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ABSTRACT The malaria parasite Plasmodium falciparum contains the apicoplast or-
ganelle that synthesizes isoprenoids, which are metabolites necessary for posttransla-
tional modification of Plasmodium proteins. We used fosmidomycin, an antibiotic
that inhibits isoprenoid biosynthesis, to identify mechanisms that underlie the devel-
opment of the parasite’s adaptation to the drug at sublethal concentrations. We first
determined a concentration of fosmidomycin that reduced parasite growth by
~50% over one intraerythrocytic developmental cycle (IDC). At this dose, we main-
tained synchronous parasite cultures for one full IDC and collected metabolomic and
transcriptomic data at multiple time points to capture global and stage-specific alter-
ations. We integrated the data with a genome-scale metabolic model of P. falcipa-
rum to characterize the metabolic adaptations of the parasite in response to fosmi-
domycin treatment. Our simulations showed that, in treated parasites, the synthesis
of purine-based nucleotides increased, whereas the synthesis of phosphatidylcholine
during the trophozoite and schizont stages decreased. Specifically, the increased poly-
amine synthesis led to increased nucleotide synthesis, while the reduced methyl-group
cycling led to reduced phospholipid synthesis and methyltransferase activities. These
results indicate that fosmidomycin-treated parasites compensate for the loss of prenyla-
tion modifications by directly altering processes that affect nucleotide synthesis and ri-
bosomal biogenesis to control the rate of RNA translation during the IDC. This also sug-
gests that combination therapies with antibiotics that target the compensatory response
of the parasite, such as nucleotide synthesis or ribosomal biogenesis, may be more
effective than treating the parasite with fosmidomycin alone.

KEYWORDS apicoplast, fosmidomycin, prenylation, metabolomics, genome-scale
metabolic model, Plasmodium falciparum, transcriptomics, metabolic modeling

lasmodium falciparum possesses a nonphotosynthetic plastid organelle called the

apicoplast, which it evolutionarily acquired through secondary endosymbiosis of a
plastid-bearing red alga (1). Through the process of lateral gene transfer, most apico-
plast genes migrated to the nuclear genome, which now encodes between 400 to 500
apicoplast-targeted proteins (2, 3). The apicoplast genome encodes fewer than 30 pro-
teins, most of which are ribosome subunits (4). Previous work has shown that antibiot-
ics that inhibit housekeeping functions of the apicoplast, such as DNA replication and
transcription, cause the so-called delayed-death phenotype, in which the parasite suc-
cessfully completes the first intraerythrocytic developmental cycle (IDC) but dies dur-
ing the second IDC (5, 6). Specifically, it has been hypothesized that drug-induced
delayed death begins with the inhibition of apicoplast housekeeping functions during
the first IDC, which ultimately leads to irreversible apicoplast dysfunction and parasite
death in the second cycle (1).
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Previous studies have shown that the sole purpose of the apicoplast during the IDC
is to synthesize isopentenyl diphosphate (IPP), which is involved in a wide range of
functions, including vesicular trafficking (7), ubiquinone biosynthesis (8), protein glyco-
sylation (9), and glycosylphosphatidylinositol (GPI) biosynthesis (9). Kennedy et al. (7)
demonstrated that prenylation of Plasmodium proteins with a polyprenol (geranylgera-
niol) is sufficient to rescue P. falciparum parasites undergoing drug-induced delayed
death in the second IDC. However, these rescued parasites are still unable to survive
the subsequent (third) IDC, suggesting that additional processes contribute to parasite
death following disruption of IPP synthesis by a drug targeting apicoplast housekeep-
ing functions.

In contrast to humans, which synthesize IPP via a mevalonate-dependent pathway
(10), P. falciparum parasites synthesize IPP in the apicoplast through a nonmevalonate
pathway. IPP synthesis via the latter pathway requires the metabolite 1-deoxy-p-xylu-
lose 5-phosphate (DOXP) and the activity of DOXP reductoisomerase. Fosmidomycin,
an antibiotic that selectively inhibits DOXP reductoisomerase, is effective in treating
multidrug resistant parasites in vitro (11). Owing to recrudescent malaria infections
(12), however, fosmidomycin is used clinically in combination with clindamycin, which
results in highly efficacious treatment of children with P. falciparum malaria (13). The
synergistic effect of combining the drugs is also observed under in vitro conditions
(14); however, the mechanisms contributing to this synergy are not known. We
hypothesize that by delineating and understanding how drug-induced adaption mech-
anisms allow the parasite to tolerate fosmidomycin, we will be able to provide a new
rationale for selecting and expanding on possible alternative combination therapies.

To understand the impact of IPP depletion on P. falciparum blood-stage develop-
ment, we first identified the fosmidomycin concentration that inhibited parasite
growth by about 50% over one growth cycle. At a concentration of 1 uM, we collected
transcriptomic and metabolomic data at multiple time points spanning a complete
IDC. We then analyzed these data using a series of computational methods and models
to identify global and stage-specific alterations in the parasite. Our analyses of the ex-
perimental transcriptomic data revealed alterations in genes involved in initiation and
regulation of translation. To elucidate the metabolic adaptations of the parasite to fos-
midomycin, we integrated the experimental transcriptomic and metabolomic data
with a genome-scale metabolic model of P. falciparum (15-17). Our model-based anal-
yses identified a reduction in lipid synthesis, an increase in polyamine metabolites, and
marked perturbation of pH homeostasis in the treated parasites. Taken together, our
analyses suggest that fosmidomycin-treated parasites regulate processes, such as nu-
cleotide synthesis and ribosomal biogenesis, to control RNA translation as a survival
mechanism. These results also provide a rationale for why combining fosmidomycin
with antibiotics that target ribosomes (such as doxycycline, azithromycin, or clindamy-
cin) may be more effective in treating malaria than fosmidomycin monotherapy (14).

RESULTS

In this section, we present the experimental multiomics data and metabolic net-
work modeling results. In the first part, we describe the in vitro experiments that deter-
mined the fosmidomycin dose causing 50% growth inhibition at ~7% parasitemia
over one IDC. Next, we report our findings from the metabolomic and transcriptomic
data analyses and describe their consequences for parasite physiology. Finally, we
interpret the functional consequences of fosmidomycin-induced metabolomic and
transcriptomic perturbations with the aid of a whole-genome metabolic network
model of P. falciparum. Overall, these results identified the consequences of fosmido-
mycin-induced impairment in vesicular trafficking and possible metabolic adaptations
that support P. falciparum survival under IPP deprivation (see Discussion).

Intraerythrocytic development of fosmidomycin-treated P. falciparum.
Fosmidomycin, which inhibits IPP synthesis in P. falciparum in the first IDC, prevents
the prenylation of Plasmodium proteins that the parasite needs to complete the
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FIG 1 Morphologies and stages of the intraerythrocytic developmental cycle (IDC) of P. falciparum
under untreated (0uM) and fosmidomycin-treated (1 uM) conditions. (A) Giemsa-stained images of
erythrocytes infected with P. falciparum (denoted by P) at 40 h into the first IDC. At 40 h, no gross
morphological changes were apparent in parasite-infected erythrocytes treated with fosmidomycin
(OuM versus 1 uM fosmidomycin), of which ~50% progressed to the ring stage of the second IDC
(64 h, upper panel). (B) Percentage of ring-, (early and late) trophozoite-, and schizont-stage parasites
in the infected cultures. Fosmidomycin treatment did not alter parasite development over time, as
indicated by the fractions of different parasite stages before division, i.e., 40 h. During the second IDC
in the absence of the drug, approximately half of the ring population was nonviable at the 64-h time
point. At each time point, we collected parasitemia data in quadruplicate from independent
experiments with the error bars indicating the standard deviation from the mean percentage for a
given parasite stage. Asterisks denote a statistically significant (P=0.01) reduction in the ring
population after treatment compared to an untreated control. Abbreviations: ET, early trophozoite;
FOS, fosmidomycin; LT, late trophozoite; R, ring; S, schizont.

