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Background: There are an estimated 260 million malaria cases and ~600 000 deaths annually. Challenges to mal-
aria eradication include the lack of highly effective and broadly applicable vaccines and parasite drug resistance.
This is driving the need for new tools, including novel drugs and drug targets. The indoloquinolizidine alkaloid al-
stonine was previously shown to have in vitro activity against Plasmodium falciparum malaria parasites and a slow-
action activity that is different from other slow-action antiplasmodial compounds such as clindamycin.

Objectives: To investigate the action of the antiplasmodial compound alstonine by validating a putative resist-
ance mutation and determining whether the activity of alstonine is linked to the mitochondrial electron trans-
port chain.

Materials and methods: In vitro evolution of resistance was used to generate alstonine-resistant P. falciparum,
followed by whole-genome sequencing and CRISPR/Cas9 gene editing of wildtype parasites to validate a puta-
tive resistance-associated mutation. Links to mitochondrial function were assessed using oxygen consumption
rate measurements and activity of alstonine in P. falciparum expressing the yeast dihydroorotate
dehydrogenase.

Results: P. falciparum parasites were selected with ~20-fold reduced sensitivity to alstonine compared to wild-
type parasites. Whole-genome sequencing of alstonine-resistant P. falciparum sub-clones identified several mu-
tations including a copy number variation and point mutation (A318P) in a gene encoding a putative inner-mito-
chondrial membrane protein (PfMPV17). Introduction of the A318P mutation into the PfMPV17 gene in wild-type
P. falciparum yielded parasites with reduced alstonine sensitivity. While a direct link between alstonine action
and mitochondrial respiratory function was not found, a transgenic P. falciparum line resistant to the cyto-
chrome bc; inhibitor atovaquone and pyrimidine synthesis inhibitor DSM265 had reduced sensitivity to
alstonine.

Conclusions: These data demonstrate that PMPV17 is linked to alstonine resistance and suggest that alstonine
action is linked to the mitochondria and/or pyrimidine biosynthesis pathways.

© The Author(s) 2025. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information
please contact journals.permissions@oup.com.
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Introduction

Malaria is a leading cause of infectious disease morbidity and
mortality, with an estimated 263 million clinical cases and 597
000 deaths attributed to this disease in 2023." Past decades
have seen advances in options for prevention and treatment of
malaria, including combination drugs such as artemisinin com-
bination therapies (ACTs) and more recently the introduction of
two malaria vaccines for children in sub-Saharan Africa (RTS,S/
ASO1 and R21/Matrix-M).}? However, these vaccines provide
only ~30%-75% protection®~ and their ability to produce long-
lasting protective immunity is not yet clear.® While drugs remain
vital to the prevention and treatment of malaria, parasite resist-
ance is compromising the efficacy of all current drugs, including
ACTs.””'*> Of concern, malaria morbidity rates have plateaued
over recent years,® which means that efforts to achieve malaria
eradication need to include the development of drugs with differ-
ent modes of action to current options to overcome malaria
parasite resistance.’

In previous work, we reported the antiplasmodial activity of
the indoloquinolizidine alkaloid alstonine, and hypothesized
that this compound may have a different mode of action to cur-
rent malaria drugs'® (Figure 1). Alstonine has an in vitro
P. falciparum 50% growth inhibitory concentration (ICsp) of
0.18 uM, >1000-fold selectivity for parasites over human cells
(ICsp>200 uM against human Neonatal Foreskin Fibroblasts),
and a slow-action phenotype (239-fold lower ICsq in 96 h assays
versus 48 h assays).*® The activity of alstonine cannot be rescued
by isopentenyl pyrophosphate,’® a metabolite of the essential
apicoplast organelle in P. falciparum.’ This indicates that alsto-
nine has a different slow-action mechanism from inhibitors
such as clindamycin that target the apicoplast.*® While alstonine
is unlikely to be developed as a drug lead due to challenges asso-
ciated with synthesis and possible off-target effects,'®?° this
compound has potential for use as a chemical tool to identify a
novel drug target in Plasmodium that may be able to be exploited
for malaria drug discovery.

