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Abstract

Enoyl-acyl carrier protein reductase (ENR), a critical enzyme in type Il fatty acid biosynthesis, is a
promising target for drug discovery against hepatocyte-stage Plasmodium falciparum. In order to
identify PFENR-specific inhibitors, we docked 70 FDA-approved, bioactive, and/or natural
product small molecules known to inhibit the growth of whole-cell blood-stage P. falciparum into
several PfENR crystallographic structures. Subsequent in vitro activity assays identified a
noncompetitive low-micromolar PfENR inhibitor, celastrol, from this set of compounds.
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1. Introduction

Malaria, caused by eukaryotic protists of the genus Plasmodium, is a devastating disease that
infects a quarter of a billion people annually, costing nearly a million lives.? Resistance to
most of the commonly used antimalarials like chloroquine and sulfadoxine/pyrimethamine is
widespread, the result of point mutations in dihydrofolate reductase and dihydropteroate
synthase, respectively.2 Artemisinin combination therapies, which inhibit multiple stages of
the malarial life cycle,? are currently the first line of defense.3 Given the recent emergence
of artemisinin-resistant P. falciparum on the Cambodia-Thailand border, new drugs for
combating multidrug resistant malaria are urgently needed.*>

The Plasmodium life cycle consists of three distinctive stages: the mosquito, liver, and blood
stage. While the continued development of novel therapeutics effective against the
infectious and symptomatic blood stage is critical, targeting the preceding liver stage may be
required for effective prophylaxis.®=9 Notably, all malarial parasites that infect humans
(Plasmodium fal ciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale)
undergo extensive replication in the liver stage,’ and P. malariae and P. ovale also have a
non-dividing dormant hepatic stage responsible for relapse. Although some existing
antimalarial drugs (e.g., primaquine, anti-folates, and atovaquone) are effective against both
the blood- and liver-stage parasites,’- the continual threat of growing resistance requires
new, broadly effective medications.

A search of the TDR Targets Database, % an online resource that prioritizes neglected-
disease drug targets, suggests that inhibitors of P. falciparum fatty-acid biosynthesis might
serve as effective anti-malarial therapeutics. Given that the study of fatty-acid biosynthesis
is one of our lab's primary emphases, we found this drug-discovery approach particularly
interesting. Fatty acids (FA) are critical for Plasmodium survival during both the liver and
blood stages.1! In the blood stage, merozoites infect red-blood cells, initiating a replication
process that requires exogenous (host-derived) FA to support membrane biogenesis.12 It was
previously thought that both the liver and blood stages of the malarial parasite relied on the
uptake of FA from the host.13.14 However, this paradigm was challenged when FA enzymes
(FabH, Fabz, FabF) capable of de novo biosynthesis were found targeted to the apicoplast,
a vestigial nonphotosynthetic plastid.1>16 The activity of these enzymes was confirmed
using radio-labeled acetate and malonyl-CoA, which were successfully incorporated into
synthesized FA in vivo.l” Subsequent studies revealed that P. falciparum FA synthesis is
required only in the liver-stage of the parasitic life cycle.18:19

Given that bacterial FA synthesis (FAS) is the target of several antibiotics (e.g.
isoniazid,2921 diazaborines,?? triclosan?3 and thiolactomycin?4-27), several studies have
sought to similarly inhibit P. falciparum FAS.19:28-30 Though the efficacy of some FAS
inhibitors against the blood stage is poorly understood,? inhibition of the late liver stage,
which requires FAS, is thought to be promising for prophylactics.811.12

Unlike most eukaryotes (including humans), Plasmodium uses a segmented type Il FAS
typical of bacteria (Fig. 1) rather than a type | FAS megasynthase.3! Consequently, malarial
type 1l FAS enzymes are structurally different from the functionally equivalent human type |
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FAS, making P. falciparum FAS a promising target for drug development. The rate-limiting
enzyme in malarial FAS, enoyl-acyl carrier protein reductase (ENR),32 is responsible for the
reduction of trans-2-acyl-ACP to acyl-ACP (Fig. 1). The prodrug isoniazid, whose active
metabolite isonicotinyl-NAD inhibits ENR, is FDA-approved for the treatment of
Mycobacterium tuberculosis infection, further attesting to the viability of ENR as a drug
target. ENR inhibitors may prove effective against other pathogens as well.20 As ENR
inhibitors have been shown to impede the growth of P. falciparum, several antimalarial
drug-discovery projects have focused on ENR as a potential target,19:28-30

In 2006, Weisman et al. identified 70 bioactive molecules, natural products, and approved
drugs from the MicroSource Spectrum32 and Killer Collections33 that retard the growth of
whole-cell blood-stage P. falciparumin cell culture by 70% or more at 1 pM.33 Compounds
from these specific collections are useful as potential leads because of available
pharmacokinetic and toxicological reports, as well as demonstrated P. falciparum whole-cell
inhibition. In order to better elucidate the mechanism of these compounds and assess their
potential efficacy against the liver-stage parasite, we used complementary computational
and experimental methods to test for P. falciparum ENR inhibition (Fig. 2). We demonstrate
that celastrol33 (compound 1) inhibits PFENR with an ICsg in the low-micromolar range. We
also characterize celastrol inhibition behavior in hopes of facilitating future drug-discovery
efforts.