growth cycle (7). As noted above, however, additional processes are perturbed in para-
sites undergoing drug-induced delayed death (7). Moreover, because IPP supplemen-
tation is sufficient to prevent drug-induced delayed death indefinitely (1), we per-
formed experiments under conditions that limited IPP synthesis to quantify the impact
of IPP on Plasmodium processes. To determine the optimal fosmidomycin dose, we first
conducted independent experiments in quadruplicate and at six different dosages of
fosmidomycin ranging from 0.125 to 4 uM (see Fig. S1 in the supplemental material).
Specifically, we treated synchronized ring-stage parasites at a given fosmidomycin con-
centration for 40 h and then transferred a tenth of the culture into drug-free medium
to determine the viability of parasites to replicate in the second growth cycle. We
found that a fosmidomycin concentration of 1 ©«M would allow us to assess the effects
of the drug during the first IDC without prematurely killing the parasites. Figure 1A
compares the morphologies of parasite-infected erythrocytes (iRBC) under untreated
(0 M) and treated (1 uM) conditions at 40 h of the IDC. Figure 1A also shows the mor-
phologies of treated iRBC that progressed to the second IDC (t=64 h, upper panel)
and failed to progress to the second IDC (t=64 h, lower panel). Under untreated and
drug-treated conditions, the fractions of ring (R)-, early trophozoite (ET)-, late tropho-
zoite (LT)-, and schizont (S)-stage parasites were similar at each sampled time point
of the first IDC (from 0 up to 40 h, Fig. 1B). Nonetheless, parasite replication was
reduced by ~50% at 64 h (Fig. 1B), suggesting that significant metabolic perturba-
tions had occurred during the 40-h treatment period and inhibited subsequent para-
site development.
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Global analyses of metabolomic data. Based on global metabolic profiling of par-
asite-infected cultures treated with 1 uM fosmidomycin, we identified 469 metabolites
at six time points during the IDC (Data Set S1). To identify metabolic alterations due to
fosmidomycin treatment, we compared these data with metabolomic data, quantifying
501 metabolites, from untreated cultures of the same Plasmodium strain during the IDC
(18). We found that 368 (out of 469) metabolites were common with the metabolomic
data from untreated cultures, while the remaining 101 (out of 469) metabolites were pres-
ent exclusively in the fosmidomycin-treated cultures. To investigate whether fosmidomy-
cin treatment caused production of any specific metabolic class, we categorized the
metabolites present exclusively in treated (101 out of 469) and untreated (133 out of 501)
cultures based on their respective pathways (see Fig. S2 in the supplemental material). We
found that the number of metabolites detected in five out of seven metabolic classes
were the same, suggesting that fosmidomycin treatment did not lead to production/con-
sumption of specific metabolite classes. Hence, we focused on analyzing metabolites
detected in both untreated and treated cultures.

Figure 2A shows hierarchical clustering analysis of these 368 metabolites, in which
we normalized the abundance of each metabolite from both untreated and treated
cultures by its level at 0 h (thick gray line) to facilitate comparison between the two
conditions. Although overall the metabolite profiles were largely similar, we identified
four clusters (annotated 1 to 4) that showed differences among the detected metabo-
lites in the treated condition. These metabolite categories included cofactor, glycolysis,
purine, pyrimidine, and polyamine metabolites. Specifically, our analysis showed that
abundance levels of cytidine, 2-phosphoglycerate, guanosine, adenylosuccinate, aden-
osine, dihydroxyacetone phosphate (DHAP), and vitamin B, decreased relative to 0 h
under the treated condition, while they increased under the untreated condition. By
contrast, the abundance levels of phosphoenolpyruvate, adenosine 5’ diphosphate,
and spermine increased relative to 0 h under the treated condition. Fig. S3 to S6 in the
supplemental material show the temporal profiles of metabolites contained in clusters
1to 4.

To ascertain the impact of fosmidomycin treatment on the abundance levels of the
quantified metabolites during the IDC, we used the t-distributed stochastic neighbor-
hood embedding (t-SNE) method (19) to conduct a dimensional reduction and provide
a simplified visual data representation. Figure 2B shows the separation of the data
along two t-SNE dimensions that tracks to the dynamic evolution of P. falciparum para-
site metabolism (17). Specifically, metabolomic data from treated cultures separated
along the t-SNE dimensions with time in a manner similar to those of untreated cul-
tures (Fig. 2B, arrow), suggesting that fosmidomycin did not cause any large-scale dis-
turbances in parasite metabolism. To identify specific metabolites that showed signifi-
cant alterations (>2-fold change on a log, scale) during the IDC, we compared the
average abundance of metabolites during the IDC between treated and untreated
iRBC cultures (Fig. 2C). Seven metabolites yielded abundance levels more than 2-fold
higher in treated relative to untreated cultures, while 11 yielded more than 2-fold
lower abundance levels (Data Set S2). DHAP was among the 11 in the latter group. In
contrast to our study, Kennedy et al. (7) found an increased abundance of DHAP in par-
asite cultures treated with indolmycin compared to that in untreated parasite cultures.
In our study, we used fosmidomycin—a selective inhibitor of isoprenoid synthesis—
whereas Kennedy et al. (7) used indolmycin, which disrupts isoprenoid synthesis by in-
hibiting RNA translation in the apicoplast. Therefore, this discrepancy in DHAP abun-
dance may be a result of the different drugs that were used to probe isoprenoid syn-
thesis in P. falciparum.

The iRBC cultures we used here consisted of ~90% uninfected erythrocytes (see
Materials and Methods). Given that the metabolism of uninfected erythrocytes (URBC)
changes during the duration of an IDC (18), we analyzed the metabolites in uRBCs cul-
tured in parallel with iRBCs in the same medium containing fosmidomycin. We com-
puted the fold change (FC) in the abundance levels of metabolites detected in iRBC
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FIG 2 Global analyses of metabolomic data. (A) Hierarchical clustering analysis of the averaged data
from quadruplicate samples of untreated (CTL) and treated (FOS) parasite cultures. We normalized
the data with respect to the corresponding condition results at 0 h (thick gray line) to facilitate
temporal comparison between the two conditions. Overall, metabolite abundances in FOS cultures
showed temporal alterations similar to those in CTL cultures. By contrast, the annotations (1 to 4) show
metabolite clusters with different responses between CTL and FOS cultures. (B) Metabolomic data from
quadruplicate samples of CTL and FOS cultures shown in a reduced dimensional representation. We used
the t-distributed stochastic neighbor embedding (t-SNE) method (19) to perform dimension reduction.
Markers with the lightest color represent data at 0 h, whereas those with the darkest color represent data
at 40 h. The separation of CTL and FOS data along the time arrow captures the well-known observation
that different parasite stages have different metabolic requirements (17). (C) Average abundance of
metabolites quantified from parasite-infected erythrocyte (iRBC) cultures under CTL and FOS conditions.
Pink markers denote a greater than (or equal to) 2-fold increase or decrease in the average abundance of
a metabolite. (D) Fold change (FC) in abundance of metabolites quantified from uninfected erythrocyte
and iRBC cultures under CTL (18) and FOS (this study) conditions. Metabolites for which the log, FC
between the conditions is greater than two are shown in red (8 h), green (24 h), and blue (40 h). All
other metabolites are shown in gray. Abbreviations: dhap, dihydroxyacetone phosphate; lysoPS,
lysophosphatidylserine.

cultures by normalizing them with respect to their abundance levels in the parallel
URBC cultures at each time point (Data Set S3). We performed this normalization to
effectively subtract the uRBC background from the iRBC culture data, allowing us to
focus on metabolic alterations caused by fosmidomycin treatment. Figure 2D shows
the 25 distinct metabolites that were associated with a significant difference in FC
between treated and untreated conditions at 8 h, 24 h, and 40 h of the IDC; 17 of these
belong to the nucleotide or lipid class (Data Set S3, Main tab). For purine metabolites,
FC values under fosmidomycin treatment were greater than three for those containing
adenine (Data Set S3) at 0 and 8 h and relatively unchanged over time for all other pu-
rine metabolites, whereas FC values at all time points under the untreated condition
were greater than four for the other purine metabolites and largely unchanged for the
adenine-containing metabolites. By contrast, FC values for the pyrimidine metabolite
cytidine under the treated condition were greater than three at all time points,

April 2021 Volume 65 Issue 4 e02392-20

Antimicrobial Agents and Chemotherapy

aacasm.org 5

1sanb Aq TzZ0zZ ‘ST YdJeN uo /Bio wse oee//:dny wol) papeojumoq


https://aac.asm.org
http://aac.asm.org/

Tewari et al.