In this study, the action of alstonine was investigated by gen-
erating P. falciparum parasites with in vitro resistance to this com-
pound followed by whole-genome sequencing to identify
mutations in resistant versus wild-type parasites. A mutation
identified in a gene encoding the putative inner-mitochondrial
membrane protein PfMPV17 was then edited in wild-type P. fal-
ciparum and the sensitivity of transgenic lines to alstonine deter-
mined. Further studies included investigating the impact of
alstonine on parasite oxygen consumption to determine whether
alstonine directly inhibits mitochondrial electron transport chain
(mtETC) activity and assessing the activity of alstonine against a
Plasmodium mtETC inhibitor-resistant transgenic line.

Materials and methods
Compounds

Alstonine was supplied as a pure compound originally derived from
NatureBank?! housed at Griffith University, Australia. Chloroquine, clinda-
mycin, atovaquone, pyrimethamine and artesunate were purchased
from Sigma-Aldrich®, USA. Cycloguanil hydrochloride was purchased
from Santa Cruz Biotechnology Inc, USA. Proguanil was supplied by Dr
Andrew Riches, CSIRO, Melbourne, Australia. DSM265 was supplied by

Pf3D71Cs, 0.18 uM
SI>1,000

Figure 1. Structure, antiplasmodial activity and selectivity of alstonine.
Data from.*®

Professor Margaret Philips, UT Southwestern, TX, USA, and KAE609 sup-
plied by Professor Kiaran Kirk, ANU, Canberra, Australia.

P. falciparum in vitro growth inhibition assays

P. falciparum infected erythrocytes were cultured in O* human erythro-
cytes (Australian Red Cross Lifeblood) in RPMI 1640 media (Gibco, USA)
containing 10% heat-inactivated pooled human sera, 5 pg/mL gentami-
cin (Sigma, USA) and 50 pg/mL hypoxanthine (Sigma, USA). Cultures were
maintained at 37°C in 5% O, 5% CO, and 90% N,, essentially as
described previously.?? The activity of compounds was tested against
P. falciparum using 72 h [*H]-hypoxanthine incorporation assays, as pre-
viously described.”? Briefly, serial dilutions of test compounds were added
to 96-well plates (3596 Corning®), with the antimalarial drug chloroquine
serving as a positive control. Synchronous ring-stage P. falciparum in-
fected erythrocytes, prepared by sorbitol synchronization,?* were added
to each well at 0.25% parasitemia and 2.5% final haematocrit. After
48 h incubation, 0.25 uCi [*H]-hypoxanthine (PerkinElmer®, USA) was
added to each well and plates were incubated for a further 24 h and as-
say stopped by freezing the plates at —80°C. Cells were harvested onto
Glass Microfibre mats (Filtech, USA) and tritium incorporation determined
using a 1450 MicroBeta liquid scintillation counter (PerkinElmer®, USA).
Percentage growth inhibition of compound treated versus vehicle only
controls (0.5% DMSO) was determined and ICsq values calculated using
nonlinear regression in GraphPad Prism®. Significant differences between
ICsp values were determined using an unpaired t-test in GraphPad
Prism®.

In vitro evolution of P. falciparum resistance to alstonine

P. falciparum 3D7 clone C3 (3D7-C3)?° infected erythrocytes (1x107)
were cultured with alstonine at 0.2 uM (alstonine ICsp = 0.18+
0.08 uM)*® and parasite growth monitored every 1-3 days via microscop-
ic examination of Quickdip (POCD, Australia) stained blood films. A start-
ing concentration of ~1xICsq was selected as this is routinely used for P.
falciparum resistance selection studies.?® When alstonine treated para-
sites were observed to be replicating at a similar rate to the untreated
controls, compound pressure was gradually increased in a stepwise man-
ner?® for ~6 months until the parasites were surviving in >10xICso con-
centrations. The selected and wild-type clones were assessed using in
vitro growth inhibition assays to determine sensitivity to alstonine and
the control drug chloroquine (as described before). Once a resistance
phenotype was confirmed for the 3D7-C3 selection, sub-cloning was per-
formed via limiting dilution?” and sensitivity to alstonine re-confirmed for
three sub-clones.

