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A Chemical Rescue Screen Identifies a Plasmodium falciparum
Apicoplast Inhibitor Targeting MEP Isoprenoid Precursor Biosynthesis

Wesley Wu,? Zachary Herrera,® Danny Ebert,? Katie Baska, Seok H. Cho,® Joseph L. DeRisi, Ellen Yeh®P-©

Departments of Biochemistry,? Pathology,® and Microbiology and Immunology,© Stanford Medical School, Stanford, California, USA; Department of Biochemistry and
Biophysics, University of California, San Francisco, San Francisco, California, USAY; Howard Hughes Medical Institute, Chevy Chase, Maryland, USA®

The apicoplast is an essential plastid organelle found in Plasmodium parasites which contains several clinically validated antima-
larial-drug targets. A chemical rescue screen identified MMV-08138 from the “Malaria Box” library of growth-inhibitory anti-
malarial compounds as having specific activity against the apicoplast. MMV-08138 inhibition of blood-stage Plasmodium falcip-
arum growth is stereospecific and potent, with the most active diastereomer demonstrating a 50% effective concentration (EC;,)
of 110 nM. Whole-genome sequencing of 3 drug-resistant parasite populations from two independent selections revealed E688Q
and L2441 mutations in P. falciparum IspD, an enzyme in the MEP (methyl-p-erythritol-4-phosphate) isoprenoid precursor bio-
synthesis pathway in the apicoplast. The active diastereomer of MMV-08138 directly inhibited PfIspD activity in vitro with a
50% inhibitory concentration (ICs,) of 7.0 nM. MMV-08138 is the first PfIspD inhibitor to be identified and, together with heter-
ologously expressed PfIspD, provides the foundation for further development of this promising antimalarial drug candidate
lead. Furthermore, this report validates the use of the apicoplast chemical rescue screen coupled with target elucidation as a dis-

covery tool to identify specific apicoplast-targeting compounds with new mechanisms of action.

Despite encouraging progress over the past decade, malaria
caused by Plasmodium parasites continues to pose an enor-
mous disease burden (1). New antimalarials with novel mecha-
nisms of action are needed to circumvent existing or emerging
drug resistance (2). The apicoplast is a plastid organelle unique to
Plasmodium spp. (and other pathogenic Apicomplexa parasites)
and is a key target for development of new antimalarials. Due to its
prokaryotic origin and evolution as a secondary plastid, it con-
tains pathways that have no counterpart in the human host (3, 4).
The apicoplast in Plasmodium is essential for both intraerythro-
cytic and intrahepatic development in the human host (5, 6).

Despite efforts to develop inhibitors of apicoplast function, to
date, there have been no primary agents for treatment of acute
malaria whose mechanism of action targets this unusual plastid
organelle. Antibiotics that inhibit prokaryotic transcription and
translation, such as doxycycline and clindamycin, block expres-
sion of the apicoplast genome and are active against Plasmodium
parasites (5). Unfortunately, these drugs show a “delayed death”
phenotype, in which growth inhibition occurs only after 2 repli-
cation cycles (96 h). The slow kinetics limit the use of doxycycline
and clindamycin to chemoprophylaxis or as partner drugs in com-
bination therapies with faster-acting compounds. Fosmidomycin,
which inhibits the enzyme DoxR/IspC for MEP (methyl-p-eryth-
ritol-4-phosphate) isoprenoid precursor biosynthesis in the api-
coplast, has immediate onset but shows high recrudescence rates
clinically when used as monotherapy (7, 8). The efficacy of fos-
midomycin-based combination therapy is currently being evalu-
ated, with mixed results (9—12). Development of new apicoplast
inhibitors as antimalarials has been challenging due to gaps in our
knowledge of apicoplast biology and specific pathways and pro-
teins to target.

As an alternative to target-specific approaches, several large-
scale “chemical genetics” screens have been carried out to identify
compounds with antimalarial activity, defined by growth inhibi-
tion of Plasmodium falciparum blood cultures (13-15). This ap-
proach (i) directly measures a disease-relevant phenotype while
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(ii) interrogating all cellular pathways in (iii) an unbiased manner
to identify the most drug-sensitive nodes, even if the target pro-
teins had not been previously obvious or even characterized (16).
Forward chemical genetics is particularly useful in Plasmodium,
where the lack of practical methods for large-scale mutant analysis
to deconvolute new pathways or of conditional knockouts to in-
vestigate essential functions prohibits the genetic approaches that
have been so powerful in the past in other model systems (17).
However, major drawbacks to this approach are that, once a com-
pound is identified as growth inhibitory, its target protein or path-
way may be difficult to decipher and may be one of multiple tar-
gets if the compound is nonspecific (16).

