
(the PTKASIII orthologue in E. coli), an enzyme that is being
actively pursued as an antimicrobial drug target.?* The FabH
crystal structure has been determined,?? and there is a growing
collection of FabH inhibitors, most notably those based on the
natural product thiolactomycin.?® Thiolactomycin, and its
analogues, were first studied as inhibitors of the type Il FAS
systems of Mycobacterium tuberculosis, Saphylococcus aureus,
and Pastuerella multocida.?*%> With little or no toxicity in
mammals®* and antimicrobial activity, thiolactomycin and
analogues were an excellent starting point for drugs against
malaria. Thiolactomycin was also known to selectively target
type 11 but not type | FAS in vitro and in vivo.?®2” Although
there was some antimalarial activity reported for thiolactomycin
against P. falciparum (ICso = 50 1M),2® there was no activity
observed against the PFKASIII enzyme (ICso > 330 uM). The
antimalarial activity of thiolactomycin is probably due to its
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Figure 1. Fatty acid initiation in P. falciparum. Malonyl-coenzyme
A:ACP transacylase (MCAT) catalyzes the formation of malonyl-ACP
from malonyl-coenzyme A. -Ketoacyl—ACP synthase 111 (KASIII)
catalyzes the condensation of malonyl-ACP and acetyl-CoA. The
product of KASIII (B-ketoacetyl—ACP) is then elongated by the
sequential action of four other FAS enzymes.

inhibition of a paralogue of PfKASIII called PfKASI/II.*
However, Prigge et al. did test several 1,2-dithiole-3-one
derivatives of thiolactomycin and found three compounds
(HR12, HR19, HR45) that inhibit PFKASIII activity (ICs, values
between 0.5 and 10 M) and inhibit the growth of P. falciparum
parasites (ICsp values between 8 and 45 4M in both the W2
and D6 strains).®

The characterization of PFKASIII and the wealth of informa-
tion from studies focused on bacterial FabH enzymes made an
excellent beginning for an investigation of PfKASIII as an
antimalarial drug target. Our laboratory optimized a 96-well
plate PFKASIII inhibitory screen and determined the inhibitory
activity of compounds from the Walter Reed Chemical Library
as well as several commercial libraries. In this study, we report
the identification 13 compounds with ICs, values below 1.0 uM,
eight of which inhibit the growth of P. falciparum parasites at
concentrations below 10 uM. These PfKASIII inhibitors fall
into three new chemotypes (sulfides, sulfonamides, sulfonyls)
and were identified based on a guided selection process rather
than by brute force screening. In this report, we describe how
our rational structure-based drug design program combined
powerful virtual screening tools, such as an iteratively refined
3D-pharmacophore and quantitative structure—activity relation-
ship (QSAR), to greatly increase our ability to select and identify
PFKASIII inhibitors.

Results and Discussion

Development of a PFKASIII Pharmacophore. Thiolacto-
mycin (TLM) is a known inhibitor of bacterial KAS enzymes
with the reported in vivo ICs of 75 «M.?® In the initial stages
of this work, we focused on TLM and related compounds®2°
with the rationale that similar compounds could be specific
PTKASIII inhibitors. We used TLM to compute our preliminary
pharmacophore for searching for lead compounds in our in-
house chemicals database (Chemical Information Systems, CIS)
as follows. The global energy minimum conformation of TLM
was calculated by computing a conformational model for TLM
using the systematic search algorithm and also the Monte Carlo
simulated annealing algorithm. Because only the surface ac-
cessible chemical functions can interact with the target protein
or receptor, we used the molecular electrostatic surface potential
map based on solvent accessible Connolly surface.*® The
electrostatic surface map showed four accessible chemical
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functions as two hydrogen bond acceptors sites, one each for
the carbonyl oxygen and sulfur atoms, and two hydrophobic
sites for the ethylene moiety and the methyl group alpha to the
carbonyl carbon. Thus, the preliminary pharmacophore with two
hydrogen bond acceptors and two hydrophobic functions was
computed using the geometry optimized global minimum
conformer of TLM. The overlay of TLM on the preliminary
pharmacophore is shown in Figure 2A. Virtual screening of CIS
using the preliminary pharmacophore gave several lead com-
pounds. We iteratively refined our pharmacophore with the 1Cso
data of these lead compounds to furnish an intermediate
pharmacophore. The intermediate pharmacophore comprised of
two hydrogen bond acceptors and one hydrophobic function.
The overlay of TLM on the intermediate pharmacophore is
shown in Figure 2B.