Antimicrobial Agents and Chemotherapy

TABLE 1 Fold change in average abundance of metabolites in infected cultures relative to that in uninfected erythrocyte cultures under

untreated and fosmidomycin-treated conditions

FCoc (SD)°

Main pathway Subordinate pathway Metabolite CTL® FOS
Amino acid Alanine, aspartate metabolism N-Acetylasparagine 1.63(0.14) 0.44 (0.03)
Carbohydrate Glycolysis 2-Phosphoglycerate 0.29 (0.08) 1.50 (0.30)
Pentose Arabitol/xylitol 0.22(0.02) 0.04 (0.01)
Lipid Lysophospholipid 1-Oleoyl-GPS (18:1) 1.49 (0.19) 6.80 (1.10)
Monoacylglycerol 1-Oleoylglycerol (18:1) 2.59(0.37) 0.88 (0.07)
Phospholipid Phosphoethanolamine 13.6 (1.14) 3.87 (0.51)
Sphingolipid Lactosylceramide (d18:1/24:1) 3.03 (0.20) 1.01 (0.18)
Nucleotide Purine metabolism Deoxyadenosine monophosphate 0.74 (0.04) 2.16 (0.27)
Guanine 4.92 (0.89) 1.17 (0.04)
Inosine 1.30(0.07) 0.40 (0.02)
Xanthine 3.83(0.38) 1.03 (0.03)
Pyrimidine metabolism Cytidine 0.48 (0.08) 5.18 (0.42)
Peptide Dipeptide Phenylalanylalanine 0.52 (0.05) 0.17 (0.02)

aFold-change (FC,,.) values based on a comparison of the average abundance of a metabolite during the IDC in the iRBC culture relative to that in the uRBC culture. The

standard deviation (SD) represents deviation from the mean of 10,000 bootstrap samples (see Materials and Methods).

bFC,pc values are from Tewari et al. (18). Abbreviations: CTL, untreated cultures; FOS, fosmidomycin-treated cultures; GPS, glycerophosphoserine; IDC, intraerythrocytic

developmental cycle; iRBC, infected erythrocyte; uRBC, uninfected erythrocyte.

whereas FC values for those under the untreated condition were lower. Together,
these results suggest that fosmidomycin selectively alters purine and pyrimidine me-
tabolism at different times during the IDC.

To identify metabolites significantly perturbed by fosmidomycin throughout the
IDC, we next computed fold change (FCc) values for each metabolite using its aver-
age abundance in iRBC and uRBC cultures during the IDC. Table 1 lists metabolites that
yielded a greater than 2-fold (log, scale) difference in FCpc magnitude under untreated
and treated conditions. Of these, five belonged to the nucleotide class, of which cyti-
dine—a precursor for pyrimidine nucleotides—showed higher abundance under the
treated condition and lower abundance under the untreated condition. P. falciparum
synthesizes pyrimidine metabolites de novo via a key enzyme (20), dihydroorotate de-
hydrogenase (DHODH), the activity of which requires ubiquinone. Each ubiquinone
molecule has isoprenoid sidechains of various lengths (21), which ultimately determine
DHODH activity (20). Therefore, the increased abundance of cytidine under fosmido-
mycin treatment may be a consequence of the inhibited isoprenoid synthesis in P. fal-
ciparum (22), which reduces synthesis of pyrimidine nucleotides, such as CTP. We have
provided FCsc values of all metabolites in Data set S4.

Global analyses of transcriptomic data. We performed global analyses of aver-
aged transcriptomic data from quadruplicate samples of untreated and treated cul-
tures using hierarchical clustering analyses (HCA) based on normalized expression lev-
els of each gene during the IDC by its level at 0 h (denoted by FC). Figure 3A shows
the temporal profile of all Plasmodium genes as appearing largely unchanged in fosmi-
domycin-treated cultures, except for four clusters (annotated 1 to 4) that distinguish
the transcriptomic responses. Clusters 1 and 2 primarily contained genes of unknown
function, whereas clusters 3 and 4 primarily contained genes of known function (see
Fig. S7 in the supplemental material). Most genes of known function belonged to the
var, rifin, and stevor multigene families (Data Set S5, Sheets 3 and 4), which encode the
highly variable surface proteins PfEMP1, RIFIN, and STEVOR (23), respectively. Although
we are primarily concerned with mapping out the detailed physiological response to
fosmidomycin, it is interesting to note that even a relatively benign drug stress is
coupled to a change in expression of the surface variable protein. This does not impact
the IDC progression per se but will affect the response of the host immune system.
Importantly, cluster 4 contained genes related to isoprenoid synthesis and associated
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FIG 3 Global analyses of averaged transcriptomic data from quadruplicate samples of untreated and fosmidomycin-treated
cultures of P. falciparum. (A) Hierarchical clustering analyses of gene-expression data from untreated (CTL) and treated (FOS)
cultures. Each row corresponds to a Plasmodium gene. The gene-expression level, at a given time point, represents average of
expression across quadruplicate samples. We normalized the average expression of each gene at each time point by its average
expression at 0 h to allow comparison between the two conditions. These 0-h normalized values are denoted by FC. The vertical
gray bar denotes the 0-h time point. We used a Euclidean distance measure of similarity to cluster genes with comparable
temporal profiles under the two conditions. Overall, the temporal profile of all Plasmodium genes appeared largely unchanged in
FOS cultures except for in four clusters (annotated 1 to 4). (B) Plasmodium genes temporally upregulated by fosmidomycin
throughout the intraerythrocytic developmental cycle. We defined a temporally upregulated gene as one that showed 2-fold (or
greater) expression levels relative to its 0-h level at all other sampled time points under the treated condition and within 25% of
the 0-h level at all time points under the untreated condition. The table shows the 10 temporally upregulated genes with known
or putative functions. The last column shows the average fold change in the expression level of the gene (FC,.,.) under treated
versus untreated conditions. (C) Volcano plots of Plasmodium genes that significantly differed (g value <0.1) under the treated
condition. The horizontal dashed line denotes a P value of 0.01; the left and right vertical dashed lines correspond to FC,,.
values of 0.5 and 2.0, respectively. Green and red markers denote FC,,,. values of greater than 2.0 and less than 0.5, respectively.
Abbreviations: 5SrRNA, gene encoding 55 rRNA; CTL, untreated; FOS, fosmidomycin-treated; PfpUB, gene encoding P. falciparum
polyubiquitin; RAB1b, gene encoding Ras-related Rab1b protein.

pathways, such as those of dolichol and terpenoid metabolism, that will affect the cell
cycle progression.

P. falciparum develops resistance against fosmidomycin after upregulation of DOXP
reductoisomerase (24) and methylerythritol phosphate cytidylyltransferase (25), which
are enzymes of the isoprenoid biosynthesis pathway. We probed the entire transcrip-
tome (5,851 genes) to further identify upregulated genes that could be involved in the
development of resistance to fosmidomycin. Twenty-three genes showed an FC value
of greater than or equal to 2 under the treated condition and within 25% of the expres-
sion level at 0 h under the untreated condition. Figure 3B lists the 10 genes with the
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TABLE 2 P. falciparum genes encoding proteins prenylated by isoprenoids
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tpeaic (h Of IDC)?