Our previous work demonstrated that the essential function of
the apicoplast in P. falciparum blood-stage parasites is the produc-
tion of isoprenoid precursors, isopentenyl pyrophosphate (IPP)
and its isomer dimethylallyl pyrophosphate (DMAPP), by the
prokaryotic MEP pathway (18). The remaining plastid pathways
are required to house this critical biosynthetic activity and to sup-
ply it with cofactors and substrates. We demonstrated this by gen-
erating P. falciparum parasites that lacked apicoplasts but could be
chemically rescued by addition of IPP to the growth media. IPP
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chemical rescue represents an exciting opportunity to carry out a
simple pathway-specific screen to identify small molecules that
target the apicoplast. Compounds whose antimalarial growth in-
hibition is eliminated by the addition of IPP would be revealed to
target essential pathways for apicoplast function. IPP has already
been shown to rescue growth inhibition by fosmidomycin and
antibiotics (18). This chemical rescue screen retains all the benefits
of an unbiased, phenotypic screen but overcomes the main draw-
backs by (i) ensuring specificity and (ii) providing important in-
sight into the biological target and mechanism of action.

In principle, a chemical rescue screen, followed by target elu-
cidation, enables discovery of apicoplast inhibitors with new
mechanisms of action. However, this strategy has yet to be proven
as a discovery tool. Recently, the inhibitor MMV-08138 was iden-
tified by an IPP chemical rescue screen as having specific activity
against the apicoplast (19, 20). Unfortunately, the target of the
inhibitor was unknown and therefore the mechanism of apico-
plast dysfunction was unclear. Here, we provide evidence for the
mechanism of action of MMV-08138 via targeting of IspD, an
enzyme in the key isoprenoid precursor biosynthesis pathway in
the apicoplast.

MATERIALS AND METHODS

Chemicals. Racemic MMV-08138 was purchased from Sigma. Diaste-
reomers of MMV-08138 were purchased as custom syntheses from Nu-
Chem Therapeutics; enantiopurity was verified by high-pressure liquid
chromatography with a UV detector (HPLC-UV) on a ChiralceOID-RH
column.

P. falciparum cultures. P. falciparum W2 (MRA-157), D10 (MRA-
201), and D10 ACP, -green fluorescent protein (GFP) (MRA-568) were
obtained from MR4. Parasites were grown in human erythrocytes (2%
hematocrit [Hct]) in RPMI 1640 media supplemented with 0.25% Albu-
max II (Gibco Life Technologies), 2 g/liter sodium bicarbonate, 0.1 mM
hypoxanthine, 25 mM HEPES (pH 7.4), and 50 pg/liter gentamicin, at
37°C, 5% O,, and 6% CO,. For D10 ACP, -GFP, the medium was also
supplemented with100 nM pyrimethamine (Sigma). For passage of drug-
treated, IPP-rescued parasites, the medium was supplemented with 5 uM
drug and 200 uM IPP (Isoprenoids LC). For comparisons of the growth
rates determined under different treatment conditions, cultures were car-
ried simultaneously and handled identically with respect to changes of
media and addition of blood cells.

Growth inhibition assays. P. falciparum W2 cultures (125 wl) were
grown in 96-well plates containing serial dilutions of drugs in triplicate.
Medium was supplemented with 200 uM IPP as indicated. Growth was
initiated with ring-stage parasites at 1% parasitemia (P) and 0.5% hemat-
ocrit. Plates were incubated for 72 h. Growth was terminated by fixation
with 1% formaldehyde, and parasitized cells were stained with 50 nM
YOYO-1 (Invitrogen). Parasitemia was determined by flow cytometry.
Data were analyzed by the use of BD C6 Accuri C-Sampler software and
EC,, curves plotted by GraphPad Prism. For reporting EC,s, fresh drug
stocks made from dry powder were used to minimize loss of efficacy of the
compound during storage in solution.

Selection of drug-resistant mutants. (i) Selection 1. P. falciparum W2
cultures were grown as described above in 6-well culture plates. Each well
contained 10 ml of culture media at 2% hematocrit (Hct) and a starting
parasitemia (percent P) of 5%. On day 0, cultures were treated with 9.3
pM MMV-08138 (Sigma; racemic mix), a concentration equal to 12 times
the EC;,. The parasites were maintained under drug pressure with a daily
medium change, and cultures were split 1:2 and supplemented with fresh
erythrocytes every 7 days. Parasite growth was monitored 2 times a week
until ring-stage parasites were observed.

(ii) Selection 2. A two-step resistance selection was carried out as
follows. A culture of W2 parasites (500 ml, 2% Hct, 15% P, ~1.5 X 10%°
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parasites) was treated with an amount of the 1R,3S diastereomer of MMV -
08138 corresponding to the IC,5 (600 nM). After 7 days of daily changes of
media, no parasites were visible on a Giemsa-stained smear. The culture
was maintained with changes of media every 3 days and split 1:2 with fresh
erythrocytes. Resistant parasites were observed emerging on day 43 of the
treatment, and on day 49 a split of the resistant line was seeded (50 ml, 2%
Hct, 7.6% P, ~8 X 108 parasites) in a standard T-150 flask with treatment
increased to a 6 WM concentration, or 30 times the ECs,, of the 1R,3S
diastereomer of MMV-08138. After 7 days of daily changes of media, no
parasites were visible on a GIEMSA-stained smear, and the culture was
maintained thereafter with changes of media every 3 days. On day 75, a
resistant line emerged in the stepped-up split with visible growth defects
that disappeared when the treatment was reduced to a 2 uM concentra-
tion of the 1R,3S diastereomer of MMV-08138. Concentrations were ad-
justed according to EC,, measurements performed on drug stocks used in
the selection and may have differed slightly from the reported EC,, on
freshly made drug stocks.

