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Abstract

Background Spiroindolone and pyrazoleamide antimalarial compounds target Plasmodium falciparum P-type ATPase
(PfATP4) and induce disruption of intracellular Na* homeostasis. Recently, a PfATP4 mutation was discovered that
confers resistance to a pyrazoleamide while increasing sensitivity to a spiroindolone. Transcriptomic and metabolic
adaptations that underlie this seemingly contradictory response of R falciparum to sublethal concentrations of each
compound were examined to understand the different cellular accommodation to PfATP4 disruptions.

Methods A genetically engineered P falciparum Dd2 strain (Dd2*?'"Y) carrying an Ala211Val (A211V) mutation in
PfATP4 was used to identify metabolic adaptations associated with the mutation that results in decreased sensitiv-
ity to PA21A092 (a pyrazoleamide) and increased sensitivity to KAE609 (a spiroindolone). First, sublethal doses of
PA21A092 and KAE609 causing substantial reduction (30-70%) in Dd2*?'"V parasite replication were identified. Then,
at this sublethal dose of PA21A092 (or KAE609), metabolomic and transcriptomic data were collected during the first
intraerythrocytic developmental cycle. Finally, the time-resolved data were integrated with a whole-genome meta-
bolic network model of P, falciparum to characterize antimalarial-induced physiological adaptations.

Results Sublethal treatment with PA21A092 caused significant (p < 0.001) alterations in the abundances of 91
Plasmodium gene transcripts, whereas only 21 transcripts were significantly altered due to sublethal treatment with
KAE609. In the metabolomic data, a substantial alteration (> fourfold) in the abundances of carbohydrate metabolites
in the presence of either compound was found. The estimated rates of macromolecule syntheses between the two
antimalarial-treated conditions were also comparable, except for the rate of lipid synthesis. A closer examination of
parasite metabolism in the presence of either compound indicated statistically significant differences in enzymatic
activities associated with synthesis of phosphatidylcholine, phosphatidylserine, and phosphatidylinositol.

Conclusion The results of this study suggest that malaria parasites activate protein kinases via phospholipid-depend-
ent signalling in response to the ionic perturbation induced by the Na™ homeostasis disruptor PA21A092. Therefore,
targeted disruption of phospholipid signalling in PA21A092-resistant parasites could be a means to block the emer-
gence of resistance to PA21A092.

*Correspondence:

Shivendra G. Tewari

stewari@bhsai.org

Anders Wallgvist

sven.a.wallgvist.civ@health.mil

Full list of author information is available at the end of the article

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023. Open
Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,

provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is

not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-023-04481-x&domain=pdf

Tewari et al. Malaria Journal (2023) 22:56

Page 2 of 17

Keywords Drug resistance, Genome-scale metabolic network model, Metabolomics, Na™ homeostasis, Plasmodium

falciparum, Transcriptomics

Background

Malaria caused by Plasmodium spp. is a disease with
ancient roots [1]. Of the five Plasmodium species that
infect humans, Plasmodium falciparum causes the most
severe form of malaria. According to the World Health
Organization in 2020 [2], malaria caused 241 million
infections and 627,000 deaths worldwide. Of these, P. fal-
ciparum was responsible for 98% of the deaths [2].

Artemisinin is the current frontline drug for treating
P falciparum malaria. However, the emergence of drug
resistance is causing artemisinin-based therapies to fail in
Southeast Asia [3] and Africa [4]. To enhance treatment
efficacy and, potentially, suppress drug resistance devel-
opment, the current focus is on developing artemisinin-
based therapies combining artemisinin with two or more
drugs [5]. However, due to the recurring loss of anti-
malarial drugs to resistance, there will always be a con-
tinuous need to identify novel drugs and targets.

The search for anti-malarial drugs with novel modes
of action led to the identification of PfATP4-targeting
compounds, such as spiroindolones [6], pyrazoleam-
ides [7], and SJ733 [8, 9], that disrupt Na™ homeostasis
in P falciparum. Prolonged exposures to Nat homeo-
stasis disruptors cause mutations in the PfATP4 protein
conferring drug-resistance in subsequent progeny [6, 7,
9-11]. Interestingly, Flannery et al. [11] found that expos-
ing the chloroquine-resistant Dd2 strain to sublethal
concentrations of pyrazoleamide compound GNF-Pf4492
for 70 days results in a Ala211Thr (A211T) mutation in
PfATP4 that is responsible for resistance to GNF-Pf4492,
but increases susceptibility to KAE609 (cipargamin), a
spiroindolone compound.

In another study [12], continuous pressure of Dd2
strain with PA21A092 resulted in a resistant parasite line
with Ala211Val (A211V) mutation in the PfATP4. These
parasites, while resistant to PA21A092, are also hypersen-
sitive to KAE609. Using a CRISPR-Cas9 approach, Bhat-
nagar [12] confirmed that a A211V mutation in PfATP4
of Dd2 strain is sufficient to recapitulate the increased
sensitivity to KAE609 compound and decreased sensitiv-
ity to PA21A092 compound.

In this work, the goal was to characterize metabolic
responses in P, falciparum parasites exhibiting increased
resistance and sensitivity against Na* homeostasis dis-
ruptor compounds. Dd2 parasites carrying the A211V
mutation in the PfATP4 protein (Dd242'1Y) were cul-
tured in the presence of sublethal doses of PA21A092
or KAE609. At the identified doses of PA21A092 (or

KAE609), a 30-70% inhibition of D242V replication
was observed during the second intraerythrocytic devel-
opment cycle (IDC). Over the course of the first IDC,
transcriptomic and metabolomic data were collected
from Dd24?"1V-infected erythrocyte cultures in the pres-
ence of sublethal doses of PA21A092 or KAE609. Quan-
titative analyses were performed to identify significant
differences in gene transcription and metabolite abun-
dances in treated parasite cultures. The time-resolved
data were then integrated with a genome-scale meta-
bolic network model of P. falciparum [13-16] to predict
PA21A092-induced and KAE609-induced metabolic
adaptations during the first IDC.

Methods

Determination of EC, values for PA21A092 and KAE609
The phenotype of Dd24?'1V parasites was determined by
performing growth inhibition assays using *H-hypoxan-
thine (Perkin Elmer Inc., Waltham, MA) incorporation.
Alanine synchronization was used to produce ring-stage
parasites, as previously described [7]. The parental (Dd2)
and mutant (Dd2**'1V) parasite cultures were seeded in
triplicate in 96-well plates at 1% parasitaemia and 3%
haematocrit (HCT) containing 100 pL of low hypox-
anthine Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco, Gaithersburg, MD) and exposed to vari-
ous doses of PA21A092 (or KAE609) for 48 h. At the 24 h
time point, 3 pL of *H-hypoxanthine were added to each
well, and the growth of the parasites was assessed using
incorporation of *H-hypoxanthine over the remaining
24 h. The plates were frozen at — 80 °C to stop growth and
lyse the cells. The lysates were transferred to EasyTabC
glass fibre filters (Perkin Elmer Inc., Waltham, MA) using
a Filtermate cell harvester, and scintillation counts were
measured using Microscint-O in a Topcount NXT Beta
Counter (Packard/ Perkin Elmer Inc., Waltham, MA).
PA21A092 was synthesized in the Vaidya lab [7], and
KAE609 was acquired from the Medicines for Malaria
Venture. The 50% inhibitory concentration (ECs,) of each
compound was estimated by performing least-square fits
to the experimental data.