and Discussion

By coupling in silico and in vitro techniques, we determined that the pentacyclic triterpenoid
celastrol, a compound known to inhibit the growth of whole-cell blood-stage P.
falciparum,33 also inhibits the enzymatic activity of ENR, a critical enzyme in malarial FAS
that is essential during the liver stage of the parasitic life cycle.®

2.1. Virtual screening of 70 small-molecule inhibitors

To verify that our AutoDock-Vina-based docking protocol3* was well suited to the ENR
system, we first considered the three wild-type, triclosan (TCL)-bound P. falciparum ENR
structures deposited in the PDB (INHG,3! 1UHS5,3% and 202Y36), which collectively
contained eight co-crystallized TCL inhibitors. As optimal TCL binding is dependent on
NAD* (see later discussion), the cofactor was retained, and each TCL molecule was
redocked into its respective pocket. All eight dockings successfully recaptured the
crystallographic pose, with heavy-atom RMSD values ranging from 0.42 to 0.53 A and
predicted free energies of binding ranging from -9.0 to —9.8 kcal/mol.

As a second step, we identified an additional 14 ligand-bound PfENR structures with varied
active-site geometries from the Protein Data Bank.3” As many of these structures included
multiple chains and multiple bound ligands (e.g., triclosan and analogs, NAD*, and NADH),
83 distinct pockets were ultimately considered. Both the co-crystallized ligands and
cofactors were removed in preparation for docking.

To assess the performance of our docking protocol, we next performed a benchmark virtual
screen that included 36 potent PFENR inhibitors, as well as 1594 decoy molecules presumed
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to be non-binders. Each of these compounds were docked into the 83 ENR pockets, and the
single best score, independent of the receptor, was used for ranking. The area under the
receiver operator characteristic (ROC) curve (data not shown)38 associated with this screen
suggested that our protocol could in fact discriminate between ligands and decoys. If a
known inhibitor and decoy were picked at random, our protocol would have ranked the
inhibitor better than the decoy 69% percent of the time, far better than the 50% expected of
random sorting. There is, of course, no perfect virtual-screening methodology, and false
negatives can never be entirely eliminated, but our methodology does in fact enrich the pool
of top-ranked compounds with true ENR inhibitors.

Having verified that our protocol can 1) reproduce the crystallographic pose of TCL and 2)
adequately separate ENR inhibitors from decoys, we next applied the same protocol to one
hundred and thirteen models of 70 experimentally validated whole-cell P. falciparum
inhibitors.33 The ranked compounds are listed in Table S1. The top ~5%, which all had
docking scores better than —12 kcal/mol, were tested experimentally for PFENR inhibition.
These small molecules include: celastrol, aclarubicin/aclacinomycin Y, dihydroergotamine,
and gambogic acid (Fig. 3). Compounds 1-4 were available through the NCI: celastrol
(NSC70931, 1); aclacinomycin A (aclarubicin), the biochemical precursor of aclacinomycin
Y; dihydroergotoxine (NSC409663, 3); and gambogic acid (4).

2.2. Kinetic evaluation of PFENR

Prior to experimentally validating the putative inhibitors identified in our in silico screen, we
first confirmed that the kinetic behavior of PFENR expressed in our lab was consistent with
that published in the literature.3%40 PFENR activity was tested by individually varying the
concentration of crotonyl-CoA and NADH without NAD* preincubation (Table S1). The
Km and kgt values for crotonyl-CoA were determined to be 0.17 £ 0.06 mM and 1.0 £ 0.2
sec™1, respectively, by varying the concentration of crotonyl-CoA from 20 to 300 uM while
holding the concentration of NADH constant (Fig. S2a). Similarly, the NADH K., and K¢zt
values were found to be 0.24 + 0.04 mM and 3.8 + 1.0 sec™1, respectively, by varying the
concentration of NADH from 80 to 500 uM while keeping the concentration of crotonyl-
CoA constant (Fig. S2b). These K., values are both comparable to those reported in the
literature.3? The Kcai/Kpy ratio for NADH and crotonyl-CoA was 2.6 + 0.7 sec™t mM~1 and
6.0 + 1.1 sec™ mM™1, respectively (Table S2).

Various volumes of DMSO were tested in order to determine if DMSO had an effect on
PfENR activity. DMSO affected ENR activity only when it constituted greater than 8% of
the total reaction mixture volume (data not shown).