gDNA isolation. In order to isolate genomic DNA (gDNA) from
drug-resistant parasites, parasitized cultures underwent two consecutive
cycles of synchronization (per 5% sorbitol treatment). Once highly syn-
chronous (>90% ring stage) and at 10% parasitemia, parasites were ex-
tracted by lysing red blood cells (RBCs) with 0.1% saponin (Sigma) for 5
min. Intact parasites were washed twice with phosphate-buffered saline
(PBS) and resuspended in buffer (150 mM NaCl, 10 mM EDTA, 50 mM
Tris, pH 7.5). Subsequently, resuspended parasites were lysed by over-
night incubation at 37°C by addition of 0.1% r-loril sarkosil (Teknova)
and 200 pg/ml proteinase K (NEB). Following parasite lysis, nucleic acids
were extracted with phenol-chloroform-isoamyl alcohol (Ambion) (25:
24:1; pH 7.88 t0 7.92) using phase-lock tubes (5 Prime). RNA was digested
with 100 pg/ml RNase A (Qiagen) treatment for 1 h at 37°C. Subse-
quently, gDNA was extracted twice more as described above and once
with 100% chloroform. Ethanol precipitation was carried out using con-
ventional methods, and purified gDNA was stored at —20°C.

Whole-genome sequencing. Illumina-compatible 131-nucleotide
(nt) paired-end libraries were made from 25 ng of purified gDNA using a
Nextera DNA Sample Prep kit (Epicentre) per the supplier’s instructions
(however, the biotinylated PCR [bPCR] step was decreased to 6 cycles
from 9 cycles with a modified extension step to 60°C for 6 min). Addition-
ally, Illumina-compatible adaptors were included at this PCR step in place
of Nextera Adapter 2. Library fragments of from 360 to 540 bp were size
selected on a 5 XT DNA 750 chip via the use of a Lab Chip XT system
(Caliper Life Sciences). Finally, a second PCR step using Klentaq LA DNA
polymerase (Sigma-Aldrich) and 80% A/T deoxynucleoside triphos-
phates (ANTPs) was performed with the outer sequencing adaptors for 6
cycles (with an extension at 60°C for 6 min) to enrich for library fragments
that were primed for sequencing. Preceding cluster generation, library
concentrations were confirmed by quantitative PCR (qPCR) using Nex-
tera adaptor sequences.

Pooled genomic DNA libraries at 2 nM each were sequenced using an
Mlumina HiSeq 2500 system. Cluster generation was performed via the use
of cBot HiSeq Cluster kit v2 from Illumina at a final concentration of 6 to
8 pM and density of >400 k/mm?. Raw reads, consisting of 131-nt paired-
end sequences, were filtered for low-quality reads using the PriceSeqFilter
module, available as a component of the PRICE metagenomic assembler
software package and publicly available at http://derisilab.ucsf.edu
/software/price/index.html (21). Reads with an average per-base quality
score of <1% probability of an incorrect base were retained and then
mapped to the 3D7 reference genome (PlasmoDB release 9.3) using the
short-read-alignment software bowtie, keeping reads that were uniquely
mapping with no more than a single mismatch and excluding five nucle-
otides trimmed from both ends of each read. Following mapping, align-
ments were evaluated for the presence of copy number variants (CNVs)
and mutations. For CNVs and coverage calculations, the R-package
“CNV-Seq” was used in conjunction with SAMtools to detect amplifica-
tions or deletions with a P value of <0.001, using a 3-kb sliding window
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relative to the parental strain used to initiate each drug selection (22, 23).
For mutation detection, a custom written python package (available upon
request) was used to compare each bowtie alignment in the drug-selected
strain to the parental strain and the 3D7 reference genome. For each
detected variant, the number of reads featuring that variant is reported, as
well as the percentage of the total reads for that nucleotide position and
variant. Only variants covered by a depth of 30 or more reads were con-
sidered reliable.