Gene ID (PF3D7_) Name Protein description CTL FOS FCgﬂ,e" (SD)
1319100 Conserved DUF544 protein, unknown function 0 0 1.00 (0.16)
1437900 HSP40 HSP40, subfamily A, putative 20 23 1.32(0.21)
0322000 CYP19A Peptidyl-prolyl cis-trans isomerase 23 25 1.84 (0.54)
1113100 PRL Protein tyrosine phosphatase 0 0 1.03 (0.14)
1231100 RAB2 Ras-related protein, Rab2 8 13 4,01 (4.22)
0106800 RAB5c Ras-related protein, Rab5c 35 35 2.21(0.65)
1320600 RAB11a Ras-related protein, Rab11a 48 48 1.31(0.32)
1340700 RAB11b Ras-related protein, Rab11b 36 37 0.93(0.22)
0807300 RAB18 Ras-related protein, Rab18 20 24 0.94 (0.37)
0513800 RABla Ras-related protein, Rab1a 28 31 0.98 (0.28)
0512600 RAB1b Ras-related protein, Rab1b 8 40 3.05 (0.76)
0211200 RAB5a Ras-related protein, Rab5a 30 34 0.80(0.27)
1310600 RAB5b Ras-related protein, Rab5b 41 41 0.98 (0.17)
1144900 RAB6 Ras-related protein, Rab6 39 41 1.34 (0.40)
0903200 RAB7 Ras-related protein, Rab7 32 32 0.76 (0.10)
0910600 YKT6.1 SNARE protein, putative 48 48 1.47(0.23)
1324700 YKT6.2 SNARE protein, putative 40 7 1.23 (0.40)

@Hour (t,.,) of intraerythrocytic developmental cycle (IDC) when the gene was maximally expressed.
bThe fold-change value (FC,,.)
condition. Abbreviations: CTL, untreated; FOS, fosmidomycin-treated; SD, standard deviation.

greatest increase in average expression level with known or putative function that
were temporally upregulated during the IDC. In particular, the last enzyme of the ubig-
uinone biosynthesis pathway, encoded by ubiquinone biosynthesis O-methyltransfer-
ase (COQ3) (26), yielded the largest fold change increase by a factor of 3.60. This sug-
gests that the increased expression of COQ3 is a compensatory mechanism that
counters the effects of IPP depletion on ubiquinone biosynthesis. Additional upregu-
lated genes belonged to RNA translation and protein degradation processes.

To identify genes significantly altered by fosmidomycin, we further performed a
two-way analysis of variance (ANOVA) for each of the 5,851 genes in the transcriptomic
data from iRBC cultures, with treatment (0 uM or 1 uM fosmidomycin) and time (0, 8,
16, 24, 32, 40, or 48 h) as the between-subject factors. This identified significant altera-
tions for 1,397 genes (P values =0.05 and g values <0.1; see Data Set S6). Figure 3C
shows these significantly perturbed genes as a function of average fold change (FC,.,.)
in expression due to fosmidomycin treatment. Among the significantly perturbed
genes were Ras-related genes, such as RAB1b, which play a role in vesicular transport
(27, 28) (Data Set S6). Because the addition of isoprenoid tails to proteins is an essential
posttranslational modification for vesicular transport in P. falciparum (9), this result is a
potential consequence of IPP synthesis inhibition due to fosmidomycin treatment.
Additional highly altered expression levels were associated with P. falciparum genes
encoding polyubiquitin (PfpUB) and 5S rRNA (5SrRNA) (Fig. 3C). PfpUB is essential for
ubiquitylation, a posttranslational modification that not only tags proteins for protea-
some-mediated protein degradation (29) but also has proteasome-independent func-
tions, such as intracellular trafficking and ribosomal biogenesis (30). The 5SrRNA mole-
cule binds with ribosomal protein L5, which interacts with the eukaryotic initiation factor
5A (eiF5A) (31), which, in turn, is involved in translational control (32) and protein synthe-
sis (33). These results suggest that P. falciparum responds to sublethal fosmidomycin
concentrations by altering processes that modulate the gene translation process.

Impact of fosmidomycin on the prenylome of P. falciparum. Kennedy et al. (7)
demonstrated that the disruption of protein prenylation is the proximal cause of
delayed death in isoprenoid-deprived parasites. To quantify the effect of fosmidomycin
on the genes encoding these proteins, we computed the FCg,. of these genes and
interpolated the time of peak gene-expression levels (t,.) during the IDC under
treated and untreated conditions (see Materials and Methods). Table 2 lists t,., and
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TABLE 3 Genes encoding ATPases and transporters of P. falciparum

Antimicrobial Agents and Chemotherapy

tear (h O IDC)°

Gene ID (PF3D7_) Name Protein description CTL FOS FCyene” (SD)
0707400 AAA family ATPase, putative 15 31 3.29(2.79)
1426500 ABCG2 ABC transporter G family member 2 0 39 0.81(0.21)
1037300 ADT ADP/ATP transporter on adenylate translocase 13 23 0.87 (0.20)
0515500 Amino acid transporter, putative 0 38 0.70 (0.22)
0523800 Divalent metal transporter, putative 0 6 1.88(0.36)
0204700 HT Hexose transporter 0 13 1.05 (0.38)
0821800 SEC61B Protein transport protein, putative 9 15 1.76 (0.55)
0622300 Vacuolar transporter chaperone, putative 0 26 0.51(0.11)
0721900 V-type ATPase VO subunit e, putative 17 41 1.32(0.33)
1354400 V-type proton ATPase 21 kDa proteolipid subunit 17 40 1.05(0.13)
1341900 V-type proton ATPase subunit D, putative 0 16 3.13(1.98)
0934500 V-type proton ATPase subunit E, putative 0 16 2.01(0.98)
9Hour (t,,,) of intraerythrocytic developmental cycle (IDC) when the gene was maximally expressed.

“The fold-change value (FC,,,.
condition. Abbreviations: CTL, untreated; FOS, fosmidomycin-treated; SD, standard deviation.

FCgene Values of Plasmodium genes that encode proteins prenylated by isoprenoids.
The t,., of genes encoding the SNARE protein (YKT6.2) and Rab1b protein, both of
which are part of the vesicular transport pathway between the endoplasmic reticulum
(ER) and Golgi apparatus (34, 35), differed between treated and untreated conditions
by more than 30 h, with RAB1b having an FC,,,. value greater than three. Given that
proteins incorrectly folded in the ER are ubiquitylated and shuttled to the proteasome
for degradation (36, 37), the delay in the synthesis of genes encoding vesicular trans-
port proteins and the increased expression of the gene encoding PfpUB (Fig. 3C) sug-
gest that fosmidomycin treatment may lead to an increased abundance of misfolded
proteins in the ER. Upon closer examination of genes involved in the ubiquitin-protea-
some system of P. falciparum (see Table S1 in the supplemental material), we found
that expression levels of genes encoding the proteasome and proteins that transport
ubiquitylated proteins to proteasome were elevated after fosmidomycin treatment,
suggesting that fosmidomycin-treated parasites deploy mechanisms to cope with mis-
folded proteins.

We also found that fosmidomycin substantially altered t,.., and FC,.,. of genes encod-
ing amino acid (PF3D7_0515500), hexose (PF3D7_0204700), metal (PF3D7_0523800), and
protein (PF3D7_0821800) transporters. For example, PF3D7_1341900 and PF3D7_0934500
had a more than 15 h delay in t,.., and an FC,,. =2 under treated conditions. These two
genes encode proton ATPases that parasites need to maintain an acidic pH in the food
vacuole (38). Kennedy et al. (7) reported disruption of the food vacuole in the absence of
isoprenoid synthesis. Because the cytosol of the parasite is less acidic than the food
vacuole (pH 7.15 versus 5.18 [39]), a disruption of the vacuole would increase its pH via
proton diffusion, requiring ATPases and/or transporters to maintain pH homeostasis. Table
3 lists substantially altered genes that encode ATPases and transporters of P. falciparum.

Impact of fosmidomycin on the gene regulation machinery in P. falciparum.
During the IDC, P. falciparum executes a finely tuned gene-expression program (40),
synthesizing specific genes at specific times. In response to stress, such as isoleucine
deprivation (41) or fosmidomycin treatment, the parasite regulates gene expression via
transcriptional, posttranscriptional, and translational mechanisms (42). We next quanti-
fied how fosmidomycin affects the posttranscriptional and translational machinery to
allow the parasite to rapidly adjust gene expression in response to an environmental
stressor.