Further virtual screening of CIS using the intermediate
pharmacophore furnished compounds belonging to four chemi-
cal classes (sulfides, sulfonamides, sulfonyls, and other miscel-
laneous). After measuring the experimental PFKASIII inhibition
ICso values, as described later in this article, we refined and
validated the final pharmacophore as follows. A data set, shown
in Table 1, of 28 compounds from all the chemical classes were
selected for 3D-QSAR computation, such that they not only
provide a diverse selection of compounds with broad range of
activity but also a bias for the more active compounds. The
compounds were categorized into three activity classes with 1
order of magnitude for each class and based on the observed
bioactivity data distribution with 0.1—15 «M as very active
represented by symbol +++, 15—150 uM as moderately active
represented by symbol ++, and >150 uM as less active
represented by symbol +. There were 15 very active, nine
moderately active, and four less active compounds selected. The
data set had a range of activity of at least 3 orders of magnitude
with the most active compound showing 0.1 M and the least
active compound showing 195 M activity, as prescribed in
Catalyst.®* We divided the data set of 28 compounds into a
training set and test set of 16 and 12 compounds (~40% in test
set) using a random selection approach. All the training and
test set compounds were subjected to the best quality confor-
mational search, using a constraint of 20 kcal mol™! energy
threshold above the global energy minimum and the default
Charmm force field parameters.®? To ensure maximum coverage
of the conformational space, a maximum of 250 conformers
were generated. The common functions found in all compounds
were hydrogen bond acceptor (HBA) and ring aromatic (RA),
while the differing functions found among data set compounds
were hydrogen bond donor (HBD), hydrophobic aromatic type
(HYD-Aro0), and hydrophobic aliphatic type (HYD-AIi). For the
pharmacophore development, we selected the common functions
hydrogen bond acceptor, hydrogen bond donor, hydrophobic
(which includes both the HYD-Aro and HYD-AIi), and ring
aromatic with the minimum and maximum count to 0 and 5
respectively for all the functions. Catalyst produced 10 hypoth-
eses and HypolA was found to be the best and statistically most
significant with the following metrics. HypolA showed a
correlation coefficient of 0.79 with the total cost of 531.26, when
the null cost was 4914.9 and the fixed cost was 31.36, at the
uncertainty value of 1.1. The regression plot of observed vs
predicted bioactivities of HypolA is presented in Figure 3. The
predicted activities, error values, and the observed and predicted
activity class values for the training and test set compounds
are shown in Table 1. HypolA is shown in Figure 4A. The
overlay of the most active representative compounds 3a and
4a on HypolA display an excellent mapping as shown in parts
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Figure 2. Refinement of the PfKASIII pharmacophore. (A) Initial pharmacophore mapped onto thiolactomycin. (B) Refined pharmacophore no
longer maps to thiolactomycin.
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Table 1. Training and test set values for HypolA

Training Set Observed and Predicted Values for HypolA

observed predicted observed  predicted
KASIII KASIII activity activity
compd  ICso (uM)  ICso (uM) error class class
2d 2.2 1.6 -1.4 +++ +++
3a 0.38 0.64 1.7 +++ +++
3b 0.44 0.64 15 +++ +++
3d 157.5 160 1 + +
3e 63.8 86 13 ++ ++
3f 192.6 94 —-2.1 + ++
3g 225 59 2.6 ++ ++
3h 114.6 85 -1.3 ++ ++
3i 27.2 110 3.9 ++ ++
3 53.7 57 11 ++ ++
3m 18.3 7.8 —24 ++ +++
3n 0.52 11 2.2 +++ +++
3p 164.6 110 -15 + ++
3q 62.9 62 -1 ++ ++
3s 38.2 6.1 —6.2 ++ +++
4da 15 13 -1.2 +++ +++
Test Set Observed and Predicted Values for Hypol
le 1.9 4.2 2.3 +++ +++
1f 0.14 0.46 0.32 +++ +++
1h 0.13 0.12 —0.01 +++ +++
i 14 3.7 2.3 +++ +++
1k 0.53 0.21 —0.32 +++ +++
2a 5.0 27 5.4 +++ ++
2b 195.2 58 —34 + ++
2f 5.2 0.76 —6.8 +++ +++
3c 0.13 130 1018 +++ +
3k 48.1 10 —4.8 ++ +++
3r 0.32 0.44 14 +++ +++
4b 3.2 0.1 -31 +++ +++
activity class I1Cso range («M) symbol
veryactive 0.001-15 +++
modactive 15—-150 ++
less active >150 +

B and C of Figure 4, whereas the overlay of least active
representative compounds 2b and 3| on HypolA result in the
poor mapping as shown in parts D and E of Figure 4.
Identification of Distinct Chemical Classes as PIKASIII
Inhibitors. Using the PFKASIII specific pharmacophore and
analogue search criteria, the Walter Reed Chemical Information
System (WR-CIS) database was searched for potential inhibitors.
This effort resulted in the identification of numerous PfKASIII
inhibitors that could be grouped into four distinct chemical
classes. These classes include the sulfides, sulfonamides, sul-
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Figure 3. Regression plot of observed vs predicted bioactivity of
pharmacophore hypothesis HypolA.
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fonyls, and a miscellaneous group containing a mixture of
structurally unrelated compounds. A detailed SAR analysis,
however, could not be provided because these compounds were
identified through pharmacophore fitness and not through
derivatization of a lead compound. In addition to testing the
identified compounds against PfKASIII, all compounds were
evaluated for antimalarial activity using an in vitro growth
inhibition assay. The drug sensitive D6 and drug resistant W2
strains of P. falciparum were used to assess differences in
inhibitor sensitivities. In some cases, the multidrug resistant
strain, TM91C235, was included to establish a broader anti-
malarial profile.