Determination of sub-lethal PA21A092 and KAE609
concentrations for sample collection

Next, drug concentrations were determined that would
result in 30-70% growth inhibition in the high-parasi-
taemia conditions required for sample collection. To this
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end, a serial magnetic purification method was used to
derive highly synchronized ring stage (2—6 h post-inva-
sion) parasites at 5% parasitaemia and 2% HCT. These
parasites were maintained for 40 h in a 96-well plate in
the presence of different concentrations of PA21A092
(230-690 nM) or KAE609 (4.1-111 pM). For both com-
pounds, 0.1% DMSO was used as the vehicle control and
1 uM chloroquine served as a positive control. Following
40 h of drug treatment, the parasite cultures were diluted
1:10 in fresh compound-free medium and cultured
for~30 h at 37 °C to give viable parasites ample oppor-
tunity to replicate. Parasitaemia was quantified by flow
cytometry using SYBR-Green I (Invitrogen, Waltham,
MA) and an Attune NxT flow cytometer (ThermoFisher
Scientific Inc., Waltham, MA), as described previously
[16, 17].

Parasite culture and sample collection

Previously described methods and conditions [14-18]
were used to generate 300 mL cultures of Dd24*'1V par-
asites maintained at a high level of synchrony (within a
4 h window of the developmental cycle) using successive
rounds of magnetic purification. Parasite cultures were
maintained in RPM], including 20 mM HEPES, 12.5 pg/
mL hypoxanthine, 25 pg/mL gentamicin, 0.5 pM R-lipoic
acid, 0.3% sodium bicarbonate, and 0.5% AlbuMAX II
(Life Technologies, Inc., Carlsbad, CA) with either 30 pM
KAE609 or 400 nM PA21A092. Quadruplicate cultures
(75 mL each) were created for each drug and similar
uninfected control cultures with the same red blood cells,
medium and drug concentrations were maintained in
parallel.

Quadruplicate samples were collected from the infected
and uninfected control cultures every 8 h until the 48 h
time point. Briefly, 10.5 mL of parasite culture were col-
lected from each quadruplicate culture flask every 8 h and
immediately pelleted by centrifugation at 400Xg for 5 min.
After the media were aspirated, 100 pL of the cell pellets
were moved to 1.5 mL tubes for metabolomic profiling.
Samples collected at 0, 8, 16, 24, 32, and 40 h from both
the infected and uninfected control cultures were sent to
Metabolon, Inc. (Durham, NC). Samples of 50 pL were also
collected from the infected culture at the 0-, 8-, 16-, 24-,
32-, 40-, and 48-h time points and were sent to the Johns
Hopkins Microarray core for transcriptomic profiling using
Agilent microarray chip AMADID 037237 (Agilent Tech-
nologies, Inc., Santa Clara, CA). The reader is referred to
[14-18] for more details of the sample-collection methods.
The transcriptomic data were deposited in the National
Center for Biotechnology Information Gene Expression
Omnibus repository (GEO accession number: GSE218998),
and the metabolomic data, as provided by Metabolon, Inc.,
are presented in Additional file 6: Table S1.
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Global analyses of transcriptomic and metabolomic data
For dimension reduction of transcriptomic data, MAT-
LAB’s built-in function tsme implementing the t-Dis-
tributed Stochastic Neighborhood Embedding (t-SNE)
algorithm was used [19]. Prior to t-SNE, a log, trans-
formation of the absolute raw values of the transcrip-
tomic data was performed. The Mersenne Twister
algorithm was used for generating random numbers for
the stochastic algorithm. For comparison of the effects
of PA21A092 and KAE609 on IDC progression of P. fal-
ciparum, Pearson correlation coefficients were com-
puted between time-resolved transcriptomic data from
KAE609-treated and PA21A092-treated Dd2**'"V with
previously reported hourly sampled transcriptomic data
from Dd2 [20] to identify the point of maximum cor-
relation between the datasets. As a positive control of
the pyrazoleamide treatment, transcriptomic data from
untreated and PA21A092-treated Dd2 parasites were also
included [16].

A previously published method [16] was used to com-
pute average fold changes (FC,,,.) in Plasmodium gene
expression in the presence of sublethal doses of KAE609
or PA21A092. For identification of statistically signifi-
cant changes in gene abundances due to a compound, a
two-way analysis of variance (ANOVA) comparing mean
steady-state expression abundance of a gene in untreated
and treated conditions was employed. The Benjamini
method [21] was used to adjust p-values that may lead to
erroneous rejection of the null hypothesis.

Because ring-stage parasites are metabolically less
active than the late-stage parasites [18], average fold
change in abundance of each metabolite (FC,y;) at
40 h (late-stage parasite) relative to 8 h (ring-stage par-
asite) was computed. By comparing the FC,y,; values
of each metabolite from PA21A092-treated parasite
cultures or (KAE609-treated cultures) with untreated
parasite cultures, the effect of PA21A092 (or KAE609)
on net metabolite accumulation or consumption dur-
ing the IDC was quantified. For computing the FC,q
values, the raw count of each robustly detected metab-
olite (> 1000 raw counts) in each sample was first nor-
malized using its protein concentration determined
by the Bradford method (Additional file 6: Table S1).
For incorporation of the effect of inter-sample vari-
ability on the FC,y value, 10,000 random samples
were generated, using the MATLAB built-in function
bootstrp, from the abundances detected in the quad-
ruplicate samples at the 8 h and 40 h time points of
each metabolite. A fold change in average abundance
of each metabolite was computed for all the bootstrap
samples, i.e., FC?O/8 = {m?o/mf :Vie N}. Here, N
denotes the total number of bootstrap samples, m? and
m?o, respectively, represent the average abundance of
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a metabolite in the ith bootstrap sample at the 8-h and
40-h time points of the experiment. Finally, FCy of a
metabolite was computed as:

N
1 40/8
FCyo/s = N ZFCJ' / (1)
=1

To quantify net accumulation or depletion in abun-
dance of a metabolite over time, the method described
by Tewari et al. [15, 16] was used to compute average
fold change in abundance of each metabolite relative
to its abundance at 0 h (FC,,).