Table 4 lists t,e, and FCy, values of genes that play a role in translational initia-
tion (the rate-limiting step of translation [42]), specifically, those encoding eukaryotic
initiation factors (elFs), methyltransferases, and ribosome proteins. Both elF23 and
elF2y, which are part of the elF2 complex (42), showed a delay in te, of 10 h (with

April 2021 Volume 65 Issue 4 €02392-20

) of a gene was computed as the ratio of the average gene-expression level under the treated condition to that under the untreated

aac.asm.org 9

1sanb Aq TzZ0zZ ‘ST YdJeN uo /Bio wse oee//:dny wol) papeojumoq


https://aac.asm.org
http://aac.asm.org/

Tewari et al.

TABLE 4 P. falciparum genes involved in translational initiation

Antimicrobial Agents and Chemotherapy

tpeak (h Of
IDC)®
Gene ID (PF3D7.) Name Protein description CTL FOS chﬂ,e” (SD)
Initiation factors
1010600 elF2B Eukaryotic initiation factor 2 subunit beta 13 23 1.53(0.28)
1410600 elF2y Eukaryotic initiation factor 2 subunit gamma 6 18 2.29(0.53)
0918300 EIF3F Eukaryotic initiation factor 3 subunit F 10 19 1.86 (0.51)
0815600 EIF3G Eukaryotic initiation factor 3 subunit G 0 12 1.94 (1.07)
1468700 elF4A Eukaryotic initiation factor 4A 8 22 1.32(0.24)
1204300 EIF5A Eukaryotic initiation factor 5A 18 24 1.48 (0.32)
Methyl group requiring enzymes
1415800 KsgA1 Dimethyladenosine transferase, putative 13 20 1.47 (0.44)
1313200 MTFMT Methionyl-tRNA formyltransferase, putative 24 32 1.26 (1.01)
1235500 mRNA (N®-adenosine) methyltransferase, putative 19 25 1.18 (0.14)
0525600 mRNA (N’-guanine) methyltransferase 24 47 1.18 (0.16)
1407500 Multifunctional methyltransferase subunit TRM112 0 15 0.75(0.18)
1406900 RImN Radical SAM protein, putative 22 42 1.03 (0.23)
0622500 RNA methyltransferase, putative 9 15 0.68 (0.17)
1319300 TRM1 tRNA (guanine?®-N2) dimethyltransferase 1 16 0.75(0.12)
1343200 tRNA guanosine-2'-O-methyltransferase, putative 11 41 1.22 (0.24)
1120500 tRNA nucleotidyltransferase, putative 7 14 1.20 (0.49)
Ribosomal proteins
0112300 18S ribosomal RNA 4 15 0.95 (0.20)
1317800 RPS19 40S ribosomal protein 5 15 2.32(1.28)
0306900 40S ribosomal protein S23, putative 0 15 1.39(0.83)
0725800 5.8S ribosomal RNA 0 39 0.91 (0.06)
1424400 60S ribosomal protein 9 14 2.04 (0.65)
1338200 RPL6 60S ribosomal protein 7 15 3.05(1.42)
API01800 RPL16 Apicoplast ribosomal protein L16 7 32 2.21(1.31)
API00100 RPS4 Apicoplast ribosomal protein S4 0 31 0.62 (0.23)
1457700 Large ribosomal subunit nuclear export factor, putative 0 15 1.41(0.13)
aHour (t,,) of intraerythrocytic developmental cycle (IDC) when the gene was maximally expressed.

bThe fold-change value (FC,,.)
condition. Abbreviations: CTL, untreated; FOS, fosmidomycin-treated; SD, standard deviation.

FCyene =1.5) after drug treatment. In addition to interacting with partners of the
translation complex, elF2 3 also binds protein phosphatase 1 (43), a key regulator of
gene transcription, protein synthesis, and cell division (44). DNA/RNA methylation is a
key step of gene regulation requiring S-adenosylmethionine as the methyl donor.
Methyltransferase genes associated with tRNA modification, mRNA 5’ capping, and ribo-
somal biogenesis showed a delay in t,., after fosmidomycin treatment. Genes encoding
ribosomal proteins also showed a substantial delay in t,... (~15 h) after fosmidomycin
treatment, suggesting a decrease in the rate of RNA translation.

Translational repression could also allow the parasite to regulate translation in
response to an external stressor. Table 5 lists genes involved in translation regulation
and categorized into RNA-binding proteins, CNOT (carbon catabolite repression—
negative on TATA-less) complex, mRNA decapping, and mRNA degradation function-
alities. Among the genes encoding RNA-binding proteins that suppress translation,
ALBA2 and CELF2 showed a delay in t,., of greater than 15 h (with FC,,. =1.5) after
fosmidomycin treatment. The CNOT complex, which is the main structure involved in
deadenylation (45, 46), controls mRNA degradation (47) and decapping (48) and,
hence, regulates the rate of translation. Two subunits of the CNOT complex, CAF16
and CAF40, showed a delay in t,.,. of greater than 6 h and FC,,. values of 2 or
greater after fosmidomycin treatment, which is a likely consequence of downregula-
tion of the PUF2 gene (Table 5). Lindner et al. (49) found that downregulation of
PUF2, which controls RNA metabolism, resulted in upregulation of genes of the
CNOT complex (such as CAF16). After deadenylation, mRNA decays via either the 5’
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TABLE 5 P. falciparum genes involved in translational regulation

tear (h Of IDC)°

Gene ID (PF3D7_) Name Protein description CTL FOS FCyene” (SD)
RNA-binding proteins
1359400 CELF1 CUGBP Elav-like family member 1 11 15 1.13(0.21)
1409800 CELF2 CUGBP Elav-like family member 2, putative 0 19 2.35(1.65)
1346300 ALBA2 DNA/RNA-binding protein Alba 2 0 48 1.68 (0.79)
1006200 ALBA3 DNA/RNA-binding protein Alba 3 22 25 0.83(0.15)
0417100 PUF2 mMRNA-binding protein PUF2 0 0 0.48 (0.27)
CNOT complex
0107200 CCR4-3 Carbon catabolite repressor protein 4, putative 13 26 1.12(0.66)
1434000 CAF16 CCR4-associated factor 16, putative 0 15 6.85 (5.67)
1128600 NOT2 CCR4-NOT transcription complex subunit 2, putative 0 29 0.96 (0.32)
1235300 NOT4 CCR4-NOT transcription complex subunit 4, putative 0 4 0.94 (0.14)
1006100 NOT5 CCR4-NOT transcription complex subunit 5, putative 5 10 1.34 (1.00)
0507600 CAF40 Cell differentiation protein, putative 8 14 1.88 (0.45)
mRNA decapping
1308900 DCP2 mRNA decapping enzyme 2, putative 10 15 0.80(0.13)
0819900 LSM3 U6 snRNA-associated Sm-like protein LSm3, putative 11 25 0.98 (0.22)
1443300 LSM5 U6 snRNA-associated Sm-like protein LSm5, putative 8 11 5.19 (4.48)
1209200 LSM7 U6 snRNA-associated Sm-like protein LSm7, putative 14 24 1.28 (0.36)
0829300 LSM8 U6 snRNA-associated Sm-like protein LSm8, putative 12 22 1.62 (0.55)
mRNA degradation
0209200 MTR3 3" exoribonuclease, putative 8 11 1.50(0.62)
1106300 5'-3" exoribonuclease 1, putative 24 30 0.75 (0.25)
0720000 CSL4 Exosome complex component CSL4, putative 8 12 0.75(0.13)
0909900 Helicase SKI2W, putative 0 5 1.24(0.09)
“Hour (t,,) of intraerythrocytic developmental cycle (IDC) when the gene was maximally expressed.

bThe fold-change value (FC,.,.) of a gene was computed as the ratio of the average gene-expression level under the treated condition to that under the untreated
condition. Abbreviations: CNOT, carbon catabolite repression—negative on TATA-less; CTL, untreated; FOS, fosmidomycin-treated; SD, standard deviation.

to 3’ or the 3’ to 5’ pathway (50). The expression of genes involved in mRNA decapp-
ing that substantially changed after fosmidomycin treatment, such as LSM3 and
LSM5, showed a delay in t,.., of 10 h or greater with an FC,,. value of 5 or greater.
No such perturbations occurred for mRNA degradation genes.