Genome sequencing

Genomic DNA was isolated from P. falciparum infected erythrocytes using
a DNeasy Blood and Tissue kit (Qiagen, USA). The Nextera XT kit (Illumina)
was used to prepare DNA libraries from samples for whole-genome se-
quencing using the dual index protocol. The libraries were run on the

1870



PfMPV17 is linked to P. falciparum resistance to alstonine

JAC

Illumina HiSeq 2500 in the Rapid Run mode with 100 bp paired-end reads
and reads were aligned to the Pf3D7 reference genome (PlasmoDB)?® as
described previously.?? Single-nucleotide polymorphisms (SNPs) and in-
sertions and deletions (INDELs) were called with the Genome Analysis
Toolkit’s (GATK) HaplotypeCaller.>®2* Variants were filtered by quality scores
and sequencing bias statistics based on GATK’s default filtering parameters.
SNPs were filtered out if they met any of the following criteria: quality depth
(QD) < 2.0, mapping quality (MQ) <50.0, Phred-scaled P value using Fisher’s
exact test to detect strand bias (FS) >60.0, symmetric odds ratio (SOR) >
4.0, Z-score from Wilcoxon rank sum test of alternative versus reference
read mapping qualities (MQRankSum)<-12.5 and ReadPosRankSum
(RPRS) <—8.0. INDELs were filtered out if they met any of the following cri-
teria: QD<2.0, RPRS<-20.0, FS>200.0. Variants were annotated using
snpeff (version 4.2).3? Custom scripts were used to compare the variants
between the parent sequence and the resistant clones. Variants that
were present in both the parent and resistant clones, as well as those in
genes that commonly mutate in culture but have no known role in drug re-
sistance (i.e. PfEMP1 gene family), were removed from consideration.

Determining DNA copy number by quantitative PCR

The genomic copy number (CN) of PF3D7_0502200 was estimated using
quantitative PCR (gPCR) in an Applied Biosystems™ QuantStudio™ 6 Flex
Real-Time PCR System (ThermoFisher, USA) using a SYBR green-based as-
say as previously described.>® The housekeeping gene Pfseryl-tRNA
synthetase was used as a reference. PCRs were performed in triplicate
for two independent assays. Each reaction contained 1x reaction mix
(FastStart Essential DNA Green Master; Life Science, Australia), 500 nM
F1 and R2 primers (Table S6, available as Supplementary data at JAC
Online) and 1 ng of DNA. Cycling was performed at 95°C for 10 min, fol-
lowed by 35 cycles of 95°C for 30's, 55°C for 30 s, then 60°C for 2 min.
Cycle Threshold values were exported into Microsoft Excel and analysed
with results presented as population mean CNs+ SEM.

Bioinformatic analysis

TMHMM3* and Phobius®? structural prediction tools were used to predict
transmembrane domains and associated topology of PfMPV17.
AlphaFold 3 (Google DeepMind and EMBL-EBI)*® was used to generate
full 3D predicted models, with regions scored 0%-100% using a
LDDT-Ca (local distance difference test; pLDDT).?” The PyMol Molecular
Graphics System (version 3.0, Schrédinger, LLC) was used to render and
export the AlphaFold 3 models for publication.

CRISPR/Cas9 genome editing

CRISPR/Cas9 editing of the A318P (Gca/Cca) conferring point mutation
and a silent control A318 silent (gcA/gcG) into PfMPV17 was performed
using the pDC2-coCas9-gRNA plasmid that possesses the hDHFR selec-
tion marker®® (Figure S4). Two sgRNAs were designed using Benchling
(www.benchling.com), and a donor template with 843-bp homology to
the A318 target site was synthesized (ThermoFisher) and cloned into
the AatII-EcoRI sites of the pDC2-coCas9-gRNA plasmid using Gibson as-
sembly. Plasmids were transfected by electroporation (310 kV, 950 pF)
into Pf3D7 parasites, and selected with 2.5 nM WR99210 for 8 days.
Editing of the recovered parasites was examined by Sanger sequencing
of the bulk culture using PF3D7_0502200 F2 and R2 primers (Table S6),
and clonal lines derived by limiting dilution.?’