Predicting effects of PA21A092 and KAE609 treatment

on P. falciparum metabolism

With the methods described thus far, the effects of
PA21A092 and KAE609 on abundances of specific
gene transcripts and metabolites can be characterized.
However, an increase in expression of a gene need not
lead to an increase in flux of the encoded enzyme [22]
because an organism’s metabolism is an inter-con-
nected network of enzymes, wherein the flux through
an enzyme A might depend on the flux through an
enzyme B providing substrate for the enzyme A. To
account for this intracellular coupling of cellular meta-
bolic processes, the transcriptomic and metabolomic
data were linked with a metabolic network model
to facilitate the description and understanding of
changes in metabolic adaptations and responses [22].
Briefly, previously described methods [13-16] were
used to integrate time-resolved transcriptomic and
metabolomic data obtained from KAE609-treated
or PA21A092-treated Dd2*?!'V with a genome-scale
metabolic network model of P. falciparum. The time-
dependent data obtained under each condition serve
as constraints in the metabolic network modelling
and allow for simulating and representing the complex
coupled nature of the altered metabolic states.

In concordance with the experimental culture con-
ditions, it was assumed that both compounds resulted
in approximately 50% reduction in the biomass of the
treated parasites as compared to the untreated para-
site. The built-in MATLAB function trapz was used
to numerically integrate the simulated rates of essen-
tial macromolecules and metabolites in untreated and
treated parasites (Table 3). Hierarchical clustering
analysis on model-predicted metabolism of malaria
parasites used the built-in MATLAB function clus-
tergram, implementing the Ward’s algorithm and the
Euclidean distance metric to group metabolic fluxes
with similar temporal profiles between the untreated
wildtype and the treated mutants.

Page 4 of 17

Results

Concentration-dependent effects of PA21A092

and KAE609 on Dd2 wildtype and mutant morphologies

In this study, the metabolic responses of the P falcipa-
rum parasites exhibiting decreased PA21A092 sensitivity
and increased KAE609 sensitivity due to mutations in the
PfATP4 protein were characterized. The Dd2**'!V strain
was used because the A211V mutation was generated
through genome editing and can be compared to isogenic
parental Dd2 parasites. Figure 1A shows dose—response
curves of the Dd2*%'"V and the parental Dd2 strains,
demonstrating their decreased and increased suscepti-
bility to PA21A092 and KAE609, respectively, resulting
from the A211V mutation in the PfATP4 protein. Next,
concentrations of PA21A092 and KAE609 were identified
that inhibited the ability of synchronized ring stage para-
sites to replicate 40 h post treatment. Parasitaemia at the
70-h time point was measured to ensure that any para-
site with the ability to replicate had done so. The suble-
thal (30—70% inhibition) doses were examined to capture
adaptations associated with the treatment instead of
downstream changes associated with parasite death.
Additional file 1: Fig. S1 shows the effects of different
concentrations of PA21A092 and KAE609 on synchro-
nized cultures of Dd2A?!'V-infected erythrocytes. These
experiments suggested that sublethal doses of 400 nM
PA21A092 or 30 pM KAE609 would be appropriate
to cause 30-70% reduction in replication of Dd2A2!Y
parasites.

To ascertain the effects of the identified sublethal
PA21A092 and KAE609 doses on parasite morphologies,
Giemsa-stained slides of infected erythrocyte cultures
were analysed at 0-, 8-, 16-, 24-, 32-, and 40 h of the exper-
iment. Figure 1B, C compare morphologies of KAE609-
treated and PA21A092-treated D21V cultures with that
of untreated Dd24?'1V, There appears to be a minor, but
statistically significant (p <0.0001), influence of PA21A092
on the number of merozoites per schizont (40 h, Fig. 1C).
The merozoite number per schizont remained unchanged
in the KAE609-treated Dd2**'V (40 h, Fig. 1B) (Additional
file 2: Fig. S2). To quantify the effect of the sublethal doses,
i.e., 400 nM PA21A092 and 30 pM KAE609, on Dd242!Y
parasitaemia, we again assessed the reduction in parasite
replication (relative to a parallel untreated culture) at the
70 h time point of the experiment and found that the iden-
tified doses resulted in approximately 45% and 70% inhi-
bition of Dd24?!"V growth, respectively (Additional file 3:
Fig. S3). Once it was confirmed that both compounds
resulted in the desired stress on parasite replication and
morphologies, samples were sent to collect transcriptomic
and metabolomic data of the treated cultures during one
complete IDC.
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Fig. 1 Effects of KAE609 and PA21A092 on the parasite-infected erythrocyte cultures. A Growth inhibition curves of Dd2 infected and Dd2/?'"
infected erythrocyte cultures by PA21A092 and KAE609 compounds. The error bars show one standard deviation from an average of three technical

measurements. The grey lines denote least-square fits to the experimental data. B Giemsa-stained morphologies of Dd

2M2Winfected erythrocytes

in the absence and presence of a sublethal dose (30 pM) of KAE609. C Giemsa-stained morphologies of Dd2**'" infected erythrocytes in the

absence and presence of a sublethal dose (400 nM) of PA21A092

Transcriptomic alterations in PA21A092-treated

and KAE609-treated mutants

For identification of any major alterations in gene expres-
sion profiles of PA21A092-treated and KAE609-treated
mutant parasites, a dimension-reduction method (t-SNE)
was employed that included transcriptomic data from
untreated parental Dd2 and PA21A092-treated Dd2
[16]. Figure 2A shows the time-resolved transcriptomic
data, along the two t-SNE dimensions, from untreated
Dd2, PA21A092-treated Dd2, PA21A092-treated mutant
Dd24?"V, and KAE609-treated mutant Dd24?!!V. With

the use of the dimension-reduction technique, it was
found that transcriptomic data from the parental and
mutant strains at the sampled time points, regardless of
culture conditions (untreated or drug-treated), grouped
together, except for the 48-h transcriptomic data from
KAE609-treated mutants (arrow, Fig. 2A).

For quantification of the effects of PfATP4 inhibitors
on IDC progression, the time-resolved transcriptomic
data from the PA21A092-treated and KAE609-treated
mutant parasites were compared with an earlier hourly
sampled transcriptomic dataset [20]. The transcriptomic
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Fig. 2 Transcriptomic profile of KAE609-treated and PA21A092-treated P, falciparum. A Dimensionally reduced transcriptomic data from untreated
wildtypes (WT), PA21A092-treated wildtypes (WT+ 12 nM PA92), PA21A092-treated mutants (MT +400 nM PA92), and KAE609-treated mutants
(MT + 30 pM KA09). Markers with lightest shade of a colour denotes 0 h time point, while the darkest shade of a colour denotes 48 h time point.
Irrespective of the treatment compound, data from each time point group together (ellipses), except for the 48 h data from KAE609-treated

mutants (arrow). B Time occurrence of the maximum Pearson correlation coefficient across the intraerythrocytic developmental cycle (IDC) of the
hourly sampled data of Llinas et al. [20] (ordinate) with the culture systems studied here (abscissa). If the untreated and the treated parasites in the
culture systems studied here progressed at a rate identical to the experiments of Llinas et al. [20], then the black, red, blue, and green markers would
appear on top of each other along the grey line. It was found that the sublethal doses of 400 nM PA21A092 and 30 pM KAE609, respectively, caused
minor perturbations to the IDC progression of the wildtypes (red circle) and the mutants (blue triangle, green triangle). C Significantly altered gene
abundances in PA21A092-treated and KAE609-treated mutant parasites. The green markers denote 109, (FCyene) > + 2 and red markers represent
l0g; (FCgene) < — 2. Here, FCy,e denotes fold change in average expression of a gene due to the treatment relative to its average expression in the
parental Dd2 parasite. The average is based on 1000 bootstrap calculations (see Methods). aBH, alpha—beta hydrolase; h.p.i, hours post infection;