2.3. Confirmation of ENR inhibition via enzymatic assays

Having verified the activity of PfENR expressed in our lab, we next validated our
continuous ENR-inhibition assay (Fig. 4a). The assay measures the change in NADH
absorbance at 340 nm over time in the presence of potential inhibitors. In the case of
complete inhibition, ENR catalysis is entirely halted, and NADH is not consumed. As a
positive control, we tested triclosan (TCL), a known picomolar PfENR inhibitor,*! and
observed no change in NADH consumption.3? As a negative control, we tested cerulenin
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(CR), a commercially available inhibitor of f-ketoacyl-acyl-carrier protein synthase,*2 and
observed no PfENR inhibition, similar to the results obtained in the presence of DMSO
alone (Fig. 4a).

2.4. Experimental validation of the top virtual-screen hits

This same real-time assay was next used to evaluate compounds 1-4 from the in silico
screen. Compounds 3 and 4 showed no ENR inhibition. Paradoxically, compound 2 showed
an increase in absorbance relative to the DMSO and cerulenin controls, suggesting PFENR
agonism. However, upon further inspection, compound 2 also showed a higher absorbance
relative to the NADH negative control. As this compound is insoluble above 25 pM, we
hypothesize that it precipitates under the reaction conditions used, resulting in a higher
absorbance at 340 nm.

Our enzymatic assay demonstrated that celastrol (compound 1), a triterpene quinone
methide isolated from the roots of the celastraceae Tripterygium wilfordi, inhibits PFENR
with average ICsq values of 5.9 and 4.7 uM with and without NAD™ preincubation,
respectively (Fig. 4b). When compound 1 was tested in the presence of 0.01% Triton-X to
rule out non-specific inhibition by aggregation, a similar I1Cgq value was obtained (3.4 uM,
Figure S8).

2.5. Celastrol inhibition kinetics

In order to understand the kinetic behavior of celastrol in context, it is important to first
understand the binding kinetics of TCL, a well characterized and prototypical PFENR
inhibitor. As a slow-onset, tight-binding inhibitor,043 TCL is desirable because of its
sustained efficacy.** TCL potency depends on NAD* binding, and the concentration of
NAD*, a product of ENR catalysis, increases only as the reaction proceeds.%4> This NAD*
dependence appears to be the result of two distinct factors. First, the formation of a ternary
ENR-NAD*-TCL complex stabilizes a normally flexible substrate-binding loop and is
postulated to be the slowest step in the formation of the enzyme-inhibitor complex.45-49
Second, once bound, TCL is stabilized via w-stacking interactions between the TCL
phenolic ring and the NAD* nicotinamide ring.? Indeed, kinetic studies have demonstrated
that the 1Csq value of TCL improves with NAD™ preincubation (i.e., TCL is an
uncompetitive inhibitor with respect to varying NAD™ concentrations).4547:48

In order to determine whether or not celastrol and TCL binding kinetics are similar, we
performed extensive kinetic studies, both with and without NAD* preincubation. First, the
mechanism of celastrol inhibition was studied by observing the maximum reaction velocity
(Vmax) at varied crotonyl-CoA concentrations with fixed NADH concentration (Fig. 5a).
Plotting the reaction velocity as a function of crotonyl-CoA concentration (Fig. 5a) revealed
that the Vhax decreased in the presence of increasing concentrations of 1, consistent with
noncompetitive inhibition. The reciprocal plots for velocity and varying crotonyl-CoA
concentration at fixed concentrations of NADH similarly suggested line behaviors consistent
with noncompetitive inhibition (Fig. 5b). Additionally, Ky, app Was independent of celastrol
concentration in the presence of NAD*, as no change in K, app Was observed with varying
celastrol concentrations (Fig. S7a), also consistent with noncompetitive inhibition. The K;
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(5.3 uM) for celastrol was determined by the slope of the line when the Vinay app Was plotted
as a function of celastrol concentration (Fig. S7b). These studies suggest that celastrol binds
both with and without bound crotonyl-CoA.

It is reported that the quinone methide moiety of celastrol can form Michael adducts with
nucleophilic residues such as cysteine.59°1 To rule out the possibility of non-specific

PfENR inhibition via this mechanism, PFENR was incubated with celastrol at a
concentration 5 times the observed 1Csq value. Following incubation, the protein was rapidly
diluted 100-fold, and the reaction was initiated with crotonyl-CoA and NADH. The activity
of compound 1 was identical to the DMSO control (Figure S9), suggesting that celastrol
does not covalently bind to PfENR.

As an additional test to rule out covalent binding to Cys100 and Cys249, we incubated
PfENR with iodoacetamide to cap all potentially reactive cysteine residues. After
confirming that this treatment did not alter PFENR activity (Figure S10), celastrol inhibition
of iodoacetamide-treated PfENR at high concentrations was tested and found to be
comparable to that of the untreated protein (Figure S10).