Seahorse oxygen consumption assay

Oxygen consumption rate (OCR) measurements of digitonin-permeabilized
Pf3D7 parasites were performed as described previously.>? Briefly, 200 mL
of Pf3D7 culture at 4% haematocrit and at least 5% parasitemia was
MACS® (Miltenyi Biotec) separated to obtain a trophozoite-dense sample,
which was then saponin-lysed using 0.05% saponin at 37°C for 5 min.

Isolated parasites were prepared at 5x 10’ parasites/mL in mannitol and
sucrose-based (MAS) buffer supplemented with 10 mM malate and
0.002% digitonin. Isolated parasites were then seeded at 5x10° cells/
well in a Cell-Tak-coated XFe96 cell culture plate (Agilent, USA) and centri-
fuged at 800xg, for 3 min at room temperature, to adhere the parasites to
the bottom of the wells. Malate and digitonin supplemented MAS buffer (75
ul) was carefully added to the wells as to not disturb the cell monolayer.
Analysis was performed using a Seahorse Bioscience XFe96 Extracellular
Flux Analyzer as previously described.*

Results

Generation of P. falciparum parasites resistant to
alstonine

A Pf3D7 clone (3D7-C3) was used to select for alstonine resist-
ance using a stepwise selection method.?® After ~6 months of in-
creasing alstonine exposure, parasites were able to grow in ~20x
alstonine ICsq (~3 uM; termed 3D7-C3*%T). A 32-fold higher ICs
was obtained for 3D7-C3A"T versus wild-type 3D7-C3 (ICso 4.80
+0.49 and 0.15+0.07 uM, respectively; P<0.01; Figure 2g;
Table S1). By contrast, there was no significant difference in
ICso for the control drug chloroquine (P>0.05; Figure 2g;
Table S1). Three independent 3D7-C3”T sub-clones were gener-
ated via limiting dilution (termed 3D7-C3A-TE! 3p7-C3ASTD7
and 3D7-C3*-TB%) and their alstonine resistance profiles con-
firmed (Figure 2b; Table S2). The alstonine ICsq of all sub-clones
was 29-52-fold higher than for wild-type 3D7-C3 parasites (P<
0.05) but there was no significant difference in ICsq values for
the antimalarial drugs chloroquine, proguanil, atovaquone, clin-
damycin or the clinical candidate DSM265 (Figure 2b; Table S2;
P>0.05).

Whole-genome sequencing identified mutations in the
PfMPV17 gene in alstonine-resistant sub-clones

When comparing whole-genome sequencing data of 3D7-C3
wild-type parasites to the three 3D7-C3*"" sub-clones, a total of
12 genes with missense mutations were identified (Table S3). Of
these, three were present in all three alstonine-resistant clones
and are predicted to be in essential genes.*® These genes encode
the following predicted proteins: pre-mRNA-processing-splicing
factor 8 (PF3D7_0405400), DNA topoisomerase 3 (PF3D7_
1347100) and mitochondrial inner membrane protein MPV17
(PMPV17; PF3D7_0502200) (Table S3). Whole-genome sequencing
also revealed a region within chromosome 5 (PF3D7_05 v3:
94808-12686) with a ~3-fold increase in DNA CN for all three
alstonine-resistant clones (Figure 3). This region includes 11 genes
(Figure 3; Table S4), six of which are predicted to be essential, with a
range of functions: putative vacuolar protein sorting-associated
protein 11 VPS11 (PF3D7_0502000), HCNGP-like protein (PF3D7_
0502100), conserved Plasmodium protein (PF3D7_0502500),
Tim10/DDP family zinc finger protein (PF3D7_0502900), 50S riboso-
mal protein L28, apicoplast (PF3D7_0503000) and PfMPV17
(PF3D7_0502200).