KAQ9, KAE609 compound; PA92, PA21A092 compound; PFN profiling, PM8 plasmepsin VIII

data from untreated parental Dd2 [16] and PA21A092-
treated Dd2 [16] were also included as positive controls
of normal IDC progression and the effect of a PfATP4
inhibitor on the IDC progression. The Pearson correla-
tion coefficient was calculated between each one of our
collected datasets with the earlier hourly sampled Dd2
transcriptomic data to identify where the maximum
correlation occurs for each of our sampled time points.
Figure 2B shows the time point of maximum correlation
between the datasets of this study and the hourly sam-
pled data. If the data from this study had a perfect cor-
respondence with the literature data, all markers would

lie on the diagonal in the figure, whereas a marker above
(below) the diagonal line indicates that the historical IDC
data occurs later (earlier) than in the culture system used
in this study. These results suggest that 48-h transcrip-
tomic data from KAE609-treated mutants are akin to 8-h
transcriptomic data from the literature data [20], and 0-h
transcriptomic data from untreated and the treated para-
sites (Fig. 2B). During the blood stage, the malaria para-
sites are locked into a rigid, cascade-like transcriptional
program repeating expression of specific genes at spe-
cific point of time in their 48-h cycle [23]. Although the
KAE609-treated parasites maintain their transcriptional
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program for the majority of the sampled time points,
they deviate substantially from their rigid transcriptional
program at the 48-h time point.

For identification of significantly altered gene abun-
dances due to the sublethal dose treatment, a two-way
ANOVA was used and the average fold change in abun-
dance of each gene (FC,,,.) due to the treatment rela-
tive to that in the untreated parental line was computed.
Figure 2C shows significantly altered genes using green
(l0g,FCpepe > +2P,4;<0.001)  and  red (logyFCpyepe<-2
Paqj<0.001). It was found that most of the signifi-
cantly altered genes (~90%) encode non-coding RNAs,
exported proteins, or proteins of unknown function
(Additional file 7: Table S2). In a prior work [14], it was
found that expression of these genes tends to vary sub-
stantially between independent experiments. Among the
significantly altered genes, only a few genes were found
that appeared to be specifically related to the two treat-
ment conditions, e.g., profilin (PFN downregulation
for PA21A092, Fig. 2C) and alpha-beta hydrolase (afH
upregulation for both PA21A092 and KAE609, Fig. 2C).
The afH enzyme has hydrolase activity and utilizes
adenosine triphosphate (ATP), or guanosine triphos-
phate (GTP), as substrate. An increased expression of
afH suggests a compensatory role for this enzyme in the
KAE609-treated and PA21A092-treated parasites.

Figure 2C also shows statistically significant upregu-
lation of the gene encoding plasmepsin VIII (PMS8)
in the KAE609-treated parasites. PM8 belongs to a
group of diverse aspartic proteases called plasmepsins
and is essential during the mosquito stage [24], but is
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potentially dispensable, based on the piggyBac screen
[25], during the blood stage. Interestingly, there was
significant upregulation of the gene encoding PMS8 in
the PA21A092-treated wildtypes parasites (Table S1 of
[16]), but not in the PA21A092-treated mutants. Because
the parental Dd2 strain is sensitive to PA21A092, while
the DA2”*'!V strain is resistant and hypersensitive to
PA21A092 and KAEG609, respectively, these results sug-
gest a role for PM8 under drug-treated conditions that
remains to be elucidated.

For identification of functional implications of altered
gene abundances in P. falciparum, an enrichment analy-
sis was performed using gene sets available in the Malaria
Parasite Metabolic Pathway (MPMP) database [26].
Table 1 lists gene sets that were altered in KAE609- and
PA21A092-treated Dd24?''V mutants but unaltered in
three other datasets collected using identical methods,
where the culture medium only differed in the pertur-
bations, i.e., hypoxanthine deprivation [14], apicoplast
disruption [17], and fosmidomycin treatment [15] in
the NF54 strain. The same gene sets were found to be
altered in KAE609- and PA21A092-treated mutants as
in the PA21A092-treated Dd2 strain. Thus, the identified
gene sets appear to be associated with the disruption of
PfATP4-regulated Na* homeostasis per se, rather than
the sensitivity of either KAE609 or PA21A092.

Metabolomic alterations in PA21A092-treated

and KAE609-treated mutant parasites

To identify treatment-specific alterations in metabolite
abundances over time, the FC,, values of metabolites

Table 1 Gene sets altered in KAE609-treated and PA21A092-treated mutant parasites

Gene set description Ngene Percentage of altered genes (%)

Dd2A21Y Dd2 NF54

KA09? PA92? PA92P HXN® API FOs®
Respiratory chain proteins 48 18.8 229 83 0.0 0.0 2.1
Mitochondrion electron flow 37 16.2 189 10.8 2.7 0.0 0.0
Biogenesis of cytochrome oxidase 29 13.8 6.9 6.9 34 0.0 34
Copper transport 21 286 143 143 48 0.0 0.0
Centriole proteins 21 19.0 238 14.3 0.0 0.0 4.8
Cytochrome C biogenesis 18 222 222 11.1 56 0.0 0.0
Mitochondrial disulphide relay system 13 154 7.7 154 7.7 0.0 0.0
Lysine methylation and demethylation 11 18.2 182 9.1 0.0 0.0 0.0

KA09 KAE609-treated mutants, PA92 PA21A092-treated mutants
@This work

b PA92, PA21A092-treated Dd2 [16]

€ HXN, hypoxanthine-limited NF54 [14]

4 API, apicoplast-disrupted NF54 [17]

€ FOS, fosmidomycin-treated NF54 [15]
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that are common to all three cultures, i.e., untreated
PfDd2 and KAE609- and PA21A092-treated Dd2**!!V
mutant cultures, were computed. Because the ring-stage
parasites are metabolically less active than late-stage par-
asites, a comparison of FC,y values between untreated
and the treated condition should capture the effects of
the sublethal dose on metabolic progression during the
IDC. Figure 3A—C shows the pairwise comparison of the
estimated FC,,; values between the three cultures. It was
found that KAE609 and PA21A092 induced almost iden-
tical alterations in metabolite abundances in Dd242!V
cultures as compared to the Dd2 cultures (Fig. 3A, C).
In fact, only a few metabolites, such as inosine (Fig. 3A),
adenosine monophosphate (AMP, Fig. 3B), 5 guano-
sine monophosphate (5-GMP, Fig. 3B), and spermine
(Fig. 3C), appeared substantially different between the
KAE609- and PA21A092-treated cultures, suggesting dif-
ferences in purine and polyamine metabolism of these
two cultures.