a. Sulfides. A group of eleven phenylsulfanyl-phenol com-
pounds were identified that contained potent activity against
PfKASIII with an ICs; value range of 11.0—0.1 uM (Table 2).
Within this class, the disulfides were the most potent at
submicromolar concentrations. The trisulfide substituents were
equally active against PfKASIII (compare 1f and 1k). The
presence of chlorine or hydroxyl groups within the phenol rings
of the disulfide compounds had little effect on PFKASIII activity
(compare compounds against 1d). Disulfides have been previ-
ously reported as potent PFKASIII inhibitors. The compounds
HR12, HR19, and HR45 were potent in the low to submicro-
molar range.® Those particular compounds, however, are simple
disulfides that also inhibit bacterial FabH.®* Most recently,
several alkyl-CoA disulfides were shown to be effective
inhibitors through a sulfhydryl—disulfide exchange with the
catalytic cysteine buried within the bacterial FabH active site.>*
Significant identity between bacterial FabH and PfKASIII active
sites suggests that the sulfide compounds reported in this study
may also inhibit PfKASIII through a similar mechanism.
Interestingly, compounds 1b and 1c are extremely similar to
recently published inhibitors of /-ketoacyl—ACP reductase
(PFKAR).* PfKAR uses the product of the PfKASIII reaction
and catalyzes the first step in the elongation cycle of fatty acids.
The similarity between PfKASIII inhibitors and inhibitors of
other FAS enzymes is not as surprising as it may seem. The
active sites of FAS enzymes must share certain features which
enable them to accommodate the binding of acyl-CoA and/or
acyl—ACP substrates.

The entire class of sulfide compounds showed moderate
activity against the malaria parasite. Approximately 70% of the
compounds exhibited less than a 10 uM ICs, value (Table 2).
No significant difference was observed between drug sensitive
and resistant parasites.

b. Sulfonamides. Seven sulfonamides were identified for
testing. These compounds were not as potent as the
phenylsulfonyl—phenol compounds (Table 2), but they did offer
structural variation with a range of 1Cs; values from 0.3 uM to
>1.0 mM (Table 3). The most active compounds from this
group were the thiophene sulfonic phenylamides (2d and 2g).
Two compounds from this group failed to inhibit PFKASIII at
the highest concentration tested (2c and 2e), suggesting that
modifications of the phenol—sulfonamide core can dramatically
alter PFKASIII inhibition. From this data set, we conclude that
the thiophene sulfonamide derivatives are better PFKASIII
inhibitors than the phenyl—sulfonamides.

The majority of the sulfonamide compounds displayed poor
antimalarial activity (Table 3). The most potent PfKASIII
inhibitor, 2g, demonstrated modest activity against both drug
resistant and sensitive parasites. Compound 2c failed to inhibit
PFKASIII with concentrations as high as 1.0 mM; however, this
compound demonstrated robust antimalarial activity, suggesting
a mechanism of action other than PfKASIII inhibition. This
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Figure 4. Specificity of the refined PFKASIII pharmacophore. (A) Pharmacophore hypothesis HypolA (green, hydrogen bond acceptor; orange,
ring aromatic; cyan, hydrophobic). (B) Compound 3a mapped onto HypolA showing the para methyl phenyl ring acting as the ring aromatic
moiety, the hydroxyl group ortho to the sulfonyl group acting as the hydrogen bond acceptor while the naphthyl ring contributes as the hydrophobic
moiety. (C) Compound 4a mapped onto HypolA showing the para methoxy phenyl ring acting as the ring aromatic moiety, the sulfur group acting
as the hydrogen bond acceptor while the phenyl ring of the benzene sulfonic acid portion contributes as the hydrophobic moiety. (D) Compound
2b mapped onto HypolA showing the phenyl ring of the benzene sulfonic acid part acting as the ring aromatic moiety, no mapping on the hydrogen
bond acceptor, and a poor mapping of the chlorine as the hydrophobic moiety. (E) Compound 3| mapped onto HypolA showing the naphthyl ring
acting as the ring aromatic moiety, no mapping on the hydrogen bond acceptor, and a moderate mapping of the para methyl group of the toulamide

portion as the hydrophobic moiety.

compound was approximately 100-fold more active against D6
than W2 parasites, possibly reflecting differences of inhibitor
efflux or genetic differences in the targeted mechanism of action.
While compound 2c can not be developed as a PfKASIII-
specific inhibitor, it may be a useful tool for future studies to
understand drug resistance mechanisms between parasites with
diverse drug sensitivities.

c¢. Sulfonyls. Numerous sulfonyl compounds were identified
as inhibitors of PFKASIII. Five of the 19 compounds tested were
potent at submicromolar concentrations (Table 4). Four of these
compounds were relatively equivalent in their capacity to inhibit
PfKASIII and parasite growth and could be further grouped into
two distinct classes, benzenesulfonyl—naphthalenes and benzene-
sulfonyl—benzenes. A benzenesulfonyl-naphthalene-1,4-diol

displayed the greatest activity, suggesting that the addition of
hydroxyl groups on the naphthalene ring may increase activity
of the PFfKASIII inhibitor (compare 3a and 3l). Benzene-
sulfonyl—benzene compounds containing the same reactive
hydroxyl groups were not as active (compare 3a and 3f),
suggesting that integrity of the naphthalene ring system is
important to maintain potency against PFKASIII. One exception
to this observation is with compound 3c in which the benzene
rings populated with amines and halogens result in the most
potent compound within the class of sulfonyls. Benzenesulfonyl-
quinazoline-2,4-diamine compounds failed to inhibit PfKASIII,
suggesting that substitution of a more reactive ring system does
not result in better inhibitory properties.
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Table 2. Sulfides
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Table 3. Sulfonamides

1h OO 0.13 6.6 7.2

1i 1.4 1.4 1.5
1] 0.63 2.1 25
1k 0.53 1.4 2.3

The sulfonyl compounds showed a broad range of activity
against malaria parasites in culture. In general, the most potent
PfKASIII inhibitors displayed the best activity against the
parasites (Table 4). Several of the sulfonyls displayed better
activity against the drug sensitive D6 parasites, for example,
compounds 3c, 3g, and 3j. This phenomenon was not dependent
on the potency of the compounds for PFKASIII and was not a
characteristic of the entire class of compounds. To further
characterize the drug sensitivity differences, several compounds
were tested against the multidrug resistant strain TM91C235.
The inhibitory profile mirrored that of the drug resistant W2
strain, suggesting that a general drug resistant mechanism such
as efflux or transport may confer resistance to these inhibitors
rather than differences in a molecular target.