PMPV17 (PF3D7_0502200) was prioritized for further study as
it is predicted to be essential in Plasmodium,*®“! and all three
alstonine-resistant sub-clones contained both a point mutation
conferring an alanine to proline change (A318P) and a ~3-fold
pfmpv17 CN increase. The PfMPV17 A318P SNP was confirmed
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Figure 2. Alstonine-selected P. falciparum parasites and sub-clones are resistance to alstonine but remain sensitive to a panel of antiplasmodial com-
pounds. (a) Sensitivity of wild-type clone 3D7-C3 versus the 3D7-C3"T population to alstonine and the control drug chloroquine. (b) Sensitivity of wild-
type clone 3D7-C3 and alstonine-resistant sub-clones 3D7-C3-TF! 3D7-C3A5TP7 and 3D7-C35TB to alstonine and the antimalarial drugs chloro-
quine, proguanil, atovaquone, clindamycin and the antimalarial clinical candidate DSM265. In each case, the mean ICsq (+SD) is shown for three in-
dependent assays, each carried out in triplicate wells. A P value of >0.05 was considered not significant. * P<0.05, **P<0.01, ***P<0.001.

via Sanger sequencing (Figure S1) and the genomic CN confirmed
by gPCR (Figure 3). The PIMPV17 gene is located on chromosome
5 of P. falciparum, with a 443 amino sequence encoding a protein
of ~53 kDa.?® PMPV17 has 24% amino acid similarity to its hu-
man homologue (UniProt P39210; data generated from Clustal
Omega multiple sequence alignment, EMBL-EBI, UK; Figure S2)
and has 100% amino acid identity across all P. falciparum lines
deposited in the PlasmoDB genome database.?® However, at
the species level there is only ~50% amino acid identity between
P. falciparum versus P. malariae, P. vivax, P. knowlesi, P. ovale cutisi
or P. ovale wallikeri.”® While there is limited information on MPV17
in other apicomplexans, Toxoplasma, Cryptosporidium and
Eimeria have annotated mpvi7 genes“’ and the T. gondii
MPV17 (gene ID: TGGT1_273290) is predicted to be fitness con-
ferring.*> PAMPV17 transcription data”® suggests expression in
all asexual intraerythrocytic life stages, with highest expression
at 24-32h post-invasion.**™’  Structure prediction tools
TMHMM?** and Phobius®> were used to predict transmembrane
topology and showed that PfMPV17 is predicted to possess five
transmembrane domains beginning on the inner-mitochondrial
space (Figure 4a). A 3D AlphaFold 33® model predicted these

transmembrane domains with high confidence, with pLDDT
scores of >70 and >90, however, the long run of amino acids in
the first half of the protein (amino acids 0-275) could not be pre-
dicted with confidence (pLDDT <50; Figure S3). The A318P muta-
tion is located on the predicted matrix side of the second alpha
helix, probably within the transmembrane domain (Figure 4a;
Figure S3). It should be noted that the exact amino acid length
of the predicted components of PfMPV17 vary slightly between
prediction tools, with the Phobius prediction represented in
Figure 4a.

The PfMPV17 A318P mutation confers resistance to
alstonine

To determine whether the A318P point mutation identified in
alstonine-resistant clones mediates resistance to this compound,
CRISPR/Cas9-based genome editing was used to introduce this
mutation or a silent control mutation into wild-type Pf3D7 para-
sites (Figure S4). The A318P edited line (3D7-MPV17438F) de-
monstrated a 5-fold increase in ICsg compared to wild-type
3D7 parasites (P<0.001; Figure 4c; Table S5), confirming that
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Figure 3. PF3D7_0502200 genomic CN increase in alstonine-resistant
clones. (a) Heatmap of a region in chromosome 5 (PF3D7_05_v3:
94808-12686) identified in whole-genome sequencing to have a genom-
ic CN increase in 3D7-C3*"T clones. Data are shown as CN relative to the
C3 parental clone, where yellow indicates an increase. The PfMPV17 gene
(PF3D7_0502200) is shown in bold. (b) The CN of PF3D7_0502200 was as-
sessed in genomic DNA samples extracted from 3D7-C3*" clones and
the parental clone 3D7-C3 by gPCR using an Applied Biosystems™
QuantStudio™ 6 Flex Real-Time PCR System (ThermoFisher, USA). Data
are shown as mean CN (+SEM) relative to the C3 parental clone.