For quantification of temporal alterations in metabo-
lite abundances, the average fold change in abundance
of each metabolite relative to its abundance at 0 h (FC,)
of metabolites common to both KAE609-treated and
PA21A092-treated mutant cultures was computed.
Table 2 lists metabolites having substantially (varying
by more than twofold, |Alog,|>1) different FC, values
between the culture conditions.

It was found that bile acid metabolites accumu-
lated in PA21A092-treated mutants but decreased in
the KAE609-treated mutants (see Table 2). In the liver
and intestine, Na't-dependent transporters support
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absorption and secretion of bile acids [27]. Because both
PA21A092 and KAE609 are Nat homeostasis disruptors,
these results indicate that Na®™ homeostasis is differen-
tially altered in PA21A092-treated and KAE609-treated
mutant parasites, but whether human erythrocytes or
Plasmodium parasites encode bile acid transporters is
unknown.

Metabolism of PA21A092-treated and KAE609-treated
parasites

For delineation of treatment-induced metabolic altera-
tions, the time-resolved data were integrated with a
genome-scale metabolic network model of the parasite
[14-16]. This model has been successfully used to pre-
dict the effects of hypoxanthine deprivation [14] and
fosmidomycin treatment [15] on NF54 strain parasites,
and PA21A092 treatment [16] on Dd2 parasites. Figure 4
shows model-predicted rates of macromolecule synthe-
ses in untreated Dd2, PA21A092-treated Dd24?!V, and
KAE609-treated Dd24?''V parasites. These results sug-
gest that the rates of macromolecule synthesis of the
wildtype and mutant parasites between the three condi-
tions are largely comparable, except for the rate of lipid
synthesis. Lipid synthesis was substantially higher in the
PA21A092-treated mutants as compared to the wildtype
Dd2 and KAE609-treated mutants (Fig. 4D).

For quantification of the net accumulation or reduc-
tion of essential macromolecules and metabolites, the
model-predicted rates of synthesis in the presence of the
two drugs were numerically integrated. Table 3 lists the
fold change in net synthesized amount (Am) of essential

A B
log, (FC ) log, (FC,8) C log, (FC,qsg)
35 35 35
& % %
' I g 5-GMP g
| inosine o9 = | f
AMP * spermine
E 0 g}uc?;e ®<-NAD % 0 e % 0 gluco&e \.Q) .'\NAD*
SO0F % e I S0P of e
o o I
: E 2
-5 ¥ -5 o -5
5 0 5 5 0 5 5 0 5

Untreated WT-RBCs

PA92-treated MT-RBCs

Untreated WT-RBCs

Fig. 3 Substantially altered metabolite abundances in KAE609-treated and PA21A092-treated mutant parasite cultures. A FC,yq values of
metabolites detected in KAE609-treated cultures of mutant parasites compared with untreated cultures of wildtype parasites. B FC,g values of
metabolites detected in KAE609-treated cultures of mutant parasites compared with PA21A092-treated cultures of mutant parasites. C FCy /5 values
of metabolites detected in PA21A092-treated cultures of mutant parasites compared with untreated cultures of wildtype parasites. Here, FC,qq
denotes average fold change in abundance of a metabolite at the 40 h time point relative to its abundance at the 8 h time point. The average

is based on 10,000 bootstrap calculations (see Methods). Red markers denote metabolites having fourfold different FC,q g after treatment as
compared to untreated conditions, while grey markers denote metabolites having less than twofold difference; all other metabolites are shown
using green circles. Open red and green markers denote metabolites that tend to vary substantially over time in uninfected erythrocytes [49], while
markers that have been filled black denote metabolites with no variability information. 5’-GMP 5" guanosine monophosphate, AMP adenosine
monophosphate, GSH reduced glutathione, KA09 KAE609 or cipargamin, MT-RBC erythrocytes infected with mutant parasites, NAD™ nicotinamide
adenine dinucleotide, PA92 pyrazoleamide compound PA21A092, WT-RBC erythrocytes infected with wildtype parasites
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Table 2 Substantially altered metabolites in KAE609-treated and PA21A092-treated cultures
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Pathway Subpathway Metabolite log, (FCyp,)?
+PA92 +KA09

Amino Acid Arginine and proline metabolism 2-oxoarginine® 1.15 — 054
Arginine 0.75 —1.20
N-acetylarginine 1.30 — 044
Lysine metabolism Fructosyllysine 0.79 —1.25
Methionine, cysteine, and taurine metabolism Cysteine 1.46 —0.90
Tyrosine Metabolism 3-(4-hydroxyphenyl)lactate — 041 —1.89
Carbohydrate Pentose phosphate pathway Sedoheptulose-7-phosphate 147 339
Cofactors and Vitamins Biotin metabolism Biotin 1.05 — 050
Energy Tricarboxylic acid cycle Aconitate 1.18 —0.60
Citrate 0.87 —0.75
Lipid Fatty acid metabolism 2,4-dihydroxybutyrate —225 - 074
Bile acid metabolism Glycochenodeoxycholate 133 -0.20
Glycocholate 1.56 —036
Glycodeoxycholate 1.52 —027
Nucleotide Purine metabolism Inosine — 041 1.62

KA09 KAE609-treated erythrocyte cultures infected with mutant parasites, PA92 PA21A092-treated erythrocyte cultures infected with mutant parasites

@ Metabolite identified based on m/z ratio alone with no external standard for validation

b FC,,, denotes average increase (or decrease) in abundance of a metabolite over time relative to its abundance at 0 h of the experiment
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Table 3 Macromolecules and metabolites accumulated in
KAE609- and PA21A092-treated parasites

Macromolecule Am? = J Vkaoo

Ama = S Voo L
S ven

S Ve

DNA 1.10 1.19
RNA 1.07 0.94
Protein 1.30 1.06
Phospholipid 1.59 0.99
Metabolite Am Am
Ammonium 325 1.76
S-adenosyl-L-methio-  2.56 1.29
nine

Nicotinamide-ade- 1.88 1.04
nine-dinucleotide

Protoheme 1.83 0.50
10-formyltetrahydro-  1.66 0.98
folate

5-10-methylenetet- 144 0.87
rahydrofolate

Pyridoxal-5-phosphate  1.32 1.15
Coenzyme-A 1.31 1.00
Putrescine 1.26 127
Spermidine 1.25 0.79

2 fold change in net synthesized amount of a macromolecule (or metabolite).
Here, [ v§ denotes total accumulated amount of a macromolecule (or
metabolite), computed numerically by integrating its synthesis rate (v) over the
48 h intraerythrocytic developmental cycle. Where, X is equal to untreated (CTL),
KAE609-treated (KA09), or PA21A092 treated (PA92) conditions

macromolecules and metabolites during the IDC in
the presence of either compound. PA21A092-treated
mutants produced ~60% more phospholipids than the
untreated parasites, whereas phospholipid production
in the KAE609-treated mutants was unchanged during
the IDC. In contrast to a recent study [16] that reported
an increase in myoinositol synthesis rate during late
stages of PA21A092-treated wildtypes, this study found
enhanced myoinositol synthesis during the entire IDC
of PA21A092-treated mutants (Additional file 4: Fig. S4).
Because the Dd24*!! strain is resistant to PA21A092 and
phosphatidylinositol 3-phosphate (downstream product
of myoinositol) is associated with drug resistance in P
Salciparum [28], these results also suggest a role for phos-
pholipid signalling in PA21A092 resistance.