2.6. Celastrol may bind in the combined substrate-cofactor pocket

Our docking study suggests that celastrol may occupy both the NAD™ and substrate-binding
pocket, without requiring bound cofactor or substrate. This proposed mechanism of
inhibition by combined substrate-cofactor displacement is not without precedent. Recently,
pyridomycin, which inhibits the type Il ENR (InhA) from Mycobacterium tuberculosis, was
discovered to similarly bind in the combined substrate-cofactor pocket,>2 a mode of ENR
inhibition that has not been previously described.>2

Binding to the combined substrate-cofactor pocket may seem incompatible with the
noncompetitive inhibition we observed. However, some enzymes, including bisubstrate/
product enzymes like ENR, exhibit noncompetitive inhibition with respect to both substrates
even though the relevant inhibitors bind in the primary pocket.>3 It may be that at high
celastrol concentrations this bi-substrate binding mode alters the conformation of the
binding pocket, essentially sequestering some ENR molecules by placing them in a state that
prevents NADH and crotonyl-CoA binding. This may effectively reduce the concentration
of the catalytically active enzyme, thereby reducing Vmax Without affecting Ky, consistent
with noncompetitive inhibition. Further crystallographic and analytical gel filtration studies
are required to confirm and elucidate the proposed celastrol-induced changes in pocket
geometry.

To better understand the predicted celastrol binding mode, we used the BINANA
algorithm®# to analyze the best-scoring docked celastrol pose. Implemented as a stand-alone
Python script, BINANA analyzes the geometries of the receptor and docked ligand in order
to predict key electrostatic, hydrogen-bond, hydrophobic, and n-w intermolecular
interactions. Together with visual inspection, this analysis suggested that celastrol binding is
primarily governed by high shape complementarity and nonspecific hydrophobic
interactions. However, a few specific ligand-receptor interactions may contribute to overall
molecular recognition. For example, a charge-charge interaction may form between the
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celastrol carboxylate group and the Lys285 side chain, and a T-shaped m-stacking interaction
may form between the celastrol aromatic ring and Tyr277. While less certain, the Tyr267
side chain may also participate in a parallel-displaced n-stacking interaction (Fig. S11).

While the possibility of celastrol binding by cofactor displacement is intriguing, allosteric
inhibition must also be considered given the observed noncompetitive inhibition. To explore
this possibility, we used computer docking to computationally flood the entire surface of a
20L4 monomer with celastrol molecules, without the NAD™* cofactor present. Of the 1,892
celastrol poses generated, only three unique poses had docking scores better than —10 kcal/
mol, and all three of these placed celastrol within the combined substrate-cofactor pocket.
While intriguing, these computational results cannot entirely rule out allosteric binding.

Finally, the possibility that 1 binds exclusively in the substrate pocket without occupying the
cofactor site, much like TCL, must also be considered. Visual inspection of PFENR crystal
structures with co-crystallized TCL molecules (e.g. PDB 1D: 3AM3)° suggests that TCL,
with a volume of 817 A3 (LigPrep version 2.5),56 occupies the entirety of the substrate-
binding pocket. In contrast, 1 has a calculated volume of 1312 A3, and the combined volume
of TCL and NAD* is 2508 A3, The volume of docked celastrol is thus closer to that of ENR-
bound pyridomycin (1508 A3), which is known to span the combined substrate-cofactor
pocket,>2 than TCL. While the suggestion that 1 binds in the combined pocket is interesting,
we note that this volumetric analysis does not preclude the possibility of large-scale ENR
conformational changes that could substantially alter pocket volumes. Regardless, coupling
our in silico and in vitro results suggests an inhibition behavior that is difficult to describe
with canonical inhibitor characterization.

2.7. Computer docking: accounting for receptor flexibility

The current study highlights the importance of accounting for receptor flexibility when
performing computer-docking studies. Most ENR crystal structures with co-crystallized
TCL and NAD™ ligands have closed pocket conformations that are not compatible with
celastrol binding (e.g. PDB: 3AM3) (Fig. 6a).2> However, 20L4 was co-crystallized with a
TCL analogue, 2-(2,4-dichlorophenoxy)-5-(3-phenylpropyl)phenol (JPN), that displaces the
F368 side chain, opening up a back pocket that may be critical for celastrol binding (Fig.
6b). Celastrol was identified as an ENR inhibitor only because of the unique geometry of the
20L4 pocket (Fig. 6¢).39 Had we not considered multiple structures with varied geometries,
it is unlikely that celastrol would have been identified.

Traditionally, computer docking has ignored flexibility, despite the central role that
macromolecular (e.g., protein) dynamics plays in modern theories of small-molecule
binding. Protein binding pockets adopt many different conformations as they move
dynamically in solution. Only some of these possible conformations position key interacting
moieties such that they can form ideal van der Waals, hydrogen-bond, electrostatic, and/or
other interactions with a given ligand. While docking into a single crystal structure may lead
to the identification of ligands that are amenable to that particular conformation, other
ligands that bind alternate conformations may be overlooked.>’
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3. Conclusion

As FAS is reportedly only required for parasite survival during the liver stage,® celastrol
efficacy in the blood stage suggests additional target(s). As further evidence of this
possibility, we note that the 1Cgq values of celastrol against PFENR (~5 uM) are higher than
the whole-cell growth inhibition measured by Weisman et. al (70% or more at 1 pM).32
However, Figueiredo and co-workers reported whole-cell 1Cgq values higher than our
PfENR values (400 and 560 uM against chloroquine-resistant P. falciparum K1 and
chloroquine-sensitive P. falciparum NF, respectively®8), so the possibility that ENR is the
primary celastrol target cannot be entirely ruled out based on published whole-cell potencies
alone.