this mutation leads to alstonine resistance. There was no signifi-
cant difference between the wild-type 3D7 line and the A318 si-
lent control (P>0.5; Figure 4c; Table S5). Assessment of the
activity of 3D7-MPV174318" parasites against a panel of antiplas-
modial compounds compared to wild-type 3D7 parasites
demonstrated that this line was not cross resistant to chloro-
quine, proguanil, atovaquone, DSM265, pyrimethamine, arte-
suante, KAE609 or cycloguanil (P>0.05; Figure 4c). Except for
KAE609, the 3D7-MPV17°"®" |ine displayed no significant change
in ICsg values for all compounds tested in comparison to the wild-
type parental line 3D7 (P>0.05; Figure 4c; Table S5).
3D7-MPV17'e" had a 2-fold decrease in ICsq for KAE609 versus

wild-type 3D7 parasites, however, this was not highly significant
(P=0.049).

Alstonine does not alter mitochondrial oxygen
consumption rates in P. falciparum

To investigate an association between alstonine and the
Plasmodium mtETC, the parasite mitochondrial OCR, a measure
of mtETC activity, was determined using a Seahorse Bioscience
XFe96 Extracellular Flux Analyzer.*® As expected, injection of
the mtETC inhibitors atovaquone and antimycin A resulted in a
rapid decline of OCR (<5% 5 min post-baseline measurement;
Figure 5). By contrast, injection of alstonine did not result in any
appreciable decrease in OCR, maintaining >95% OCR at both 5
and 35 min post-baseline measurements, similar to the vehicle
control (Figure 5).

Uncoupling P. falciparum dihydroorotate
dehydrogenase (DHODH) from the mtETC reduces
alstonine activity

Given that our data demonstrate that a mutation in the gene en-
coding the mitochondrial inner membrane protein PfMPV17 con-
fers resistance to alstonine, and a previous finding from our group
that the atovaquone-resistant P. falciparum line C2B is 27-fold
more sensitive to alstonine compared to atovaquone-sensitive
3D7 parasites'® (the opposite effect to atovaquone to which
C2B is highly resistant??), we compared the activity of alstonine
against a Pf3D7 line expressing the ubiquinone-independent dihy-
droorotate dehydrogenase (class 1a DHODH) from Saccharomyces
cerevisiae yeast (3D7-yDHODH).*® In this line, DHODH is uncoupled
from the electron transport chain, rendering this line resistant to
mtETC inhibitors such as atovaquone*®“? and PfDHODH inhibitors
such as DSM265.%° As expected, 3D7-yDHODH parasites were re-
sistant to atovaquone and DSM265 (Ri >290 and 709, respectively;
Table 1). 3D7-yDHODH parasites were also resistant to alstonine
with a 35-fold higher ICsq against 3D7-yDHODH versus 3D7 para-
sites (P<0.05; Table 1).