Sanger sequencing. The plasmodium IspD gene was PCR amplified
from genomic DNA using primer pair 0.5F and 8R. PCR mixtures con-
tained 0.5 wM primers, 0.2 mM dNTPs (80% AT), 0.04 U/pl Phusion
polymerase, and 1.5 ng/ul gDNA. Thermocycling conditions were 94°C
for 3 min; 30 cycles of 94°C for 30 s, 55°C for 30 s, and 60°C for 5 min; and
final elongation of 60°C for 20 min. The resulting IspD PCR product was
Sanger sequenced. Primer sequences were as follows: for 0.5F, 5'-GGCA
TAAATATATGCACACAC-3'; for IR, 5 -TACACA TTT ATA CTG TGG
AT-3'; for 2F, 5'-GAG AGA AGT ATC AGA AAA TG-3'; for 3F, 5'-TAT
TAT GTG GAG GTA TAG GA-3'; for 3R, 5'-TTC CAC TTT CTA CAA
TTT TT-3'; for 4F, 5'-ATT TTT CAT GTA TCA TCC AC-3'; for 4R,
5'-ATT AACATC TTC AAATTC GT-3'; for 5F, 5'-AAT GTG ATC AAG
ATG AAA AA-3'; for 6F, 5'-ACG AAT TTG AAG ATG TTA AT-3'; for
6R,5'-TTT AAT AAA AGG GCT AGT TG-3'; for 7F, 5'-TTC AAA AGC
TAC AGA TAC TA-3'; and for 8R, 5'-CATATCGAATTTAAGAATGC
G-3'.

Cloning of a truncated P. falciparum IspD fusion protein for expres-
sion in Escherichia coli. The plasmodium IspD gene was PCR amplified
from wild-type W2 genomic DNA as described above for Sanger sequenc-
ing using the following primer pair: 5'-CAAGCATATGCTCGAGGGGA
TGCATTTTGTTCATACG-3" and 5'-TTAGCAGCCGGATCCTCATTT
TGAAGAATAATAAAATTTGTG-3'.

The resulting PCR product was purified using a Zymo DNA Clean &
Concentrator-5 column (Zymo Research) and cloned using an In-Fusion
PCR cloning kit (Clontech Laboratories, Inc.) into the Xhol site of a pET-
19b T7 expression vector. The first 178 amino acids of IspD were then
truncated using a QuikChange Lightning site-directed mutagenesis kit
(Agilent Technologies) and the following primer pair: 5'-GACGACAAG
CATATGCTCGAGGGGTTTAATAAATATAATACAAAACAAT-3" and
5 -ATTGTTTTGTATTATATTTATTAAACCCCTCGAGCATATGCTT
GTCGTC-3'.

The truncated IspD was then PCR amplified from the pET-19b vector
using the following primer pair: 5'-TACTTCCAATCCAATTTTAATAA
ATATAATACAAAACAATATG-3" and 5'-TTATCCACTTCCAATTCA
TTTTGAAGAATAATAAAATTTGTG-3'".

The purified PCR product was In-Fusion cloned into the Sspl site
of vector 1C from the QB3 Macrolab (http://qb3.berkeley.edu/qb3
/macrolab/), encoding an N-terminal Hisg-maltose binding protein
(MBP)-N, -tobacco etch virus (TEV) protease site fusion tag (Pf-IspD-
1C). This T7 expression system vector containing the IspD fusion was
then transformed into BL21-CodonPlus (DE3)-RIL competent cells (Agi-
lent Technologies, Inc.).

Expression of the PfIspD fusion protein in E. coli. Overnight cultures
were used to inoculate a 1-liter Luria-Bertani (LB)-kanamycin (KAN)-
chloramphenicol (CHL) culture for protein expression at 37°C. Induction
was initiated with 1 mM IPTG (isopropyl-B-p-1-thiogalactopyranoside)
at an optical density at 600 nm (ODy,) of 0.5, and protein expression was
allowed to proceed for 3.5 h.

Bacterial cells were harvested by centrifugation at 7,000 X g, and the
cell pellet was suspended in 50 mM phosphate buffer-300 mM NaCl-20
mM imidazole (pH 8.0) containing lysozyme (1 mg/ml) and a Complete
EDTA-free protease inhibitor tablet (Roche) (one tablet per 25 ml buffer).
Cells were incubated for 30 min at room temperature (RT) and then
disrupted by sonication (20% amplitude, 6 bursts of 10 s with cooling in
an ice bath for 10 s between bursts). After centrifugation at 20,000 X g for
30 min at 4°C, the supernatant was recovered and loaded onto a HisTrap
HP 1-ml column (GE Healthcare Life Sciences) equilibrated in 50 mM
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phosphate buffer-300 mM NaCl-20 mM imidazole using an AKTApure
chromatography system. The column was washed with the same buffer
and eluted using an imidazole gradient (20 to 500 mM). Fractions were
monitored for protein content by measuring absorbance at 280 nm and
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and sil-
ver staining. Fractions containing the crude desired IspD fusion were
pooled and concentrated to 250 wl using an Amicon Ultra-4 centrifugal
filter with a 30-molecular-weight cutoft (MWCO) (EMD Millipore). The
crude protein was loaded onto a HiLoad 16/60 Superdex 200 gel filtration
column (GE Healthcare) preequilibrated with 100 mM Tris-HCI (pH 8.0)
buffer. The column was eluted at a flow rate of 1 ml/min, and fractions
were monitored for protein content by measuring absorbance at 280 nm
and analyzed by SDS-PAGE and silver staining. The fraction containing
the desired IspD fusion was isolated, the concentration was determined
using a bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Inc.),
and the reaction mixture was stored at 4°C until further use. The recom-
binant Pf IspD protein sequence was confirmed by peptide sequencing
with liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis of trypsin-digested gel bands from the preparation.