For identification of similarities and dissimilarities
in the metabolism of PA21A092- and KAE609-treated
mutants, hierarchical clustering analysis was performed
on model-predicted metabolism of untreated wildtype
Dd2 and the treated mutants. Figure 5A illustrates non-
zero enzymatic fluxes in the untreated wildtype Dd2 and
the treated mutants. The cluster analysis revealed two
clusters (annotated 1 and 2, Fig. 5A) containing enzymes
having substantially higher flux in the PA21A092-treated
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mutants as compared to the untreated wildtype Dd2 and
KAE609-treated mutants.

t-SNE and two-way ANOVA were then employed to
identify significantly (p<0.001) altered metabolic reac-
tions in the PA21A092-treated mutants as compared to
the KAE609-treated mutants. Figure 5B shows meta-
bolic reactions of the untreated wildtype Dd2 and the
treated mutants along the two t-SNE dimensions, reveal-
ing a cluster (red ellipse, Fig. 5B) containing metabolic
reactions primarily from the PA21A092-treated para-
sites. Figure 5C characterizes the metabolic reactions
circumscribed in Fig. 5B and contained in Cluster 1
and 2 (Fig. 5A) into six metabolic pathways, indicating
that most (~43%) of the significantly altered reactions
belonged to lipid metabolism. In addition to lipid metab-
olism, these reactions belong to purine metabolism,
membrane transport, methylation cycle, and fatty acid
metabolism (Additional file 8: Table S3). It was found
that these diverse pathways provide precursors neces-
sary for synthesis of phospholipids, i.e., phosphatidylcho-
line, phosphatidylserine, phosphatidylethanolamine, and
phosphatidylinositol.

Within the metabolic network model, exchange fluxes
of the PA21A092-treated and KAE609-treated mutants
captured nutrient uptake alterations associated with the
resistance and hypersensitivity of the two drugs. There-
fore, the difference between model-predicted exchange
fluxes of PA21A092-treated and KAE609-treated
mutants was computed to quantify differences in nutri-
ent requirements of the two cultures. Figure 6 shows
exchange-flux differences between the two cultures aver-
aged to capture ring, trophozoite, and schizont stages of
blood-stage parasites. PA21A092-treated Dd2**'!V main-
tained energy generation, haemoglobin degradation, iso-
leucine uptake, Na™ excretion, and osmosis better than
the KAE609-treated Dd24?'1V, These results suggest that
PA21A092-treated mutants utilize arginine, formate, and
nicotinamide more efficiently than the KAE609-treated
mutants. A closer examination into these metabolites
indicated an increased pyrophosphate generation via
nicotinate phosphoribosyltransferase in the PA21A092-
treated mutants but not in the KAE609-treated mutants.
Plasmodium falciparum encodes two proton pyrophos-
phatases: (i) potassium-dependent (PF3D7_1456800) and
(if) potassium-independent (PF3D7_1235200), catalysing
pyrophosphate to fuel their proton pumping activity. An
increased expression of PF3D7_1456800 was found at all
time points (except 40 h and 48 h, Additional file 5: Fig.
S5), and an increased expression of PF3D7_1235200 was
found at the 40 h and 48 h time points in the PA21A092-
treated mutants. The malaria parasite predominantly
uses a V-type H' ATPase to regulate its intracellular
pH [29], which is disrupted after treatment with various



Tewari et al. Malaria Journal

(2023) 22:56

7Unjreated WT

L S

]

MT+PA21A092

T L T iy

L b

-

Page 11 of 17

MT+KAE609

0N
el X

log, ot

B

0
2
NI L N
12 24 36 48 12 24 36 48
Time (h)
B 30 C 50 1
@ Untreated WT —
@ MT+PA21A092 ."
o~ © MT+KAEB09 A ”
S A 2
o Wy gtie  Dn
o) o
£ J ® O
5
-30 . N . 0 rl -/ m D
-40 -20 0 20 AA Carb Lip Nuc Tr Vit
Dimension 1

Fig. 5 Model-predicted metabolism of untreated Dd2, PA21A092-treated Dd2"?"", and KAE609-treated Dd2"?'"V. A Hierarchical clustering analysis
of non-zero metabolic fluxes in untreated wildtypes (WT) and mutants treated with pyrazoleamide compound PA21A092 (MT 4 PA21A092)

and spiroindolone compound KAE609 (MT + KAE609). The cluster analysis revealed metabolic reactions having substantially different flux in the
presence of PA21A092, but not in the absence of drugs or in the presence of KAE609, annotated using 1 (vertical stripes) and 2 (horizontal stripes.).vI
denotes temporal flux of an enzyme after normalization by its median value in the untreated WT parasites. B) Metabolic fluxes in wildtypes (WT;
black), PA21A092-treated mutants (MT; blue), and KAE609-treated mutants (MT; green) along two reduced dimensions. The red ellipse contains
metabolic reactions, primarily, from PA21A092-treated mutants. C Metabolic pathways associated with the metabolic reactions contained in the
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PfATP4 inhibitors [30]. Therefore, these results suggest a
role for these pyrophosphatases in maintenance of intra-
cellular pH to compensate for the inhibition of PfATP4 in
the treated parasites.

Discussion

Spiroindolones and pyrazoleamides belong to a novel
class of anti-malarial drugs that work by perturbing Na™
homeostasis in P, falciparum. The PfATP4 protein main-
tains the Na™ gradient across the parasite plasma mem-
brane [31] and point mutations in PfATP4 modulate
parasites’ sensitivity to PfATP4-targeting drugs, such as