Overall, we found that fosmidomycin treatment increased and/or delayed the
peak expression of genes involved in protein degradation, substrate transport,
translational initiation, and translational regulation. Specifically, we found that fos-
midomycin increased the t,,. by over 8 h for 1,271 genes (Data Set 57), of which
~60% genes had peak expression levels at 0, 1, 47, or 48 h. Figure 4A (blue) shows
genes that had a greater than 8 h delay in t,.,, as a fraction of the total number of
delayed genes with t,., between 2 and 46 h. In Fig. 4A, we have omitted genes
with t,.. at 0, 1, 47, and 48 h because these time points are identical, considering a
delay =4 h due to multiple magnetic-purifications steps (see Materials and
Methods) and the period of a typical IDC, i.e., 48 h. In contrast to the delay in gene
transcription, fosmidomycin increased the time of peak abundance level by more
than 8 h for metabolites with peak abundance levels during the late stages of the
IDC (Fig. 4A, gray). Further grouping of the delayed metabolites into subclasses
showed that fosmidomycin primarily influenced energy metabolites, such as alpha-
ketoglutarate, fumarate, and malate, which are part of the tricarboxylic acid (TCA)
cycle in mitochondria (Fig. 4B). This metabolic remodeling may result from impaired
ubiquinone metabolism, which depends on isoprenoid synthesis (51) that is inhib-
ited due to fosmidomycin treatment. Overall, the gene-expression alterations pre-
ceded the metabolic alterations (Fig. 4A), presumably due to the gene-protein
delay (52), making specific connections between the altered genes and associated
metabolic pathway untenable. To investigate consequences of fosmidomycin-
induced gene alterations on P. falciparum metabolism, we used a metabolic
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FIG 4 Estimated delay in peak gene expression and metabolite abundance in response to a sublethal
dose of fosmidomycin. (A) Genes (blue) and metabolites (gray) with a delay in their peak expression
(tpea) @nd abundance of 8 h or more under treated versus untreated conditions. We normalized the
number of delayed genes or metabolites (Ng,,) within each t,, interval by the total number of
delayed genes or metabolites (N,,,) with t,., between 2 and 46 h. The abscissa shows t.,, intervals
used to count the number of delayed genes (blue) or metabolites (gray). There is no gray bar at “42
to 46" because the metabolomic data were only collected up to the 40-h time point. (B) Number of
metabolites grouped by subclass, with a delay in abundance of 8 h or more under treated versus
untreated conditions. We normalized the number of delayed metabolites (N, by the total of
number of metabolites in each subclass (N,,..,). Abbreviations: AA, amino acids; Car, carbohydrates;
CTL, untreated culture of parasite-infected erythrocytes; Enr, energy; h.p.i, hour post parasite-
infection; Lip, lipids; Nuc, nucleotides; Pep, peptides; Vit, cofactor and vitamins; Xen, xenobiotics.

network model, incorporating the delay in gene expression and protein abundance
of most Plasmodium genes (53).

Quantifying the impact of fosmidomycin on the metabolism of P. falciparum.
The major mechanism for controlling metabolic activity (54), as defined by the con-
sumption and production of specific metabolites (metabolic fluxes), is gene regula-
tion. Moxley et al. (55) demonstrated that combining mRNA levels with a metabolic
network model enables a consistent approach to interpret changes in mRNA levels
in relation to altered cellular metabolism. Here, we quantified the impact of fosmi-
domycin on metabolic fluxes using the transcriptomic data (presented above) and
metabolic network modeling of P. falciparum (15). We integrated the metabolic
fluxes during the IDC with the metabolic network to estimate the net synthesized
amounts of several macromolecules and essential metabolites contributing to para-
site growth in silico. Figures 5A, 5B, and 5C show simulated rates of DNA, RNA, and
protein synthesis under untreated and fosmidomycin-treated conditions, respec-
tively. In the presence of fosmidomycin, the rates of synthesis for lipids (Fig. 5D)
and cofactors (Fig. 5F) were substantially lower than those in its absence. By con-
trast, the rate of polyamine synthesis increased under fosmidomycin treatment
(Fig. 5E). These results indicate that in the presence of fosmidomycin, compensa-
tory mechanisms maintain the rates of DNA, RNA, and protein synthesis but fail to
synthesize the full complement of lipids.

Table 6 lists the total synthesized amount of essential metabolites under untreated
and treated conditions. We numerically integrated the estimated rates of metabolic
fluxes for essential metabolites and macromolecules over the 48-h IDC to estimate the
total synthesized amount. In the presence of fosmidomycin, the synthesized amount
of lipids was lowest among macromolecules, ~1.5-fold lower than in its absence.
Among essential metabolites, spermidine was the most synthesized, ~2.3-fold higher
in the presence of the drug than in its absence. Spermidine—a product of polyamine
biosynthesis (56), which is part of the purine-recycling pathway used by most organ-
isms to maintain adenine and methionine pools (57)—was higher under the treated
condition (Fig. 5E). By contrast, phosphate was ~6.6-fold lower under the treated con-
dition; according to our metabolic network analysis, this occurred because of the meta-
bolic remodeling that promotes the synthesis of purine-based nucleotides via poly-
amine biosynthesis, which requires phosphate to synthesize purine nucleotides.

Figure 6 summarizes the findings of our integrated genome-scale metabolic

April 2021 Volume 65 Issue 4 e02392-20

Antimicrobial Agents and Chemotherapy

aac.asm.org

12

1sanb Aq TzZ0zZ ‘ST YdJeN uo /Bio wse oee//:dny wol) papeojumoq


https://aac.asm.org
http://aac.asm.org/

Metabolism of Fosmidomycin-Treated P. falciparum Antimicrobial Agents and Chemotherapy

RNA synthesis

Protein synthesis

(g/h/gDW)

12

24 36 48

D Polyamine synthesis Fo - Cofactor synthesis
2
> 0.01
¥ o=
K
K = 0.00
12 24 36 48 12 24 36 48 12 24 36 48
time (h) time (h) time (h)

FIG 5 Rate of macromolecule synthesis in P. falciparum under untreated (black line) and treated (red
line) conditions. Plots of synthesis rates are shown for (A) DNA, (B) RNA, (C) protein, (D) lipid, (E)
polyamine, and (F) cofactor. Error bars indicate one standard deviation (SD) of 50 simulations
computed after adding random Gaussian noise with a mean of zero and a SD of 5% to the
transcriptomic data obtained under untreated and treated conditions. Abbreviations: CTL, untreated;
FOS, treated; gDW, gram dry weight of the parasite.

network analysis. At the pathway level, our calculations predicted inhibition of heme
detoxification, methyl-group reactions, pH homeostasis, isoprenoid synthesis, pyrimi-
dine metabolism, the TCA cycle, and vitamin B; metabolism. The inhibition of isopre-
noid synthesis by fosmidomycin was expected (22). Moreover, the inhibition of heme

TABLE 6 Metabolite production/incorporation in untreated and fosmidomycin-treated parasites