d. Miscellaneous Compounds. The use of a pharmacophore
to select compounds for testing rather than obtaining derivatives
of a single chemical class, resulted in the identification of
structurally unrelated compounds. These compounds therefore
were grouped independently (Table 5). Four compounds provide
unique chemotypes that lack sulfur atoms and were moderately
active against both PfKASIII and parasites in culture. No
significant difference in antimalarial activity was observed
between drug sensitive and resistant parasites. Sulfur containing

Sulfides Biological Data Sulfonamides Biological Datg
KASII ICso | P W2ICs | P.£ D8 ICs0 KASII ICso |P.£. W2 ICs |Pf. DB IC
50 B 50 -T. 50
Compound Structure (uM) (uM) (uM) Compound Structure (HM) (HM) (uM)
0L Gl
1a 1 Sl 2.8 47 52 o (>\©\r<>ﬁ
c cl 2a oo 50 >12.7 >12.7
Dt
= S N
S O O
1b oH OH 3.1 215 20.5 2b 1952 >49.9 >49.9
HO OH \©\ "
N OMe
s 0 O T\J\;.\I
1c ol on 10.8 >49.9 >49.9 2c >1mM 6.1 0.04
Qs ¢L
1d 0.65 6.7 5.0 2d 22 >49.9 >49.9
HLN.
. OH 2 "
g7 | > I/S:\NWW\/\
1o OH # 19 15.0 14.9 2e oo >1mM >49.9 >49.9
i
DS Ow : Q
= S,S
oH 2f 5.2 11.4 10.3
1f _ & 0.14 12.0 124 ; O oo 10
S3
I “ N I:S/m
a 55 ¢l 2g a 0.28 16.4 15.4
a OH
1g a 0.24 55 3.9

compounds comprise the majority of known FabH (KASIII)
inhibitors, and the new chemotypes identified here represent a
departure from this trend. Compounds such as 4d may serve as
leads for further derivatization, leading to potent inhibitors that
do not contain sulfur.

Correlation between Antimalarial  Activity and
PfKASIII Inhibition. All compounds from this study were
tested for antimalarial activity using an in vitro malaria assay
with both drug sensitive and resistant strains of P. falciparum.
Most of the compounds tested demonstrated significant anti-
malarial activity. Establishing a true correlation between
PfKASIII inhibition and antimalarial activity is difficult to
achieve in the absence of a genetic model. A pharmacological
correlation could however be established; approximately 60%
of the compounds with submicomolar PFKASIII ICs, values also
inhibit parasite growth at concentrations less than 10 uM (Table
6). This study did not address the issue of target validation;
therefore, we cannot conclude that antimalarial activity was
solely due to inhibition of PfKASIII. Previous work has
demonstrated that inhibitors of additional FAS enzymes results
in parasite death, suggesting that a correlation may exist.> A
few compounds, for example 3r, are potent inhibitors of
PFfKASIII but fail to inhibit parasite growth. One explanation
for this discrepancy could possibly be due to poor permeability
of the compounds. Fatty acid biosynthesis occurs in the four
membraned organelle known as the apicoplast, and therefore
compounds with poor lipid solubility may fail to enter the
apicoplast and inhibit PFKASIII.

FAS is poorly understood in the malaria parasite, therefore
it is difficult to predict what effect inhibition of FAS has on
malaria growth. For example, it is unknown if partial inhibition
of a FAS enzyme will effect parasite growth. The extent of any
tolerance for FAS inhibition will have a direct consequence on
establishing a correlation between PfKASIII inhibition and
parasite death. PFKASIII initiates the FAS cycle, and therefore
inhibition of PFKASIII may effect the parasite differently than
inhibition of a FAS enzyme involved in the elongation cycle.
FAS has not been compared between drug sensitive and drug
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Sulfonyls Biological Data
KASIII ICso|P.f. W2 ICs [P.f. D6 ICso|P.f. TMO1C235 ICs
Compound Structure (M) (M) (UM) (uM)
OH
3a Tu &% 0.38 32 3.6 ND
OH
3b La & 0.44 20.4 3.9 ND
CE”Q
3c o g 0.13 55 0.01 ND
3d 157.5 68.9 357 111.9
3e N 63.8 36 0.79 5.3
ROGOH
3f 7% 192.6 64.3 37.8 60.5
lI’l'\@\ /©/il’r
AN
3g ) 225 235 18.5 327
Cl
hole
3h ™ L 114.6 45.7 38.6 80.8
Me
HyN
Se OH
3i o g 27.2 236 19.7 34
on VH»
HT\
T o~
3j % 22.0 >55.3 0.30 >55.3
Me
\©\ /©/ OH
3k & 48.1 207 292 31.7
ooVeA
3l 7 53.7 >230.2 >230.2 >230.2
HN N
I90VeS
3m A 18.3 1.2 0.43 1.4
Me
Qo J
3n 0.52 5.8 3.0 ND
PN
/Q\\A/\Q
30 447.7 >50.1 >50.1 ND
S:O
S
3p 164.6 >50.1 28.0 ND
¢ 00 0
S\’<
3q al 62.9 84.1 45.3 >203.7
O,N
\©\(0\/\/ \/\/\
3r ) d o 0.32 >41.2 >41.2 ND
OH OH
A A
3s og® O O 0 oy 38.2 7.1 26.0 4.5
resistant parasites, and therefore possible differences may exist parasites.®?® It is unclear if this disparity in FAS inhibitor