Discussion

Alstonine is an antiplasmodial compound with slow-action activity
that differs from the slow ‘delayed death’ action of inhibitors such
as clindamycin that target the apicoplast.*® To further elucidate al-
stonine’s antiplasmodial mode of action, alstonine-resistant clones
were generated and shown to be >29-fold less sensitive to alsto-
nine than the wild-type parental clone (Figure 2a). However, all
alstonine-resistant clones remained sensitive to a panel of antiplas-
modial compounds (Figure 2b), some of which target the mito-
chondria either directly or indirectly, suggesting that the activity
of these antiplasmodial compounds is not affected by the mechan-
isms underlying resistance in the alstonine-resistant clones.
When the genomes of the alstonine-resistant clones were
compared to that of the wild-type alstonine-sensitive parental
clone, one gene with a common SNP and a 3-fold CNV in all three
clones was identified. The gene (PF3D7_0502200) encodes the
putative mitochondrial inner membrane protein PfMPV17, which
is involved in mitochondrial DNA maintenance in humans,”* >3
mice,>*>° zebrafish,”® Drosophila®” and yeast.”® Introduction of
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Figure 4. Predicted structure of PfMPV17 and activity of alstonine and other antiplasmodial compounds against P. falciparum PfMPV17 A318P trans-
genic parasites. (a) Predicted membrane topology of P/MPV17 based on structural prediction software TMHMM (DTU Health Tech), Phobius (EMBL-EBI)
and AlphaFold 3 (Google DeepMind and EMBL-EBI). There are five predicted transmembrane domains with amino acid lengths noted. Amino acid num-
bers shown are based on the Phobius prediction. Location of A318P mutation is highlighted in red on the predicted matrix side of the inner-
mitochondrial membrane. (b) pDC2-coCas9-gRNAMPYI7-A318P plgsmid used for genome editing of P. falciparum wild-type parasites to generate a silent
and A318P mutation in PMPV17. (c) Activity of alstonine and other antiplasmodial compounds against wild-type 3D7, 3D7-MPV175'" and
3D7-MPV172318 Activity was determined using 72 h [*H]-hypoxanthine incorporation growth inhibition assays. ICsq values were calculated using non-
linear regression in GraphPad Prism® for at least two independent assays, each carried out in triplicate wells with data presented as mean values (+SD).
P values were calculated using an unpaired t-test in GraphPad Prism®. A P value of >0.05 was considered not significant. * P<0.05, **P<0.01, **P<

0.001.

the A318P mutation into P. falciparum resulted in an ~5-fold loss
of sensitivity to alstonine but no change in sensitivity to a panel of
antiplasmodial compounds (Figure 4c). While this provides evi-
dence that the PfMPV17 A318P mutation is associated with alsto-
nine resistance, it should be noted that the clones derived from
the alstonine-selected line were at least 6-fold more resistant
to alstonine than the gene edited mutants. This suggests that
other mutations are probably contributing to the high-level re-
sistance phenotype in the alstonine-selected parasites. While
additional studies would be needed to test this (e.g. overexpres-
sion of PAIMPV17 and phenotypic assessment), it is likely that the
increased PfMPV17 gene CN observed in the alstonine-selected
clones contributes to the higher level of resistance in the selected
versus gene edited clones. However, we cannot discount that the
other mutations identified in these clones (Table S3 and S4) also
play arolein alstonine resistance. For example, all three sub-clones
had mutations in PF3D7_1347100, a topoisomerase gene

(pftopo3) reported to interact with mitochondrial DNA (mtDNA)
in schizont-stage Plasmodium parasites,”® the developmental
stage in which PfMPV17 is highly expressed.?® Interestingly, early
studies proposed that alstonine, along with other B-carboline alka-
loids, possess anticancer activity possibly linked to DNA damage
and cell cycle arrest.®9-62

In humans, functional loss of HsMPV17 causes mitochondrial
DNA depletion syndrome,>* indicating a role for this protein in
mtDNA maintenance. Under normal conditions, HsMPV17 is a
closed channel. However, in damaged mitochondria it is often
open or leaky to preserve mitochondrial homeostasis.”* Our
structural predictions suggest that PfMPV17 has five transmem-
brane domains and an estimated 265 amino acid N-terminal re-
gion that resides in the inner-mitochondrial membrane space
(Figure 4a). If this is correct, the A318P PfMPV17 mutation would
reside between the matrix and the second transmembrane do-
main, and perhaps the change from alanine to proline, which is
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Figure 5. Alstonine does not inhibit mitochondrial respiration. P. falcip-
arum schizonts were exposed to DMSO, atovaquone (ATQ, 1 pM)+anti-
mycin A (AA, 10 uM) and alstonine (ALST, 13 uM) and OCR was
measured at 5- and 35-min timepoints using a Seahorse Bioscience
XFe96 Extracellular Flux Analyzer. Data represent mean OCR as a percent-
age of no treatment OCR + SD of one assay from at least seven technical
replicates (n>7).