Celastrol is one of several reported FAS inhibitors that are paradoxically effective against
the blood-stage parasite.11:17:5%-64 Gjven the substantial structural diversity of these small-
molecule inhibitors, as well as the diverse FAS proteins to which they bind, the idea that
they all act on a common secondary blood-stage target seems unlikely.5> And yet genetic
studies have demonstrated that parasitic FAS is only required in the liver stage,18:19
suggesting FAS-exclusive inhibitors should not be effective against blood-stage parasites.
Given this conflicting evidence, it is unclear whether or not pharmacological FAS inhibition
is useful against the blood stage, though its utility in treating liver-stage malaria is widely
supported. Further study is required to determine whether or not celastrol has any significant
additional blood-stage targets.

While the possibility of binding to multiple malarial targets is promising, binding to human
targets should be avoided in order to minimize side effects. We performed a UniProt®6
BLAST search® of PfENR (UniProt ID Q9BJJ9) to identify human homologs. This search
revealed that mitochondrial 2,4-dienoyl-CoA reductase (DECR1, UniProt ID B7Z6B8) is
the most homologous human protein. The PfENR residues Lys285, Tyr277, and Tyr267,
which are predicted to form specific interactions with celastrol, are equivalent to the DECR1
residues Lys182, Phel75, and Thrl165, respectively. Differences at positions 277/175 and
267/165 could potentially be exploited to improve specificity. For example, a hydrogen-
bond acceptor could be added to celastrol to exploit the hydroxyl group present on PFENR
Tyr277 but absent on DECR1 Phel75. Similarly, changes to celastrol that enhance the
potential wt-w interaction with PFENR Tyr267 could also improve specificity, given that
DECR1 Thri65 is not aromatic. Specificity should be an important concern throughout the
optimization process, but we do note that celastrol has been used in traditional Chinese
medicine for centuries,8:69 suggesting it is not particularly toxic.

Based on a thorough search of the ENR inhibitors deposited in the BindingDB database,”°
celastrol appears to be structurally distinct from other reported ENR ligands. Additionally,
given its potential effectiveness against multiple stages of the malarial life cycle, we are
hopeful that celastrol and its derivatives may be more broadly effective than most current
antimalarials, especially given the potential for prophylactic use.
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4. Materials and Methods

3.1. In silico screening

We first used computer docking to identify predicted ENR inhibitors. To validate our
AutoDock-Vina-based docking protocol3#, we obtained three structures of P. falciparum
ENR from the Protein Data Bank3’ that included co-crystallized triclosan (TCL) molecules.
Structures INHG, 1UH5, and 202Y, with resolutions ranging from 2.20 to 2.43 A, included
two, two, and four chains, respectively, providing a total of eight TCL-bound ENR pockets
for validation.31:35:36 Hydrogen atoms were added to the ENR structures using Schrodinger's
Protein Preparation Wizard to ensure that the hydrogen-bond network was optimized for
TCL binding. The receptors and ligands were subsequently processed with
AutoDockTools’! to compute Gasteiger partial charges for each atom,’? to assign AutoDock
atom types, and to merge non-polar hydrogen atoms with their parent heteroatoms. Ligand
torsions were assigned using AutoDock's AutoTors utility to permit full ligand flexibility
during docking. In all cases, the docking box was centered on the corresponding binding
pocket. The dimensions of each docking box were chosen so that it extended 10 A beyond
the co-crystallized TCL molecule in all three dimensions. Vina's exhaustiveness parameter
was set to 8.

Following this initial pose-prediction validation step, we next prepared additional ENR
receptor structures. Rather than relying on a single crystal structure, we considered multiple
binding pockets to better account for receptor flexibility. We identified 17 structures of P.
falciparum ENR from the Protein Data Bank3” that included co-crystallized ligands and/or
cofactors, with resolutions ranging from 2.1 to 3.0 A (2.5 A average): INHG, INHW,
INNU, 1UH5, 1V35, 1IVRW, 1ZSN, 1ZW1, 1ZXB, 1ZXL, 2FOI, 2NQ8, 202Y, 20L4,
2008, 20P0, and 20P1.30:31.35.36,73 Among these 17 crystal structures there were a total of
48 individual ENR monomers (i.e., eleven crystal structures included two chains, and six
structures included four chains). Thirty-eight of the 48 individual chains had ligands bound
in both the substrate and NAD™ pockets, and nine had ligands bound in the NAD* pocket
alone. Curiously, unlike chain B from the 20P0 structure, 20P0:A contained no bound
ligands. For this chain alone we therefore considered the entire protein surface to be a single
“pocket” for the purposes of docking. In total, 83 distinct ENR pockets were ultimately
selected. All receptors were processed with AutoDockTools’! as described above.