spiroindolones and pyrazoleamides [11]. In this work, an
isogenic pair of Dd2 parasite lines containing wildtype or
the A211V mutation in PfATP4 were used to investigate
metabolic alterations associated with resistance against
PA21A092 (a pyrazoleamide compound) and increased
sensitivity to KAE609 (a spiroindolone compound). For
identification of PfATP4-related mechanisms that regu-
late drug sensitivity in P falciparum, sublethal doses of
PA21A092 (and KAE609) that did not cause substantial
changes to parasite morphology until the 40-h time point
of the experiment, but still caused approximately 30-70%
inhibition of Dd24211V replication during the second IDC,
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Metabolites Ring  Troph Schizont trend were determined. At the determined sublethal concentra-
Cofactor & Vitamins tion of the two compounds, time-resolved metabolomic
Riboflavin -0.03 0.22 0.04 ™~ and transcriptomic data were collected from Dd2/*'1Y
Thiamin -0.02 0.15 001 N . . o
Pantothenate 040 0.06 048 cultures during the IDC, and a series of quantitative and
Nicotinamide 0.26 i metabolic data analyses were performed.
Inorganics & Small Molecules
PO 015  -003 033 T \_
0, -0.13 -0.07 018 TN\ Transcriptomic and metabolomic alterations in the treated
Fe?* 000 004 006 — \\ Dd2*2'Y
Sulfate (SO4%) -0.02 0.01 005 _— As compared to the PA21A092-treated mutants, KAE609
Formate (CHO5) 038 022 e treatment caused substantially less alteration in the
pH & Osmosis transcriptional program of the parasite during the IDC.
CO, 0.50 0.33 056 ~_~ In fact, the number of significantly altered genes in the
H,O 0.12 0.15 046 _~ KAE609-treated parasites was approximately 20% of
Na* excretion 0.15 0.03 033 —" that in the PA21A092-treated parasites. Consequently,
Proton (H*) 0.16 016 027 ___~ the number of genes altered under both conditions
Amino Acids was also low (only 10 genes were altered due to both
Arginine 0.1 0.22 3 — PA21A092 and KAE609). Of the 10 genes, one gene
Alanine -0.02 0.05 — (PEF3D7_0823400) encoded P. falciparum offH and was
o Sluny olE — significantly upregulated (>twofold; p,4<0.001) under
Glutamate 0.00 -0.07 - . ay )
Clitaniing 005  -0.06 L both the conditions. It was found that the expression of
Glycine 0.06 0.04 - this gene was downregulated in response to treatment by
Histidine -0.02 0.04 - other anti-malarials, such as artemisinin [32], atovaquone
Leucine -0.02 0.03 — [32], chloroquine [32], and tafenoquine [32]. Because
Lysine -0.01 -0.02 — afH can hydrolyse ATDP, these results suggest a compen-
Mattioning e 00! — satory role for this protein in the PA21A092-treated and
Phenylalanine -0.02 0.02 — .
Proline 0.03 0.02 L KAE609-treated mutants. Most of the other nine genes
Threonine 0.02 0.02 o encode RIFIN proteins or non-coding RNAs, which
Tryptophan -0.02 0.04 — based on a prior work [14] tend to vary substantially, yet
Tyrosine -0.01 -0.02 — non-specifically, between different perturbations.
Valine -0.02 0.04 — A recent effort [16] found that PA21A092 treatment
Serine .31 Ldb — causes a substantial increase in the synthesis of myoinosi-
Asparagine -0.08 0.03 - S / ]
Isoleucine 0.04 018 — tol, a precursor of phosphatidylinositol-4,5-bisphosphate
Hemoglobin 0.02 005 —— (PIP,), in late-stage wildtype parasites. This study found
Energy significant downregulation (> twofold; p,4;<0.001) of the
Hexanoate 4 5 N\ gene (PF3D7_0932200) encoding profilin, a PIP,-binding
Hypoxanthine - protein, in the PA21A092-treated mutants, but not in the
g:;z::j Q KAE609-treated mutants. The profilin protein modu-
Laciate L lates the activity of phosphoinositide 3-kinases (PI3Ks)
Urea - by interacting with PIP, and, thus, can have a profound
Fig. 6 Average difference of model-predicted fluxes transporting the effect on multiple signalling pathways, such as motil-
listed metabolites in PA21A092-treated and KAE609-treated mutants. ity, proliferation, and apoptosis [33]. Under in vitro
The flux difference was averaged to capture ring (1-18 h), trophozoite conditions [33], downregulation in profilin protein is

(19-32 h), and schizont (33-48 h) stages of blood-stage malaria
parasites. Prior to taking the average of difference, the flux-difference
value of a metabolite was normalized by its median value in the Dd2
wildtype. A negative (or positive) value, under the ring, trophozoite

accompanied by increased abundance of PIP,, a down-
stream product of myoinositol biosynthesis. Moreover,
an expected consequence of Na® homeostasis disrup-

(troph), or schizont column, suggests that the metabolic flux is more tors is cell swelling [34], which leads to PI3K activation
negative (or positive) in PA21A092-treated mutants as compared to in many cell types [35]. The PI3K protein phosphorylates
the KAE609-treated mutants. The trend lines capture gross difference PIP, to yield phosphatidylinositol (3, 4, 5)-triphosphate

in metabolic fluxes during ring, trophozoite, and schizont stages of

(PIP;), which is known to activate Akt in most cells [36]
the two mutants

and support cell survival [37]. Because overexpression
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of Plasmodium Akt (PfAkt) leads to clinical-level arte-
misinin resistance in P falciparum [28], it is likely that
the PI3K/PfAkt pathway also plays a role in modulating
sensitivities of pyrazoleamide and spiroindolone drugs in
malaria parasites.

In contrast to the transcriptomic data analysis, meta-
bolic alterations in the PA21A092-treated and KAE609-
treated mutant cultures were mostly similar (Fig. 3A,
C). An accumulation of purine metabolites (inosine,
AMP, and GMP) was found in KAE609-treated mutant
cultures as compared to the wildtype cultures and
PA21A092-treated cultures, whereas an accumulation of
a polyamine metabolite, spermine, was observed in the
PA21A092-treated mutant cultures. At the outset, these
results suggest only minor differences in the metabolism
of the PA21A092-treated and KAE609-treated mutant
parasites.

Metabolic pathways associated with resistant

and hypersensitive phenotypes

To pinpoint differences between the observed resistant
and hypersensitive phenotypes, the quantitative data
analysis was augmented using a genome-scale metabolic
network model to identify a set of reactions comprised of
primarily lipid metabolism reactions (Fig. 5B) that were
almost exclusively associated with the resistant pheno-
type. Figure 7 schematically summarizes the interaction
network of the metabolic reactions contained within the
identified cluster. A recent publication [16] posited that
enhanced synthesis of phosphatidylinositol might under-
lie drug-resistance development in P falciparum. In
agreement with that recent work, in this study metabolic
reactions synthesizing phosphatidylinositol, phosphati-
dylethanolamine, phosphatidylserine, and phosphatidyl-
choline were significantly upregulated in the Dd24*'Y
cultures exhibiting PA21A092 resistance, but not in
DdA242!1Y cultures showing KAE609 hypersensitivity.

Na™ homeostasis disruptor drugs induce cell swelling
in P, falciparum [38]. A consequence of cell swelling in
HepG2 cells is the activation of protein kinases, such as
[39], which in turn is responsible for activation of acetyl-
CoA carboxylase enzyme [35]. The acetyl-CoA carboxy-
lase (ACC) enzyme synthesizes malonyl-CoA (malCoA
in Fig. 7), a precursor for Type II fatty acid synthesis in
P falciparum [40]. This study found an increased ACC
flux and, consequently, an increased fatty acid synthesis
(FA Synthesis in Fig. 7) in PA21A092-treated mutants
but not in the KAE609-treated mutants. A downstream
consequence of increased ACC flux is enhanced syn-
thesis of phosphatidylserine (PtdSer in Fig. 7), a critical
modulator of protein kinase B (Akt)-mediated cell sur-
vival [41]. Therefore, these results suggest that enhanced
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phospholipid synthesis, observed in PA21A092-treated
mutants, is a downstream consequence of the Na™ home-
ostasis disruptor to promote Plasmodium proliferation.