Total synthesized amount

(mmol/gDW)“
t
8 8 Ame /’ws
/ Ve / VFos / .
=0 t=0 Ve

Metabolite

Spermidine 52.8 120.2 2.28
Coenzyme A 394 62.2 1.58
Fe3* 323 46.2 1.43
Nicotinamide adenine dinucleotide oxidized 283 38.1 135
Flavin adenine dinucleotide oxidized 447 51.3 1.15
Putrescine 33.8 379 1.12
Fe2* 47.0 47.0 1.00
soz” 47.4 47.1 0.99
5,10-Methylenetetrahydrofolate 61.6 60.7 0.98
Thiamine diphosphate 46.4 44.8 0.97
S-Adenosylmethionine 348.1 318.2 0.91
10-Formyltetrahydrofolate 43.1 39.2 0.91
Riboflavin 55.3 47.0 0.85
Ubiquinol 46.1 38.5 0.83
NH; 259.7 200.9 0.77
5,6,7,8-Tetrahydrofolate 75.2 46.3 0.62
Protoheme 210.6 129.3 0.61
Nicotinamide adenine dinucleotide phosphate 1225 47.40 0.39
Pyridoxal 5-phosphate 219.9 40.69 0.19
PO3~ 462.0 68.72 0.15
Macromolecule Total synthesized amount (g/gDW) Am
DNA 0.9 1.0 1.16
RNA 6.6 5.1 0.78
Protein 21.2 15.8 0.74
Phospholipid 2.8 1.8 0.64

aThe total accumulated amount of a metabolite (or macromolecule) was computed by numerically integrating the synthesis rate (v) of each metabolite over the 48-h
intraerythrocytic developmental cycle under control (CTL) or fosmidomycin (FOS)-treated conditions. Abbreviation: gDW, grams dry weight of the parasite.

April 2021 Volume 65 Issue 4 €02392-20 aacasm.org 13

1sanb Aq T20zZ ‘ST ydJeN uo /610 wse oee//.dny wol) papeojumod


https://aac.asm.org
http://aac.asm.org/

Tewari et al.

sprm — eiF5A !

. orn———» ptrc mta——» mti——» hxan—'—L> ﬁ
Polyamine metabolism Purines

N atp gtp
|
] " Vitamin B6
ru5p metabolism '

T A
|_metabolism !

/akg
0/ )
cit cycle suc

Mitochondrion

Pyrimidines oH heme
Apicoplast uﬁp @ Y9810 O o vacuole,

P. falciparum

FIG 6 Metabolic alterations due to fosmidomycin (FOS) treatment predicted by genome-scale metabolic
model simulations. FOS treatment causes an inhibition of isoprenoid synthesis, leading to a reduction in
heme detoxification. The simulations suggest that the parasite enhances redox metabolism to counter
increased oxidative stress, a consequence of reduced heme detoxification (60). Specifically, the parasite
increased the flow of metabolites through the pentose phosphate pathway (PPP), reducing metabolic
fluxes involved in the synthesis of pyrimidine metabolites and acetyl-CoA. In addition, the parasite
increased flux through polyamine metabolism to generate the purine nucleotides ATP and GTP. This
increased flux also activated a eukaryotic initiation factor, eiF5A, via spermidine (sprm) and hypusine (24).
The simulations also predicted inhibition of the methyl-group cycle, reducing lipid synthesis under FOS
treatment (Fig. 5D). Abbreviations: akg, alpha-ketoglutarate; asp, aspartate; cit, citrate; dxp, deoxy-xylulose
phosphate; ETC, electron transport chain; g3p, glyceraldehyde 3-phosphate; gép, glucose 6-phosphate;
hxan, hypoxanthine; ipp, isopentenyl diphosphate; mal, malate; mep, methylerythritol phosphate; mta,
methylthioadenosine; mti, methylthioinosine; oaa, oxaloacetate; orn, ornithine; pep, phosphoenolpyruvate;
ptrc, putrescine; pyr, pyruvate; ru5p, ribulose 5-phosphate; sam, S-adenosylmethionine; suc, succinate.

detoxification, pH homeostasis, and vitamin B, metabolism is consistent with work
showing that isoprenoids are crucial for transporting hemoglobin into food vacuoles
(7) and play a role in vitamin B4 biosynthesis (58). The metabolic network analysis pre-
dicted inhibition of the electron transport chain (ETC; Fig. 6, downward-pointing arrow
in the mitochondrion) by fosmidomycin treatment (Am of ubiquinol =0.83; see Table
6). It also predicted a 10% reduction in the total accumulation of S-adenosylmethionine
(Am=0.91; see Table 6), causing a reduction in the rate of lipid synthesis (Fig. 5D). At
the same time, we saw activation of polyamine, purine, and redox metabolism under
fosmidomycin treatment, wherein ATP and GTP metabolites were synthesized via poly-
amine synthesis using the purine-recycling pathway. It also predicted an increase in
spermidine (denoted as sprm in Fig. 6) via the polyamine pathway. Spermidine—a
polyamine metabolite—activates eiF5A (59), which in turn plays an important role in
translation and is coupled to 5SrRNA (Fig. 3C).

Finally, consistent with the literature (7), our model predicted an inhibition of
the heme polymerization reaction, a process that parasites deploy to detoxify
heme radicals released by hemoglobin degradation (60). We found that the
decrease in heme polymerization process was due to increased production of
heme radicals and oxidized glutathione. To counter the increased oxidative stress,
fosmidomycin-treated parasites enhanced flux through the pentose phosphate
pathway, the main pathway for generating reducing equivalents for several antiox-
idant enzymes (61).

DISCUSSION
Most parasites of the phylum Apicomplexa synthesize isoprenoids via a nonmevalonate
pathway that is absent in humans (2), making this pathway an attractive target for drug
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A Overview of transcriptomic and metabolic alterations in FOS-treated parasites
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FIG 7 Transcriptomic and metabolic alterations in fosmidomycin-treated P. falciparum parasites. (A) An overview of
proximal (direct) and distal (indirect) effects of fosmidomycin (FOS) on P. falciparum parasites. We know that FOS
treatment directly inhibits synthesis of isoprenoids (IPP), which are essential for prenylation of proteins (Rab1a, Rab1b, etc.)
involved in secretory and endocytic vesicular transport pathways. The blue-shaded region outlines the proximal effects of
FOS treatment and the red-shaded region outlines the distal effects of FOS treatment identified in this study. (B) A
detailed view of the proximal and distal processes altered in P. falciparum due to FOS treatment. We found that FOS
substantially altered the expression levels of genes encoding Rab GTPases and SNARE proteins and caused a delay in peak
expression of these genes. Our genome-scale metabolic model calculations predicted a delay in methyl-group cycle (upper
right), which synthesizes S-adenosylmethionine (sam), the methyl-group donor for over 95% methyltransferase enzymes
(70). We also found a delay in peak expression of methyltransferase genes associated with tRNA modification and
ribosomal biogenesis, suggesting a probable delay in RNA translation due to FOS treatment (lower right). Our metabolic
network model analysis predicted that P. falciparum increased the activity of enzymes in purine and polyamine metabolism
(lower right), which support protein synthesis, to compensate for delays in RNA translation. Abbreviations: AUG, start
codon of mRNA; eiF, eukaryotic initiation factor; hcys, homocysteine; IPP, isopentenyl diphosphate; met, methionine; NSF,
N-ethylmaleimide sensitive factor; sah, S-adenosylhomocysteine; SNAP, soluble NSF attachment protein; SNARE, SNAP
receptor; UQ, ubiquinone.

discovery. Several studies have investigated the effects of isoprenoid deprivation in the
delayed death of P. falciparum during blood-stage development (1, 7, 9). In particular,
Kennedy et al. (7) used indolmycin—an antibiotic that targets RNA translation in the apico-
plast—to deplete isoprenoids in P. falciparum and investigate the mechanisms of delayed
death. Unlike indolmycin, which depletes isoprenoids in the second IDC by causing apico-
plast dysfunction, fosmidomycin is a fast-acting antibiotic that depletes isoprenoids and
can cause death in the first IDC. Our approach of using a sublethal dose allowed us to
study the effects of isoprenoid depletion without perturbing the function of the entire api-
coplast. As the parasite completed the first IDC in the presence of fosmidomycin, we could
characterize compensatory mechanisms and responses by monitoring time-dependent
transcriptomic and metabolic alterations.
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Figure 7A classifies our findings into proximal (blue-shaded region) and distal (red-
shaded region) effects of fosmidomycin-induced isoprenoid depletion on P. falciparum.
Figure 7B, on the other hand, provides a detailed view of our findings categorizing
them into three major components: (i) intracellular effects of fosmidomycin-induced
isoprenoid depletion on P. falciparum (left of the figure), (ii) consequences of impaired
methyl-group cycling in the treated parasites (upper right), and (iii) consequences of
altered metabolism on RNA translation (lower right). We expand on these topics in the
text below.