We next performed a benchmark screen to verify that our computational protocol was able
to adequately separate known ENR inhibitors from decoy molecules. The BindingDB70.74
was used to identify 36 PFENR inhibitors from the literature with 1Csq values less than 500
nM.30.73.75.76 Ag decoys (i.e., presumed non-binders), we selected 1594 compounds from
the National Cancer Institute's Diversity Set V. The LigPrep computer program (LigPrep
version 2.5)%6 was used to generate 3D models of these molecules for docking. Within
LigPrep, one low-energy ring conformation was generated per compound, protonation was
assigned at pH 7.0 using Schrédinger's Epik module, the OPLS 2005 force field”” was used
for geometry optimization, and chiralities were determined from the structures themselves.

These compounds were docked into the 83 distinct ENR binding pockets using AutoDock
Vina.34 The docking boxes were generally centered on the geometric center of the
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corresponding crystallographic ligand, though all ligands (including cofactors) were
ultimately removed prior to the actual docking. The dimensions of each docking box were
chosen so that the box extended 10 A beyond the crystallographic ligand in all three
dimensions. 20P0:A was the one exception; the docking box associated with this receptor
encompassed the entire monomer, as described above. Docking boxes centered on the ENR
substrate-binding pocket were generally large enough to encompass the NAD* pocket, and
boxes centered on the NAD™* pocket were large enough to encompass the substrate-binding
pocket. The same Vina parameters described previously were used for docking. Receiver
operator characteristic (ROC) curves were generated by considering the single pose with the
best docking score, independent of receptor conformation.

Having verified that our docking protocol 1) recaptures the TCL crystallographic pose and
2) adequately separates known ENR inhibitors from decoys, we next applied the same
protocol to 70 FDA-approved, bioactive, and/or natural-product small molecules previously
found to inhibit the growth of whole-cell blood-stage P. falciparum by 70% or more at 1
UM.33 The same LigPrep parameters were again used to prepare these molecules for
docking, except varied conformational and protonation states were considered. Specifically,
multiple protonation states were assigned for pH values ranging from 5.0 to 9.0, rather than
just pH 7.0, and varied ring conformational states were also calculated.

Ultimately, 113 three-dimensional structures with varied conformational and protonation
states were generated from these 70 molecules. Two or more protonation states were
possible for 13 compounds, two plausible ring conformations were identified for one
compound, and multiple combinations of ring-conformation/protonation states were possible
for three compounds. The remaining 53 small molecules had no alternate protonation or
conformational states. The resulting 113 small-molecule models were further processed with
AutoDockTools’! to compute Gasteiger partial charges for each atom,’2 to assign AutoDock
atom types, and to merge non-polar hydrogen atoms with their parent heteroatoms. Ligand
torsions were again assigned using AutoDock's AutoTors utility.

3.2. Computational flooding to identify alternative binding pockets

In order to computationally identify potential allosteric sites, a three-dimensional grid of
points spaced 10 A apart was positioned over chain A of the 20L4 ENR model, with and
without the co-crystallized NAD*, as appropriate. Celastrol was then docked into cubic
boxes with sides of length 30.0 A, centered on each of these points. Each Vina docking
produced multiple candidate poses. Any pose obtained, regardless of the docking box used,
was considered for subsequent analysis.

3.3. PfENR expression and purification

N-terminus 6xHis-tag PfENR encoded in a pET28a plasmid in E. coli BL21 cells was
expressed and purified for the in vitro studies, as described previously.3 Cells were grown
for 12 hours at 37 °C in 1L TB medium containing 100 mg/L kanamycin sulfate to an OD of
1.0 without the addition of IPTG. The cells were harvested by centrifugation at 1,000 g for
30 minutes, resuspended in lysis buffer (20 mM Tris/HCI buffer (pH 7.4) with 150 mM
NaCl), and supplemented with 0.1 mg/mL lysozyme (Worthington Biochemical Corp), 5
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pug/mL DNAse | (Sigma), and 5 pg/mL RNAse (Worthington Biochemical Corp.). The cells
were lysed by French pressure cell press between 500-1,000 psi. The lysate was
subsequently centrifuged at 12,000 g for 45 minutes, and the supernatant was bound with
Ni-NTA resin (Qiagen). The column was sequentially washed with 20 mM Tris/HCI buffer
(pH 7.4) with 150 mM NacCl. The protein was eluted using a step gradient from 60 to 500
mM buffered imidazole, and fractions were tested for purity by SDS-PAGE (Fig. S1). A size
exclusion column (GE HiPrep Sephacryl 16/60 S-200) was used to elute fractions in 20 mM
Tris/HCI buffer (pH 7.4) with 150 mM NaCl. PfENR was concentrated with a 10-kDa
Amicon spin filter (Milipore) to 2.4 mg/mL. The concentrated sample was subsequently
stored in 40% glycerol, 20 mM Tris/HCI buffer (pH 7.4) with 150 mM NaCl at —80°C after
flash freezing in liquid nitrogen.