Activity measurements of P. falciparum IspD fusion protein. The
enzymatic activity of IspD was measured using an EnzChek pyrophos-
phate assay kit (Life Technologies) adapted for a 96-well plate microplate
format, allowing continuous monitoring of enzyme activity at pH 8.0 by
measuring absorbance (360 nm) on a SpectraMax plate reader. Assay
components were combined with enzyme (70.8 nM) and CTP (1 mM) in
a 200-pl reaction volume and allowed to preequilibrate to 37°C for 10
min. The reaction was initiated by addition of 2C-MEP (methyl-p-eryth-
ritol-4-phosphate) (0 to 400 wM). Initial rates and kinetic parameters
were calculated using GraphPad Prism (GraphPad Software). Enzyme
activity at saturating MEP concentrations was also assayed in the presence
of various concentrations of MMV-08138 stereoisomers which were
added to the reaction mixture before preequilibration.

RESULTS

IPP rescue of MMV-08138 inhibition does not result in apico-
plast loss. The Medicines for Malaria Venture (MMV) Open-
Access Malaria Box is a diverse library of 200 drug-like antimalar-
ial compounds and 200 probe-like compounds compiled from
20,000 hits generated from previously reported large-scale screens
(13-15). Previously, a screen for Malaria Box compounds showing an
IPP rescue phenotype identified MMV-08138, indicating that it spe-
cifically targets an apicoplast pathway (Fig. 1A) (20; https://www.ebi
.ac.uk/chembldb/doc/inspect/ CHEMBL2448809). We confirmed
the IPP rescue phenotype of MMV-08138, which had an ECs, of 772
nM (664 to 741 nM) against P. falciparum W2 strain in the absence
of IPP but in the presence of IPP was at least 50-fold less potent,
with an EC,, of =50 uM (Fig. 1B). The robust IPP rescue pheno-
type was also demonstrated by monitoring the growth of drug-
treated parasites over several intraerythrocytic cycles. During the
first cycle of treatment, MMV-08138 blocked the maturation of
trophozoite parasites to schizonts and then subsequent reinvasion
at 24 to 48 h (Fig. 1C). In contrast, in the presence of IPP, drug-
treated parasites underwent continued growth and replication
(Fig. 1C). Of note, parasites treated with MMV-08138 and rescued
with IPP do not become dependent on IPP for growth after re-
moval of the drug (Fig. 1C) or show a decrease in the apicoplast/
nuclear genome ratio (see Fig. S1 in the supplemental material).
Localization of apicoplast-targeted green fluorescent protein
(GFP) expressed in transgenic D10 ACP; -GFP parasites was also
unaffected (see Fig. S2) (25). Thus, unlike the results seen with
prokaryotic translation inhibitors such as doxycycline and chlor-
amphenicol, neither organellar genome expression nor organelle
replication is affected by MMV-08138. The “immediate” death
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phenotype of MMV-08138 and maintenance of the apicoplast
during drug treatment and IPP rescue are most consistent with an
inhibition of apicoplast metabolic pathways rather than house-
keeping, protein import, or organelle replication functions
(18, 26).

MMV-08138 inhibition is stereospecific. A set of 29 com-
pounds, which were structurally related to MMV-08138 but with
unknown stereochemistry, was also tested for antimalarial growth
inhibition and IPP rescue (see Fig. S3 and Table S1 in the supple-
mental material). These compounds were all less active than
MMV-08138, due either to alterations in important functional
groups or to improper stereochemistry. Notably, MMV-08138
contains 2 stereocenters, resulting in 4 possible diastereomers of
this compound. Evaluation of its activity had thus far been carried
out with an unspecified racemic mixture that could contain both
active and inactive diastereomers (Fig. 1). However, knowledge of
the stereospecificity of the inhibitor will be important for further
structure-activity optimization and in vivo studies. Therefore, we
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TABLE 1 Inhibition by diastereomers of MMV-08138 of parasite
growth and PfIspD enzyme activity

Parasite growth (EC5, [nM])
under indicated conditions

PflspD activity
Stereoisomer No rescue? +IPP (ICs0 [PM])?
18,38 >50" >50  >25°
1R,3S 0.11 (0.10-0.12) >25°¢ 0.0071 (0.0061-0.0083)
1R,3R 3.8 (2.7-5.3) >25¢  0.17 (0.14-0.20)
1S,3R 18.6 (12.4-28.0) >25°¢ 2.5(1.9-3.1)

“ Values represent means (95% confidence intervals).
¥ No inhibition was observed at 50 wM, the highest concentration tested.
¢ Estimated value based on observation of partial inhibition.

obtained all 4 chirally pure diastereomers and evaluated each for
its IPP-rescued growth inhibitory activity (Table 1; see also Fig.
S4). The most active compound was the 1R,3S conformer, with an
ECs, of 110 nM, which showed IPP rescue at up to 25 uM. The
1R,3R conformer was at least 30-fold less active but still showed
IPP-rescuable activity at up to 25 wM. The 1S,3R conformer in-
hibited growth at an ECs, of 18.6 pM which was minimally res-
cued with IPP. Finally, the 1S,3S conformer was completely inac-
tive. The stereospecificity of the growth inhibition indicated drug
binding to a specific cellular target.