in both the regulation of FAS and the requirement for fatty acids.
Several FAS inhibitors have been tested against drug resistant
and sensitive strains of P. falciparum. PFENR inhibitors were
found to possess different antimalarial activities between strains
with diverse drug susceptibilities,®>3® while PfKAS inhibitors
showed equal potency against both drug sensitive and resistant

sensitivities between the various strains is due to influx or efflux
specific to these compounds or whether differences in the
regulation of FAS exist. We find that most of the PfKASIII
inhibitors reported in this study do not differ in their ability to
inhibit drug resistant and drug sensitive parasites (Tables 2—5).
A recent report suggest that FAS may be important for liver
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Table 5. Miscellaneous Compounds

Miscellaneous Biological Data

KASIH ICsp| P.f. W2 IC5 |P.f. D6 ICs50

Compound Structure (uM) (uM) (uM)

CL.
[Clne]
4a OMe 1.5 225 225

0, O
110, an )—@
N N

n_/
ab B 32 89 8.9

X Me

| .
@(U‘Ft
ac 0 49 >49.9 >49.9
(23]
H,N NH,

4d ) 0 0.24 146 24.7

4e 258 >49.9 204

Table 6. Correlation between PfKASIII Inhibition and Antimalarial
Activity

no. compounds no. compounds®

<1.0 uM PfKASIII <10.0 uM Pf
compound class® ICs, value® W2 ICs, value®
sulfides (11) 6 (0.13—11) 5 (1 to >50)
sulfonamides (7) 1 (0.28 to >1000) 0 (11 to >50)
sulfonyls (19) 5(0.13—448) 3 (1to >230)
miscellaneous 1(0.24—26) 0 (9 to >50)

compounds (5)

@ The total number of compounds tested from each class in shown in
parenthesis. ® The values in parenthesis represent the range of PFKASII I1Cs
values (M) for the entire compound class. ©Only compounds with
PfKASIII ICs, values less than 1.0 uM were considered.  The values in
parenthesis represent the range of W2 ICs, values (uM) for the entire
compound class

stage development of the malaria parasite, accordingly, future
studies should test the PfKASIII inhibitors reported here for
liver stage activity.®’

Structural Studies. To explore potential binding modes of
the more potent compounds, we used systematic docking and
optimization. The majority of the compounds were in poses
similar to that of 3a shown in Figure 5, an aromatic system
positioned near the active site residues at the bottom of the
substrate tunnel with the remainder of the molecule extending
up the substrate tunnel seeking out interaction commensurate
with the remaining functional groups in the specific compound.
The highest scoring poses for the closely related compound 3b
had the fused ring system in the same position as 3a. The
requirements for low- and medium-affinity binding to the distal
portion of the active site tunnel are minimal, as indicated in
our initial pharmacophore model, and have led to our identifica-
tion of numerous medium-affinity hits. More challenging,
however, is teasing out higher affinity binding and optimizing
the interactions for a single lead compound class.

The clearest docking results were obtained with the sulfonyl
compounds containing rings on both sides of the sulfonyl group.
This collection of compounds ranged over 3 orders of magnitude
in potency despite fairly subtle differences in structure. In
particular, ring substituents such as the hydroxyls on compound
3a (1Csp 0.38 «M), can have a big impact on potency (compare
with compound 3, ICsy 53.7 uM). The general conformation
of compound 3a in Figure 5 suggests that the sulfonyl group
may interact with the active site histidine (H254) while ring
substituents can be poised to interact with the third member of
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the active site triad (N257). Indeed, compounds without
appropriately positioned ring substituents (3d, 3g, 3j, 3k, 3l,
3m, 30, 3p) tend to be less potent. There are a few exceptions
to this trend, most notably compound 3f. It is difficult to explain
why substitution of the naphthalene-1,4-diol in 3a with the
benzene-1,4-diol in 3f leads to a dramatic loss in potency. One
difficulty in modeling KAS enzymes is the possibility that
compounds may bind to other structural states. Recent bio-
chemical studies with M. tuberculosis KASIII indicates that
KAS enzymes have an open state that has not yet been
structurally characterized.®=° Similarly, work with bacterial
KASII shows that the inhibitor platensimycin binds preferen-
tially to the enzyme after acylation of the active site cysteine.*

As mentioned above, a promising approach to increase
inhibitor specificity for the PFKASIII enzyme may be exploiting
key differences on the surface of the enzyme at the mouth of
the substrate tunnel. This approach has already been used
successfully by Daines et al., who used structure based design
to understand not only shape complementarity within the active
site tunnel but also key interactions with surface arginines that
are critical for specific, high-affinity binding to the S. pneumo-
niae FabH enzyme.** Similar logic may be quite beneficial to
our own structure based design efforts for PFKASIII. A sequence
alignment of PFKASIII with its counterpart from E. coli reveals
five residues that are different between the two substrate tunnels,
four of which are surface exposed at the mouth of the tunnel.
The 1le155 (Ec) to Leu 201 (Pf) substitution may impart some
shape variation within the hydrophobic substrate tunnel, but the
substitutions at the mouth of the tunnel provide a much more
substantial difference between the two proteins that may be more
straightforward to exploit. The substitutions at the surface are
as follows, with the E. coli residue listed first in each pair: Gly
152 to Asn 197, Ala 208 to Asn 262, Asn 210 to Lys 264, and
Ala 216 to Thr 270. These four amino acid differences result
in a more constricted environment at the mouth of the tunnel,
with relatively small side chains being replaced by much bulkier
ones. Additionally, the polarity of the surface is also quite
different. In particular, the lysine at position 264 in PfKASIII
may be exploited as the target of an ionic interaction analogous
to that incorporated by Daines et al. As those authors also point
out, a charged group on the inhibitor could also help with
aqueous solubility of the compound.