3.4. PfENR continuous assay

The purified ENR was assayed at 27 °C by monitoring the consumption of NADH at an
absorbance of 340 nm”8 (Perkin Elmer HTS 7000 Plus Bio Assay Reader), using crotonyl
coenzyme A trilithium salt (crotonyl-CoA) as the substrate (Sigma) (Fig. S2). The 100 pL
reaction volume contained a final concentration of 0.25 UM ENR, 20 mM Tris/HCI buffer
(pH 7.4) with 150 mM NacCl, 100 uM crotonyl-CoA, and 100 uM NADH (Sigma). The
enzyme was preincubated in 20 mM Tris/HCI buffer (pH 7.4), 150 mM NaCl, and crotonyl-
CoA. The reaction was initiated with NADH. The K, for crotonyl-CoA was determined by
varying the concentration of crotonyl-CoA (10-300 uM) while keeping the NADH
concentration constant at 100 pM. The K, for NADH was determined by titrating NADH
(20-500 uM) and keeping the crotonyl-CoA concentration constant at 100 M.

3.5. PfENR triclosan validation

PfENR inhibition was observed by calculating the consumption of NADH at 340 nm in the
presence of varied concentrations of triclosan (Sigma) (Fig. S3). The 100 pL reaction
volume contained a final concentration of 50 pM NAD*, 20 mM Tris/HCI buffer (pH 7.4),
150 mM NaCl, 200 pM crotonyl-CoA, 100 uM NADH, and 0.05 uM ENR. ENR was
preincubated at 25 °C for 45 minutes with a final concentration of 50 uM NAD*, 20 mM
Tris/HCI buffer (pH 7.4), 150 mM NaCl, and varying concentrations of triclosan (300 nM to
0.3 nM). TCL took up 5% of the total reaction volume after dissolving in DMSO. Following
this preincubation period, the reaction was initiated with a final concentration of 200 uM
crotonyl-CoA and 100 uM NADH.

3.6. Validation of the in silico compounds by continuous assay

Four potential inhibitors identified in silico were subsequently tested experimentally. The
final inhibitor concentration was 25 UM in a total reaction volume of 100 uL. Compounds
1-4 (NCI Development Therapeutics Program and Sigma) were tested for PFENR inhibition
by observing the consumption of NADH. The total 100 L reaction volume contained 20
mM Tris/HCI buffer (pH 7.4), 150 mM NaCl, 200 uM crotonyl-CoA, 100 uM NADH, and
0.05 UM ENR. ENR was preincubated with NAD*, 100 mM Tris/HCI buffer (pH 7.4) with
150 mM NaCl, and inhibitor at 25 °C for 45 minutes. Following this preincubation period,
the reaction was initiated using 200 uM crotonyl-CoA and 100 uM NADH. To determine if
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celastrol inhibition was NAD* dependent, PfENR inhibition was also observed without
NAD* preincubation.

3.7. PfENR inhibition assay and kinetic studies with compound 1

To further characterize the kinetics of compound 1 inhibition, the consumption of NADH in
varying concentrations of 1 was observed. The final 100 pL reaction volume contained 50
UM NAD*, 20 mM Tris/HCI buffer (pH 7.4), 150 mM NacCl, 200 pM crotonyl-CoA, 100 uM
NADH, and 0.05 uM ENR. ENR was preincubated at 25 °C for 45 minutes with a final
concentration of 50 uM NAD™, 20 mM Tris/HCI buffer (pH 7.4), 150 mM NacCl, and
varying concentrations (0.9-50 uM) of 1. Following this preincubation period, the reaction
was initiated with a final concentration of 200 uM crotonyl-CoA and 100 uM NADH.

The inhibition mechanism of 1 was studied by varying the concentrations of the crotonyl-
CoA substrate under Michaelis-Menten conditions with and without NAD™ preincubation
(50 uM) in 20 mM Tris/HCI buffer (pH 7.4), 150 mM NaCl, and 0.05 pM ENR. In order to
determine the inhibition mechanism with respect to crotonyl-CoA, PFENR was incubated in
a total reaction volume of 100 pL with and without NAD* (50 uM) with a constant
saturating concentration of NADH (100 pM) and varying concentrations of 1 dissolved in
DMSO. The reaction was subsequently initiated with varying crotonyl-CoA concentrations
(3-300 uM). Kinetic data were calculated using GraphPad Prism and fitted to the Michaelis-
Menten equation, Y = Viax™* X/(Kiy + X), where K, is the Michaelis-Menten constant, X is
the substrate concentration (e.g., [crotonyl-CoA] or [NADH]), Vax is the maximum
enzyme velocity, and Y is the velocity of the enzyme (Sl Table S2). The behavior of
celastrol with respect to varying crotonyl-CoA was plotted using Michaelis-Menten and
Lineweaver-Burk plots to visualize any changes in Vimayx app and Kp. The Kj was calculated
by plotting the Vmax app as a function of varying celastrol concentration. The data was
collected in triplicate. To rule out non-specific inhibition by aggregation, a similar
experiment was conducted using 0.01% Triton-X during PFENR preincubation.