MMYV-08138-resistant populations can be selected under
conditions of drug pressure. In order to clarify the mechanism of
action of MMV-08138, parasites resistant to MMV-08138 were
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FIG 2 Selection of MMV-08138-resistant parasite populations. (A) Drug se-
lection timeline. (B) ECs, curves of resistant populations.
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TABLE 2 Summary of whole-genome sequencing results”

No. of
. Base call reads % reads?

Resistant nt

population  Gene ID” Description® position WT Mut WT Mut WT Mut AA change®

08138R1 PF3D7_0106900 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 730 T A 227 320 99.6 99.4 L2441
PF3D7_1247500 Putative protein kinase 2632 G T 110 73 97.3 100 D878Y
PF3D7_1456700 Conserved Plasmodium protein 1384 G A 280 413 939 964 E462K

08138R2 PF3D7_0106900 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 2062 G C 8 69 100 91.3 E688Q
PF3D7_0302900 Putative exportin 1620 A T 154 91 61.7 97.8 E540D
PF3D7_1478600 Plasmodium exported protein 1241 C T 66 59 100  96.6 T4141

08138R3 PF3D7_0106900 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 730 T A 151 188 100 100 L244I
PF3D7_1417400 Cyclic nucleotide binding protein pseudogene 10270 G T 112 94 55.3 100 E3424*

“ AA, amino acid; Mut, mutant; nt, nucleotide; WT, wild type. WT calls match the 3D7 reference genome.

¥ Gene ID, PlasmoDB gene identification number.

¢ Basic gene description based on PlasmoDB functional assignments.

49 reads, percentages of reads corresponding to the WT call or Mut call.
¢ Asterisk indicates stop codon.

generated in 2 independent selections (Fig. 2A). In the first selec-
tion, susceptible blood-stage P. falciparum parasites were directly
exposed to a lethal dose of a racemic mixture of MMV-08138.
Resistant parasites emerged after 20 days of continuous drug ex-
posure. The resistant population from this selection, designated
08138R1, was determined to have an ECs, that was 12.7-fold
greater than the EC;, of the initial susceptible population against
the 1R,3S diastereomer of MMV-08138 (Fig. 2B). In the second
selection, susceptible parasites were exposed to the 1R,3S diaste-
reomer of MMV-08138 at a dose equal to the IC,5. Resistant par-
asites, designated 08138R2, emerged after 43 days of continuous
drug exposure and were found to have an ECs, that was 3.5-fold
greater than that of the initial susceptible population (Fig. 2B).
These 08138R2 parasites were then exposed to a lethal dose of
MMV-08138 to generate a population, 08138R3, with an ECs,
that was 19.2-fold greater than that of the initial population after a
total of 75 days of continuous drug exposure (Fig. 2B).
Whole-genome sequencing of drug-resistant populations
identifies mutations in IspD. Each of the 3 drug-resistant popu-
lations 08138R1, 08138R2, and 08138R3 and the parent W2
strains used to begin each selection were subjected to whole-ge-
nome sequencing. After quality filtering and alignment to the ref-
erence sequence, the average coverage ranged from 136-fold to
366-fold for the 14 chromosomes and was >1,000-fold for the
mitochondria and >300-fold for the plastid. Each data set was
evaluated for the presence of copy number variants (CNVs), such
as amplified regions. Other than the variable sequences proximal
to the telomeres, no CNVs of significance (P < 0.001) were de-
tected relative to the drug-sensitive parental strain (see Table S2 in
the supplemental material). Unlike other examples of drug resis-
tance in P. falciparum (27), this result suggests that a simple am-
plification of a drug target or resistance determinant was not re-
sponsible for the observed resistance in these three selections.
Using the mapped reads for each resistant population,
genomic mutations were detected by comparison to the reference
sequence and the parental strain. Our criteria for mutations rele-
vant to the selection consisted of nonsynonymous mutations in
which >90% of the reads at that position were “mutant” with
respect to the parent and reference. Mutations relative to the ref-
erence strain, but which were identical in the parental strain and
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the selected populations, were not considered relevant. Using
these criteria, we detected 3 nonsynonymous mutations in
08138R1, 3 in 08138R2, and 2 in 08138R3 (Table 2). In all three
resistant populations, the only shared mutated gene was
PF3D7_0106900, which encodes the putative 2-C methyl-D-
erythritol 4-phosphate cytidylyltransferase (IspD) enzyme of the
MEP isoprenoid precursor pathway (Fig. 3). One mutation found
in 08138R2 was a change from glutamate to glutamine at position
688 in IspD. Another mutation, a change from leucine to isoleu-
cine at position 244 of IspD, was found in both 08138R1 and
08138R3.