Therapeutic index. An in vitro therapeutic index was
calculated using a J774 murine monocyte-like macrophage
clone. The index was calculated as the I1Csy of the macrophage
cells divided by the 1Cs of the P. falciparum W2 strain. The
W?2 strain was chosen over D6 to factor in possible drug
resistance into the index. For many of the compounds, however,
either D6 or W2 parasites could have been chosen because no
significant growth inhibition differences were observed between
these two strains. Many of the sulfonyl compounds were selected
for testing because emphasis was placed on these compounds
for further development. As expected, we observed variation
in the index (Table 7). Compounds 2b, 3g, 3n, and 3r displayed
significant toxicity against the mammalian cell line. However,
only 3n was potent against both PfKASIII and the parasites.
Therefore, down selecting compounds based on a poor toxicity
profile does not discard the most efficacious compounds found
in this study. In fact, the most efficacious compound against
both PfKASIII and the parasites displayed little toxicity (see
compounds 1d, 3a, and 3b). In this study, the sulfonyl
compounds were by far the most potent compounds and further
development may focus on this class. In this regard, we tested
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Figure 5. PfKASIII molecular model. (A) A ribbon representation of the PFKASIII homology model. The active site residues, cysteine 115,
histidine 254, and asparagine 257, are shown in yellow sticks. The enzyme active site is buried near the core of the protein with a long substrate
tunnel extending to the surface. This tunnel, largely, but not completely, lined with hydrophobic residues, binds coenzyme A, the acyl group donor
for the reaction.®® The docked pose of compound 3a is shown in the active site. (B) The predicted interactions between 3a and PfKASIII. The
position of the two ring systems in this pose is similar to the predicted poses for the majority of sulfones and sulfonamides: one ring system making
van der Waals contacts with the active site triad and the other aligned up the active site tunnel rotated to make optimal contacts based on the

particular composition of the second ring.

Table 7. Selected Compounds Were Tested for Toxicity in Vitro
against a Subclone (G8) of the Murine Monocyte-like Macrophage line
J774

mammalian cell in vitro
compd?® in vitro toxicity (ICso, uM) therapeutic index®

1d 123.8 124
1h >1428.0 >204.0
2a >2544.0 195.6
2b 313 <0.62
2c >1612.0 >268.7
3a >3184.0 >1061.3
3b 104.8 5.3
3d 134.0 1.9
3e >1886.0 >471.5
3f >1893.0 >29.6
3g 7.3 0.30
3h 107.0 2.3
3i 27.6 1.2
3k >1618.0 >77.0
3l >1773.0 7.7
3m >2849.0 >2849.0
3n 0.85 0.15
30 705.8 <14.0
3p 205.0 <4.1
3q >1618.0 >19.3
3r 33.6 <0.83
3s >1184.0 >169.1

aSee Tables 2—4 for the structures of these compounds. ° The in vitro
therapeutic index was calculated as the ICs, of macrophage cells divided
by the 1Cs of the P. falciparum W2 strain.

most of the sulfonyls in the toxicity assay and found that most
of these compounds displayed encouraging therapeutic indexes.

In vivo studies are currently planned for several of these
compounds to gain a better picture for both toxicity and efficacy.

Conclusion

We report for the first time the identification of a diverse set
of PTKASIII inhibitors with submicromolar 1Cs, values. Future
efforts with these compounds should strive to develop a
structure—activity relationship because derivatives may yield
better activity. As a drug discovery project, we were interested
in first identifying novel chemotypes and then selecting those
for derivatization and further development. With the rapid nature
of drug resistance in the malaria parasite, new chemotypes must
be introduced into the drug discovery pipeline. The compounds
identified in this study may lead to novel antimalarial com-
pounds. Studies are now planned to move a few of these
compounds into animal malaria models to determine in vivo
efficacy, toxicity, and pharmacological parameters.

Bacterial FabH has been pursued as an antibacterial drug
target resulting in the identification of several classes of
inhibitors.?-3341749 pyplished reports demonstrate inhibitor
sensitivity differences between bacterial FabH and PFKASIII.84°
A comparison of these enzymes highlights structural features
that may account for inhibitor specificities between bacterial
FabH and PfKASIIL*® Because of structural and inhibitory
sensitivity differences, we chose to identify unique inhibitors
of PfKASIII rather than derivatize bacterial FabH inhibitors.
Studies are ongoing to address the specificity of these com-
pounds. The compounds identified in this study may also inhibit
a second [-ketoacyl—ACP synthase (PfKASI/II) involved in
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malaria FAS. Studies have demonstrated that PFKASI/II is more
sensitive to thiolactomycin than PFKASIIIL® Recently, com-
pounds isolated from natural products displayed potent inhibition
profiles for both FabH and FabF.*>44 It is exciting to speculate
that compounds identified in this study may inhibit two separate
enzymes of the malaria FAS pathway. Current antimalarial
therapies employ the strategy of combining two or more
inhibitors to slow the development of malaria drug resistance.
A compound that inhibits both malaria KAS enzymes could
behave similarly. To date, no studies have reported combination
testing of multiple FAS inhibitors against malaria.