3.8 Testing for the reversibility of celastrol binding

PfENR was incubated at a final concentration of 3 uM with 150 mM NacCl, 0.01% Triton-X,
100 mM NAD™, and 5-fold the ICsq concentration of celastrol (15 pM) in 20 mM Tris/HCI
buffer (pH 7.4), for 45 minutes at 25 °C. Following incubation, the enzyme was diluted 100-
fold with 200 uM crotonyl-CoA and 100 uM NADH to initiate the reaction.

In a separate experiment, the possibility of covalent celastrol-cysteine adduct formation was
excluded. The enzyme was incubated with 1 mM iodoacetamide (Sigma) in 100 mM
ammonium bicarbonate for 60 minutes at 25 °C in the dark. A desalting column (GE
Healthcare Illustra Nap-5) was used to separate excess iodoacetamide from the protein. The
activity of iodoacetmide-treated PFENR was tested with and without DMSO (5% total
volume), in the presence of celastrol at a final concentration of 50 pM. PfENR was
preincubated with celastrol at 25 °C for 45 minutes with a final concentration of 50 pM
NAD™, 20 mM Tris/HCI buffer (pH 7.4), 150 mM NaCl, and 0.01% Triton-X. Following
this preincubation period, the reaction was initiated with a final concentration of 200 uM
crotonyl-CoA and 100 uM NADH.
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3.9. Compound purity

All NCI compounds, except for compound 1, had confirmed identities and showed greater
than 97% purity by spectral analysis (data not shown). LC-MS showed that the initial NCI
celastrol sample was only 77% pure. To rule out the possibility that uncharacterized
impurities were responsible for ENR inhibition, we obtained a second sample of compound
1 from Sigma-Aldrich. Spectral analysis confirmed the identity of celastrol and LC-MS
showed greater than 97% purity (Fig. S4-6) The normalized Sigma-Aldrich and NCI
celastrol data showed comparable PfENR inhibition (data not reported).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ilustration of fatty-acid biosynthesis in the P. falciparum apicoplast and a proposed strategy
to target ENR with inhibitors. Abbreviations are as follows: acyl carrier protein (ACP),
malony| transferase (MAT), B-ketoacyl acyl carrier protein reductase (KR), 3-hydroxyacyl
ACP dehydrase (DH), enoyl-acyl carrier protein reductase (ENR), p—ketoacyl acyl carrier

protein synthetase (KS), and coenzyme A (CoA).
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Figure 2.

Overview of the methodology used to identify celastrol.
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Figure 3.
The five compounds that were subjected to in vitro validation. Compounds 1-4, from the

MicroSource Spectrum32 and Killer Collections3? libraries, were identified by in silico
screening.
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a) Invitro assay results using 25 uM of each candidate inhibitor, with (checkered box) and
without (solid box) NAD* preincubation. Triclosan (TCL) and cerulenin (CR) served as the
positive and negative controls, respectively. b) The average 1Cgq values of compound 1 were
calculated to be 5.9 and 4.7 uM with (@) and without () NAD* preincubation,

respectively. Data was collected in triplicate and the individual values were within 10%
error. (*) Indicates minimal change error bars.
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Figure5.
a) Progress curve analysis of PfENR inhibition at various concentrations of compound 1 in

the presence of varying concentrations of crotonyl-CoA (3.22 x 104 — 40 uM) and 50 pM
NAD* preincubation. b) Double-reciprocal plot of varying celastrol concentrations (@ 0 pM,
W9.7x 1072 uM, A7.8 x 1072 uM, and ¥ 12.5 M) in order to access inhibition behavior.
The average values were plotted and all experiments were collected in triplicate.
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Figure6.
The ENR binding pocket is flexible and can accommodate various ligands. Some protein

residues were removed in order to facilitate visualization. a) The crystallographic pose of
triclosan and the NAD™ cofactor (PDB ID: 3AM3).%1 b) The crystallographic pose of a
triclosan analogue, 2-(2,4-dichlorophenoxy)-5-(3-phenylpropyl)phenol (JPN) (PDB ID:
20L.4).29 Note that the aromatic moiety of this analogue alters the binding-pocket geometry
by displacing the F368 side chain relative to its position when TCL is bound. c) The best-
predicted celastrol docking pose, obtained when the molecule was docked into the 20L4
structure.
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