Given that both compounds target the same protein
and that the sublethal concentrations were selected based
on their ability to have the same disruption on the IDC
progression, the possibility cannot be excluded that dif-
ferences in their sensitivity are partially due to their off-
target effects. Compounds that interact with ion-channel
transporters can have physiological effects beyond their
primary target. To identify potential off-target effects of
the two compounds, the computational prediction tool
ToxProfiler was used to scan for drug-protein interac-
tions that are known to causally link to phenotype-level
adverse effects [42]. It was found that KAE609 interacts
significantly with two proteins: ATP binding cassette
subfamily B member 11 (ABCB11) and Gamma-amin-
obutyric acid receptor subunit alpha-1 (GABRAI)
(Additional file 9: Table S4: Sheet 1). In the P. falciparum
genome [43], there are five orthologs of ABCB11 and
no orthologs of GABRAL. Of the five ABCB11-related
genes, one gene, PF3D7_1339900, encoding ABC trans-
porter B family member 5 (ABCB5) protein was found to
have substantially higher expression in the PA21A092-
resistant cultures as compared to the KAE609-sensitive
cultures of DA24%11Y (Additional file 9: Table S4: Sheet 2).
The ABCBS5 protein is a generic transporter of small ions,
sugars, and peptides [44] and has been associated with
resistance against chemotherapeutics, such as doxoru-
bicin [45] and 5-fluorouracil [46], presumably via a drug-
efflux mechanism [45]. This suggests that KAE609 may
have an enhanced efficacy against the Dd242!!V strain
due to its interaction with the ABCB5 protein, causing
an enhanced intracellular accumulation of KAE609 as
compared to PA21A092. These results provide a parallel
explanation for the differential sensitivities of PA21A092
and KAE609 in Dd24*!"Y,

Limitations of the current study

In this work, the effects of the A211V mutation on
PfATP4 function were not studied. A recent study has
shown that another mutation (G358S) can alter bind-
ing affinities of the cipargamin drug and sodium ions
for the PfATP4 protein [47]. Therefore, it is possible
that physiological changes related to sodium homeo-
stasis may occur in untreated malaria parasites carry-
ing the A211V mutation. Herein, with the help of the
metabolic network model, the effect of any sodium
homeostasis alteration on parasite metabolism would
be accounted for by the sodium-dependent phos-
phate transporter [48]. Therefore, the used modelling
frame work would indirectly capture the effects of any
mutation-associated compensatory adaptations in the
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parasite metabolism by integrating time-resolved tran-
scriptomic data collected during the IDC. Moreover,
in this work, the physiological differences between the
Dd2 wildtypes and Dd24?''V parasites were not com-
pared because our primary goal was to identify para-
sitic responses associated with differential sensitivities
of KAE609 (cipargamin) and PA21A092 compounds in
the Dd2421V parasites.

Lastly, to simulate the effect of KAE609 (or
PA21A092) on the metabolism of Dd242'V parasites
during the entire IDC, time-resolved transcriptomic
and metabolomic data were coupled with a meta-
bolic network model, which uses explicit gene-protein
reaction rules to predict enzymatic activities in the
D22V parasites. Because the modelling approach
does not explicitly model the interaction of KAE609
(or PA21A092) with the PfATP4 protein, the meta-
bolic adaptations identified herein are not necessarily
associated with the differential sensitivities of the two
chemicals; instead, these model-predicted adaptations

represent global changes induced by the two chemicals
in parasite metabolism, which may include toxic and
non-toxic effects of the treatment in the P, falciparum.

Conclusions
PA21A092, a pyrazoleamide compound, belongs to a
novel class of anti-malarials that perturb Na™ homeo-
stasis in P. falciparum. Recent evidence suggests that
specific mutations in the PfATP4 protein confer resist-
ance against PA21A092, but at the same time enhance
efficacy of another Na* homeostasis disruptor, KAE609.
Here, the metabolic and transcriptomic changes in
blood-stage P. falciparum Dd2*?''V exhibiting differ-
ential sensitivities against KAE609 and PA21A092 were
examined to characterize physiological processes asso-
ciated with the different responses to these compounds.
Sublethal compound concentrations were selected
to limit parasite death during the first IDC. Negligible
morphological changes were observed, yet the identi-
fied concentrations substantially reduced the ability
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of the parasites to replicate beyond the first IDC. As
expected, the time-dependent transcriptional response
of the DA242!V strain, in the presence sublethal doses
of either compound, was largely similar to the wildtype
Dd2 strain and commensurate with the parasites suc-
cessfully compensating for the drug pressure by main-
taining the overall schedule of completing the first IDC.

The sublethal concentration of either compound gen-
erates a time-dependent differential gene signal that
is mainly (~90%) dominated by non-functional genes
exhibiting a highly variable transcription response that
is not likely to be associated with any physiologically
relevant functional adaptation. The sublethal concen-
trations did not generate a strong “functional” gene
transcription signal, although a handful of genes could
be linked to maintenance of homeostasis in spite of the
disruption of Na't import/export (swelling, osmotic
stress). In particular, the differential downregulation
of profilin associated with decreased sensitivity in
PA21A092-treated cultures indicated a possible protec-
tive response that was absent in the KAE609 response
(increased sensitivity).

Although many more altered metabolites were
detected than gene transcripts, detailed interpretation
of these changes are hampered by the interconnected
and time-dependent nature of biochemical reactions
and metabolites. A scattering of significant changes was
noted among multiple metabolic pathways, and the larg-
est and most consistent difference between PA21A092
and KAEG609 treated cultures was potentially related to
a differential response to Na™ homeostasis disruption.
To study treatment-induced disruption of the fine-tuned
metabolic network aspect of malaria parasite metabo-
lism, a genome-scale metabolic network modelling tech-
nique integrating the time-dependent transcriptomic and
metabolomic data was used. This provides a functional
metabolic description that is easier to interpret as it takes
into account the coupled physiological response via the
inter-connected network of biochemical reactions.

The overall stage-dependent syntheses of macromol-
ecules characterize the parasite progression through
the IDC from rings to schizonts. The model-predicted
rates of macromolecular synthesis show the greatest
deviation from the parental Dd2 line in the PA21A092-
treated cultures, in particular for lipid synthesis,
whereas the KAE609-treated cultures show far less
deviations. A detailed analysis of the predicted reaction
fluxes identified several coupled metabolic reactions
that were predicted to be active only in the less sensi-
tive PA21A092-treated cultures. These reactions con-
nect several of the individual metabolites found from
the metabolomic data with an overall process that links
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Na' homeostasis disruption to an increased production
of lipids. The overproduction of lipids appears to be a
metabolism by-product to maintain overall vitality. Inter-
estingly, and in spite of applying the same drug pressure
(~50% reduction of parasite replication) using KAE609,
the same shift in metabolism was not observed. These
results highlight subtle differences in parasite metabo-
lism that drive the response to sublethal drug exposures.
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