We have developed a PFfKASIII pharmacophore with an
excellent correlation coefficient of 0.8. The pharmacophore,
comprising a hydrogen bond acceptor, ring aromatic, and
hydrophobic feature, maps extremely well onto our identified
PfKASIII inhibitors. The use of the pharmacophore identified
several novel PFKASIII inhibitors that have moderate antima-
larial activity. These inhibitors provide a solid foundation for
continued medicinal chemistry efforts. Such compound diversity
with moderate activity against both the enzyme and parasite
provide flexibility to improve pharmacological properties while
preserving the inhibitor properties of the compounds. Future
efforts will focus on derivatization of these compounds to
establish a complete SAR specific for each inhibitor class and
to improve potency against PFKASIII and the parasite.

Experimental Section

Protein Expression and Purification of PfKASIII and
PfACP. Both PfKASIII and PfACP were expressed and purified
from Escherichia coli as a 6xHIS tagged protein. The expression
and purification of PFKASIII was previously reported.® Briefly,
6xHIS-pfKASIII in E. coli was grown in LB broth at 37 °C and
induced with 0.4 mM (final concentration) IPTG for 12 h at 20 °C.
The culture is then harvested by centrifugation at 6000g and 4 °C
for 15 min. The cell pellets are resuspended in cell lysis buffer (20
mM Na/K phosphate, pH7.5, 1 mg/mL lysozyme (Sigma), 2.5 ug/
mL DNasel (Sigma), 200 mM NaCl) and incubated on ice for 10
min followed by sonication and centrifugation. The cell lysate is
then applied to a 5 mL HiTrap chelating HP column (Amersham
Biosciences/GE Healthcare) and eluted with imidazole. The 6xHIS-
PfKASIII fractions are pooled and applied to a HIPrep 26/10
desalting and 5 mL HiTrap SP FF columns (Amersham Biosciences/
GE Healthcare). Pure 6xHIS-PfKASIII is eluted from the cation
exchange column with NaCl and stored at —80 C.

The 6xHIS-PfACP in E. coli was grown in LB broth at 37 °C
and induced with 0.4 mM (final concentration) IPTG for 4 h at 37
°C. The culture is then harvested by centrifugation at 6000 rpm
and 4 °C for 15 min. The cell pellets are resuspended in cell lysis
buffer (20 mM Na/K phosphate, pH7.5, 1 mg/mL lysozyme
(Sigma), 2.5 ug/mL DNasel (Sigma), 200 mM NaCl) and incubated
on ice for 10 min followed by sonication (for 1 min) and
centrifugation 16000 rpm for 20 min). The cell lysate is then run
over a 5 mL HiTrap FF crude column (Amersham Biosciences/
GE Healthcare) and eluted with imidazole. The 6xHIS-PfACP
fractions are dialyzed into 4 L of dialysis buffer (20 mM Na/K,
100 mM NaCl, 1 mM DTT, pH6.5, 4 °C) for 1 h using 10000
MWCO dialysis cassettes (Pierce Scientific). After 1 h, the dialysis
cassettes are transferred into a fresh 4 L of buffer for one more
hour before aliquoting and freezing.

PfKASIII Inhibitor Screen. We developed a 96-well microplate
assay that measures the inhibition of the PfKASIII enzyme by
detecting the transfer of [1-'“C]-acetyl-CoA to ACP, forming
[1-**C]-acetyl—ACP as previously described.® In the presence of
an effective PfKASIII inhibitor, the radiolabel will not be incor-
porated, resulting in a corresponding decrease in counts per minute.
The assay was performed in an untreated clear flat-bottom 96-well
plate (Nunc). Each plate includes background, activity, control, and
compound reactions. Compounds are first tested in a prescreen at
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three concentrations (50, 10, and 1 uM); those that show inhibition
>60% are subsequently tested at concentrations from 50 uM to 24
nM across 12 wells to determine 1Csq values. For the dilution plate,
compounds were first serially diluted in a separate plate, then 1 uL
of each was added to the reaction. Reactions were incubated at 37
°C for 25 min, then quenched with 10% TCA. In both the prescreen
and dilution plates, the reactions are transferred to a Whatman
Unifilter P81 cellulose filter plate on a vacuum manifold and washed
six times with 10% TCA. After drying, the plate bottom was sealed
and 30 L of scintillation fluid (Microscint-O, PerkinElmer) was
added to each well. The plate was then sealed and counted in a
TopCount scintillation counter (Packard/PerkinElmer). The PfKASI-
Il assay has a variability of approximately +0.91 uM, with
compounds displaying ICs, values less than 10 M. Dose—response
curves were considered valid if the respective R2 values were
greater than 0.80. Compound HR45, a potent inhibitor of PFKASIII 2
was consistently assayed with each batch of investigative com-
pounds and served as an internal control for PFKASIII inhibition.
ICso calculations were determined by nonlinear regression with
variable slope using the GraphPad Prism software program.