Table 1. Activity of alstonine against P. falciparum 3D7 and 3D7-yDHODH
parasites

Compound  Pf3D7 line P. falciparum 1Csg (M)¢ P value® Ri€
Alstonine 3D7 3.8x1077+5.7x1078

yDHODH 1.3x107°£3.7x107° 0.001 35
Atovaquone  3D7 2.1%x1071°+£93%x107 1

yDHODH  >6.3x1078 — >290
DSM265 3D7 4.7x1078+£1.0x1078

yDHODH 33x107°+8.8x107° 0.006 709

Activity was determined using 72 h [*H]-hypoxanthine incorporation
growth inhibition assays.

9ICso values were calculated using nonlinear regression in GraphPad
Prism® for at least three independent assays, each carried out in triplicate
wells with (+SD) shown. Where ICso was not achieved, the highest con-
centration still giving >50% growth is shown.

®pyvalues comparing 3D7 and 3D7-yDHODH ICso were calculated using an
unpaired t-test in GraphPad Prism®.

“Ri, resistance index; 3D7-yDHODH ICs0/3D7 ICsp,

a larger and less flexible amino acid,®® interferes with alstonine
binding or alternatively alters the conformational stability of
the channel (Figure S3). While lowered levels of HsSMPV17 have
been shown to impair mitochondrial respiration in vitro,** we
did not observe alstonine-induced effects on mitochondrial oxy-
gen consumption under the conditions examined (Figure 5).
These preliminary data suggest that alstonine may not directly
affect oxygen consumption in the parasite, however, given that
the precise function of MPV17 in mitochondria has not been fully
elucidated in humans and other species,®* we cannot rule out the

possibility that alstonine could be acting on other processes re-
quired for mtETC function.

To further explore a possible mitochondrial mode of action,
atovaquone-resistant 3D7-yDHODH parasites were tested against
alstonine. 3D7-yDHODH parasites use fumarate as an electron ac-
ceptor, uncoupling DHODH and pyrimidine biosynthesis from the
mMtETC in P. falciparum parasites.*®*° Therefore, compounds that
inhibit pyrimidine biosynthesis by targeting PfDHODH (e.g.
DSM265) or the mtETC (e.g. atovagquone) have reduced efficacy
against 3D7-yDHODH compared to wild-type parasites.*® In this
study, 3D7-yDHODH were found to have a 35-fold reduced sensitiv-
ity to alstonine compared to 3D7 parasites (Table 1; P=0.001).
While these data suggest that the action of alstonine is related
to mitochondrial function and/or pyrimidine biosynthesis, the
level of resistance was lower than for atovaquone and DSM265
which had a>290-fold and 709-fold reduced sensitivity for
3D7-yDHODH versus 3D7, respectively (Table 1), suggesting that a
different mechanism is involved. This is further supported by the
mutant MPV17 P. falciparum line (3D7-MPV17/318%) which is resist-
ant to alstonine, having an unchanged sensitivity (ICsq) to atova-
quone and DSM265 (Table S5). Interestingly, in zebrafish, the loss
of MPV17 has been linked to pyrimidine nucleotide metabolism
through the impairment of DHODH activity®® and bioinformatics
analysis has shown that MPV17 and the trifunctional carbamoyl-
phosphate synthetase 2, aspartate transcarbamylase and dihy-
droorotase, a cytosolic enzyme involved in pyrimidine production,
are highly co-requlated.*®

In conclusion, this study validated the A318P PfMPV17 muta-
tion as a mediator of alstonine resistance and suggests alsto-
nine’s mode of action is linked to the mitochondrial and/or
pyrimidine synthesis pathways.
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