To confirm the presence of the identified mutations in IspD,
the gene was PCR amplified from genomic DNA of the parent and
resistant populations and the entire gene sequenced using the
Sanger method (see Fig. S5 in the supplemental material). All the
IspD mutations observed in the whole-genome sequencing data
were validated by Sanger sequencing (Fig. 3A). In the case of pop-
ulation 08138R2, which was selected to only 91% mutant call pu-
rity, the PCR amplification product of IspD was cloned into a
vector and transformed into E. coli, and 11 colonies were selected
for sequencing. Ten colonies showed the E688Q mutation
whereas one colony did not show the mutation, in agreement with
the whole-genome-sequencing data. Several mutations relative to
the reference strain were also shared by both the parental and
selected populations (see Fig. S6). These data support the notion
that the antiapicoplast action of MMV-08138 is due to inhibition
of this critical isoprenoid precursor biosynthesis enzyme, given
that mutations in this gene suppress its activity. A block-level
amino acid alignment of IspD from P. falciparum with those from
E. coli and Arabidopsis thaliana shows that PflspD contains signif-
icant additional domains of unknown utility (Fig. 3B). However,
both of the reported mutations do occur in positions proximal to
conserved regions among the homologs of IspD.

MMV-08138 inhibits P. falciparum IspD activity in vitro. To
determine if MMV-08138 directly inhibits PfIspD, we heterolo-
gously expressed and purified His- and MBP-tagged PfIspD and
measured its enzymatic activity using a pyrophosphate release as-
say. The purified enzyme was active, with a K,,, of 60.6 uM for
MEP and a k_,, of 0.16 s~ ' (see Fig. S7 in the supplemental mate-
rial). In the presence of various amounts of the 1R,3S diaste-
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FIG 3 Identification of IspD mutations in MMV-08138-resistant parasites. (A) Mutations determined by whole-genome and Sanger sequencing of resistant
populations 08138R1 (R1), 08138R2 (R2), and 08138R3 (R3). aa, amino acid; nt, nucleotide. (B) Block-level alignment of P. falciparum, A. thaliana, and E. coli
IspD, with percent homology of each block. MMV-08138-resistant PflspD mutation locations are denoted by arrows.

reomer of MMV-08138, enzyme activity measured at saturating
substrate concentrations was inhibited with an ICs, of 7.0 nM
(Fig. 4 and Table 1). Inhibition by MMV-08138 of PfIspD activity
was stereospecific, as the other diastereomers of MMV-08138
were all less potent (Fig. 4 and Table 1). The ICs,s were similar
when PflspD activity was measured at substrate concentrations
equal to K,,,, when the enzyme is not saturated (see Fig. S7).

Interestingly, MMV-08138 inhibited PfIspD activity but did
not inhibit E. coli, A. thaliana, or Plasmodium vivax IspD activity
in vitro. We tested MMV-08138 in in vitro activity assays against
MEP pathway enzyme homologs from various organisms. MMV-
08138 showed no enzyme inhibition activity against E. coli DXS at
up to a 100 wM concentration of the inhibitor, DXR/IspC at up 50
M, or IspD, IspE, and IspF at 10 uM (see Fig. S8 in the supple-
mental material) (28-31). MMV-08138 also did not affect the
enzyme activity of purified A. thaliana or P. vivax IspD at up to 1
mM inhibitor (see Fig. S9) (32, 33).

DISCUSSION

Both the genetic and biochemical data identify PfIspD, an enzyme
in the key MEP isoprenoid precursor biosynthesis pathway in the
apicoplast, as the molecular target of MMV-08138. The determi-

-e-1S,3S #1R,3S -£#-1R3R 'v:1S§,3R

-
o
)

Fractional Activity
o
T

o
o

-2 0 2 4 6
log [MMV-08138 diastereomer nM]

FIG 4 Inhibition of PflspD enzyme activity by diastereomers of MMV-
08138.
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nants of resistance to MMV-08138 were two mutations in IspD.
The E688Q mutation was identified in a strain showing 3.5-fold
(“low”) resistance. Meanwhile, two independent selections car-
ried out with different protocols converged on the same L244I
mutation, which was identified in both strains showing higher
(13- to 19-fold) resistance. In all three resistant populations, the
only mutated gene shared in common was the gene encoding
IspD. Interestingly, the L2441 mutation yielded the higher-resis-
tance phenotype, and yet that mutation is a more subtle amino
acid change than E688Q. Small amino acid changes can result in
pronounced resistance phenotypes, as an isoleucine-to-leucine
mutation in acetyl-coenzyme A (CoA) carboxylases has previ-
ously been demonstrated to confer herbicide resistance in plants
(34, 35).

Based on the genetic results, further biochemical characteriza-
tion demonstrated that MMV-08138 acts by directly binding and
inhibiting IspD enzymatic activity. Consistent with this mecha-
nism, the IC;, of the inhibitor against purified PfIspD was com-
parable to the EC;, against blood-stage P. falciparum parasites.
The stereospecificity of the enzyme inhibition also paralleled that
of cell growth inhibition. Surprisingly, MMV-08138 did not in-
hibit the enzyme activity of purified E. coli, A. thaliana, or P. vivax
IspD (28, 32). This may be due to structural differences in IspD
homologs in these species, as even the P. vivax IspD and P. falcip-
arum IspD share only 31% identity. Further studies using the same
detection assay and kinetic conditions to compare IspD homologs
will be required to confirm the selectivity of MMV-08138 for IspD
homologs from different species.