In Vitro Parasite Assay. The chloroquine-sensitive D6 clone
of Sierra Leone | and chloroquine-resistant W2 clone of Indochina
I were grown in a continuous culture supplemented with mixed
gas (90% nitrogen, 5% oxygen, 5% carbon dioxide), 10% human
serum, and 6% hematocrit of A+ red blood cells. Once cultures
reached a parasitemia of 3% with at least a 70% ring developmental
stage present, parasites were transferred to a 96-well microtiter plate
predosed with specific concentrations of known antimalarials drugs
and test compounds. Plates were incubated in a mixed gas incubator
for 24 h. Following the specified incubation time, [*H]-hypoxanthine
was added and parasites were allowed to grow for an additional
18 h. Cells were harvested by a plate harvester (TomTec) onto 96-
well filter plates and washed to eliminate unincorporated isotope.
Parasite growth was measured as a function of hypoxanthine
incorporation in a microtiter plate scintillation counter (Packard).
Data from the counter was analyzed by DataAspects Plate Manager
software program (DataAspects, Inc., Glencoe, CA) and 1Cs values
determined from a four parameter nonlinear regression analysis.

Toxicity Assay. Selected compounds were tested for toxicity in
vitro against a subclone (G8) of the murine monocyte-like mac-
rophage line J774. The cell line was obtained from Dr. Jose Alunda,
Departmento de Sanidad Animal, Facultad de Veterinaria, Univer-
sidad Complutense, Madrid, Spain. Murine cells were maintained
in 75-cm? tissue culture flasks in Dulbecco’s modified Eagle
medium (GIBCO) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 50 ug/mL gentamicin under humidified 5% CO,/95%
air at 37 °C. Toxicity tests were performed in 96-well tissue culture
plates using an aqueous tetrazolium/formazan system as described.°
Cells were plated at a density of 1 x 10* cells/well in 100 uL of
culture medium. After 24 h under culture conditions, 10 uL of test
compound or vehicle control were diluted to appropriate concentra-
tions in culture medium and added to each well. After incubating
for 72 h, 20 uL of a solution containing [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli-
um, inner salt; MTS] (Technical Bulletin: CellTiter 96 AQeousOne
Solution Cell Proliferation Assay Technical Bulletin no. TB245,
Promega Corporation) and the plates cultured for 1—2 h at 37 °C.
A Spectra MAX Plus microtiter plate reader (Molecular Devices)
was used to measure the optical density (OD) at a wavelength of
490 nm. Vehicle control values were subtracted from test compound
values.

Pharmacophore Development. To develop a pharmacophore
model for inhibition of PfKASIII, we have carried out both
semiempirical (AM1) and ab initio HF self-consistent field
(Hartree—Fock SCF) quantum mechanics (QM) calculations on
thiolactomycin, a known inhibitor for FabH and FabF. Catalyst
version 4.10,%* Spartan version 5.0,°% and Guassian98°3 running
on a Silicon Graphics Octane workstation under a IRIX 6.5
operating system were used for all of the modeling work presented
here. Unless otherwise noted, all default settings were used for all
computations. The conformational model of thiolactomycin was
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built using the systematic search algorithm and Monte Carlo
simulated annealing algorithm with MM2 force field parameters.
All of the conformational search parameters in Spartan such as
Rings, Duplicate-check, Min-Population, Energy-upper-limit, etc,
were set to their default values. The parameter CisTrans, which
permits cis/trans flip, was set to false. The geometry optimized
global minimum energy conformation was computed using HF/6-
31G** basis sets as implemented in Guassian98 with all default
parameters.>*

The statistical significance and validation tests of the refined
pharmacophore were performed as follows. Catalyst uses bits as a
metric for measuring the statistical significance of the pharma-
cophore hypothesis.®? The fixed cost (FC) represents the perfect
model with correlation coefficient of 1.0, while the null cost (NC)
represents the worst model that predicts the activity of all
compounds as the average activity with correlation coefficient of
0.0. Thus a meaningful model having total cost (TC) would have
the largest difference between the values (TC—FC) and (NC—FC).
The ratio of (TC—FC) to (NC—FC) is often used to compare two
different hypotheses and thus lower the ratio the more statistically
significant is the pharmacophore hypothesis model. Among the best
ratios reported is the one in the tutorial manual of 0.095,%? while
ratios of good predictive models reported in the literature are 0.2989
by Chopra et al.>* and 0.363 by Du et al.>®> The (TC—FC) to
(NC—FC) ratio for HypolA is an excellent 0.102. The configuration
cost of HypolA is 14.62, which is well within the prescribed
configuration cost of 17.0.° The Fischer randomization test as
implemented in the CatScramble module of Catalyst was used to
rule out the possibility of chance correlation model. The validation
test done at 99% confidence level showed that none of the random
hypothesis cost values and correlation coefficients were any where
close to HypolA. On an external test set of 16 compounds, HypolA
predicted the activity of 15 within the widely accepted prediction
accuracy of one log unit of the observed activity, which is an
excellent 94% prediction accuracy.

Homology Modeling and Ligand Docking. A collection of
comparative homology models of PfKASIII were built using
SWISS-MODEL®* and MODELER.52%% The models were evalu-
ated for overall geometric quality using PROCHECK and compared
using PROCOMP.5” One model was selected and used for all ligand
docking and analysis presented in this paper. Docking was used to
explore potential inhibitor binding modes. Ligand docking was
performed using the FastDock module of BioMedCAChe (Fujitsu).
FastDock, a proprietary Fujitsu algorithm, is a Lamarckian genetic
algorithm-based ligand docking scheme very similar to AutoDock.>®
For the calculations discussed here, FastDock was used in the
flexible active site, flexible ligand mode. The PfFKASIII active site
and substrate-binding tunnel were explicitly defined and those
sidechains were flexible during docking. 25000 generations and
three independent runs were performed. PyMol®*® was used to
interactively analyze models and produce Figure 5.
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