Further kinetic and structural characterization will be required
to identify the mechanism of inhibition of PflspD by MMV-
08138. MMV-08138 may compete with either MEP or CTP for
their respective substrate binding sites. Alternatively, MMV-
08138 may bind at an allosteric site that affects enzyme activity.
IspD may have important interactions with small molecules or
proteins at allosteric sites to regulate its function. For example,
interaction of IspD with other MEP enzymes may be important
for the flux of intermediates through the pathway and final prod-
uct formation. In addition, feedback regulation by MEP pathway
intermediates and isoprenoid products has been shown for IspF,
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another pathway enzyme (36). Investigating how the 12441 and
E688Q mutations result in resistance to inhibition by MMV-
08138 will also be revealing.

MMV-08138 has promise for drug development, with potent
nM activity against infected red blood cells, drug-like properties,
and synthetically accessible structural analogs to optimize in vivo
activity (19). In particular, we showed that the 1R,3S diastereomer
of MMV-08138 is most potent, which will be important for its
structural optimization and for minimizing off-target effects in
vivo. The apicoplast MEP pathway is a validated antimalarial tar-
get. While fosmidomycin has promise as a MEP pathway inhibitor
against malaria, its development as a drug has been clinically ham-
pered by its short half-life and high recrudescence rates (8).
MMV-08138 has significant value as an alternative to fosmidomy-
cin for development as an antimalarial MEP inhibitor. To date,
few compounds targeting IspD in any organism have been devel-
oped, although the MEP pathway is a validated antibacterial and
antimalarial target (32, 37) Notably, although humans do not
have a functional MEP pathway, there is a human IspD homolog
that is associated with Walker-Warburg syndrome, a congenital
muscular dystrophy, and likely acts as a nucleotide-dependent
glycosyltransferase (38, 39). Thus, it may be important to screen
potential PfIspD inhibitors against binding to human IspD, al-
though PfIspD and the human ISPD gene share minimal sequence
similarity (20% identical at most over 102 residues that could be
aligned by the Smith-Waterman algorithm). The heterologous ex-
pression and purification of active PfIspD will facilitate both high-
throughput screening and structural biology efforts, which may
further aid in the advancement of this target toward a preclinical
lead compound.

An advantage of developing apicoplast-specific inhibitors is
that the organelle is also essential in the liver and mosquito
stages of infection, increasing the likelihood that the drug can-
didates will have activities against multiple stages of the para-
site’s complex life cycle (6, 40-42). Current MMV guidelines
for compound development demand transmission blocking
capability as part of target candidate profile 3, requiring a target
vulnerable in the sexual stages and dormant liver stages (43).
The efficacy of an IspD inhibitor against the sexual and liver
stages will need to be determined. Furthermore, drug synergy
with known apicoplast inhibitors, such as antibiotics or fos-
midomycin, can also be explored (44). Notably, fosmidomy-
cin-resistant parasites remained susceptible to MMV-08138
(20), and cross-resistance with fosmidomycin was not ob-
served for the selected MMV-08138-resistant populations (see
Fig. S10 in the supplemental material). Finally, as apicoplasts
are found in other Apicomplexan parasites, developed drugs
might also be used for treatment of diseases caused by Toxo-
plasma gondii and Babesia parasites.

In this work, the IPP chemical rescue phenotype and target
elucidation identified an inhibitor that is active against a vali-
dated pathway with a known essential role in apicoplast biol-
ogy. However, the same strategy has potential to reveal new
pathways and targets we had not previously anticipated. Mech-
anism-of-action elucidation is facilitated by the availability of
assays to interrogate specific apicoplast functions, in addition
to unbiased methods such as drug resistance selection. Our
previous work demonstrating that MEP isoprenoid precursor
biosynthesis is the only essential function of the apicoplast in
blood-stage P. falciparum had important implications for devel-
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opment of small-molecule inhibitors that are active against the
apicoplast (18). Besides MEP isoprenoid precursor biosynthe-
sis itself, there are few “classic” metabolic pathways to target.
Instead, we need to pursue “nontraditional” pathways that are
involved in maintaining organelle function or replicating the
organelle during the Plasmodium life cycle. Unfortunately, our
knowledge of these pathways from candidate proteins to mech-
anism is scarce. Due to the apicoplast’s “exotic” evolution as a
secondary plastid, there are few counterparts in other model
organisms as starting points to tackle this unique but challeng-
ing biology. The forward chemical genetics approach described
here is an opportunity to discover essential functions in the
apicoplast that can be targeted by small molecules. These com-
pounds will serve as starting points to (i) identify drug candi-
date leads with specificity for an apicoplast target, (ii) develop
chemical tools to probe apicoplast pathways, and (iii) discover
new pathway/protein targets in the apicoplast and novel modes
of action.
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