Effects of fosmidomycin-induced isoprenoid depletion on vesicular trafficking.
As the primary effect of fosmidomycin serves to diminish isoprenoid synthesis, this
directly affects Rab GTPases, which require IPP for prenylation, and, hence, their ability
to adopt their correct physiologic state and execute their proper function (Fig. 7A,
blue-shaded region). These proteins regulate intracellular transport by acting as molec-
ular switches that modulate the formation, tethering, and fusion of transport vesicles
(28). Prenylation of Rab GTPases allows Rab proteins to modulate vesicular transport
via retrograde transport (Rab5a and Rab5c), such as shuttling hemoglobin from the
host erythrocyte to the food vacuole (Fig. 7B, left of the figure). This effect is observed
in the study of Kennedy et al. (7), where parasites lacking isoprenoids could not trans-
port hemoglobin to the food vacuole. We found that 1 uM fosmidomycin did signifi-
cantly alter the average expression level for the gene encoding Rab5c ~2-fold,
whereas Rab5a mRNA levels did not change significantly (Table 2). This indicates that
specific components of the hemoglobin transport mechanism are part of a transcrip-
tionally regulated stress response.

Figure 7B (left of the figure) links prenylated Rab GTPases as key regulatory compo-
nents in ER-Golgi protein transport (Rab1a, Rab1b, and Rab2) and in vesicle fusion
(Rab11b and SNARE). In particular, Rab11b and SNARE mediate the fusion of vesicles
containing carrier proteins with the plasma membrane (28, 62). We found that fosmi-
domycin altered the expression profiles of genes encoding these membrane fusion
proteins, suggesting a probable alteration in the physiological function of associated
Plasmodium carrier proteins. In support of these observations, we found that fosmido-
mycin caused a delay in transcription of genes encoding amino acid, ion, metal, and
protein transporters (Table 3). Membrane transporters are integral for maintaining ho-
meostasis of ions in the parasite, e.g., P. falciparum maintains a low level of protons in
the cytosol and a relatively higher level of protons in the digestive food vacuole with
the help of proton pumps (38). During the IDC, proton pumps are incorporated in the
food vacuole via endocytic pathways that import hemoglobin in the vacuole (63). We
found that genes encoding vacuolar proton pumps had a significant delay in peak
expression and a greater than 2-fold increase in expression under treated conditions
(Table 3). Moreover, since depletion of isoprenoids disrupts food vacuole integrity (7,
64), these perturbations may also result in altered pH homeostasis that was predicted
by our integrated metabolic network analyses (Fig. 6).

Metabolic adaptations in P. falciparum due to fosmidomycin treatment. To gain
insight into fosmidomycin-induced metabolic adaptations in P. falciparum, we employed
metabolic network analysis and identified two distinct alterations in the methionine-poly-
amine metabolic pathway. First, increased flux through the purine-recycling pathway
allowed drug-treated parasites to maintain nucleotide and protein synthesis. Second,
reduced methylation cycling affected the synthesis of ubiquinone and phosphocholine, a
precursor for phosphatidylcholine and phosphatidylethanolamine (18). In support of our
metabolic model predictions, we found an increase in adenine-based purine nucleotides
(Data Set S3) and a decrease in phosphoethanolamine in fosmidomycin-treated parasite
cultures (Table 1). Our analyses showed that increased synthesis of phosphatidylglycerol,
the precursor of cardiolipin (3) (@an inner mitochondrial membrane lipid that facilitates elec-
tron transport from ubiquinone to ETC complexes [65]), compensated for the reduced
ubiquinone metabolism. As phosphatidylcholine and phosphatidylethanolamine jointly
constitute ~75 to 80% of P. falciparum membranes (18), and a reduction in their content
is associated with growth defects and fewer progeny (66), the observed reduction in the
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number of ring-stage progeny could be a direct consequence of reduced phospholipid
material available to support the complete complement of membranes.

Impact of altered metabolism on gene transcription. Our metabolic network
model analyses identified a delay in methyl-group reactions, all of which require S-
adenosylmethionine as the methyl-group donor. The upper-right portion of Fig. 7B
illustrates how, during the methyl-group donation process, S-adenosylmethionine
(SAM) produces S-adenosylhomocysteine, which in turn is rapidly converted into the
nontoxic homocysteine (67) and transported out of the infected erythrocytes via an
amino acid transporter (26). Methyltransferase enzymes, which transfer the methyl
group from S-adenosylmethionine to other substrates, play important roles in tRNA
modification, ribosomal maturation, mRNA capping, and ubiquinone biosynthesis (67).
As such, these processes are important for RNA translation (Fig. 7B, lower right). In sup-
port of our model predictions, we found a delay and/or increase in transcription of
genes encoding membrane fusion proteins (Table 2), transporters (Table 3), methyl-
transferase enzymes (Table 4), and ribosomal proteins (Table 4).

Limitations of the study. In this study, our aim was to characterize metabolic and
transcriptomic alterations in P. falciparum treated with a sublethal dose of fosmidomy-
cin. Toward this end, we first performed analyses of the multiomics data and discussed
consequences of fosmidomycin treatment on P. falciparum. By analyzing the data, we
were able to identify several processes that were changed substantially in fosmidomy-
cin-treated parasites. However, with this approach, we could not ascertain whether
these processes are specifically perturbed due to fosmidomycin treatment, e.g., a delay
in translation presumably also occurs in the presence of isoleucine deprivation (41).
Moreover, most gene-expression changes do not directly correlate with changes in
metabolic abundances. Therefore, to gain a mechanistic insight and bridge the gap
between gene-metabolic alterations, we employed a whole-genome metabolic net-
work model of P. falciparum. This approach predicts alterations in metabolic enzyme
activities based on the input data and explicit gene-protein reaction rules, which
allows us to predict the metabolic state of P. falciparum as captured in the data and
the reaction network. However, because this approach makes no assumption regard-
ing the mechanisms of fosmidomycin action, the metabolic processes identified
through model analyses are not directly influenced by fosmidomycin per se. Instead,
the effect of fosmidomycin on these processes is likely indirect, being caused by iso-
prenoid deprivation and impaired vesicular trafficking, which may evoke multiple toxic
effects in P. falciparum.

Summary. Our results suggest that fosmidomycin causes metabolic and transla-
tional reprogramming, i.e.,, modulation of polyamine metabolism, methyl-group reac-
tions, and delay of translation initiation in P. falciparum. These changes did not affect
the duration and progression of the ring, trophozoite, and schizont stages during the
first IDC. Although the primary effect of this adaptation was to allow the parasite to
maintain short-term IDC viability, the ability to produce progeny was compromised by
50% as evident from the number of ring-stage parasites in a second drug-free IDC.
Importantly, these progeny appeared fully viable with normal morphological charac-
teristics. Because these compensatory mechanisms are inherent to the parasite and
not a result of long-term drug exposure, the ability to produce even a radically reduced
number of viable progeny may underlie the relapse of parasitemia that can occur in
malaria patients receiving fosmidomycin monotherapy (12). These results also rational-
ize why clindamycin, an antibiotic inhibiting translation, when used in combination
with fosmidomycin would be more effective than fosmidomycin monotherapy (14).

In contrast to Kennedy et al. (7), who identified the immediate cause of death in iso-
prenoid-deprived parasites, we identified compensatory adaptations that occurred as a
consequence of administering a sublethal dosage of fosmidomycin during the IDC. We
observed a broad range of physiological responses due to delays in transcription of
genes encoding methyltransferase enzymes (tRNA and mRNA) and ribosomal proteins
(5.8S, 18S, and 40S), which was coupled to a reduction in mitochondrial activity and
delay of synthesis of TCA cycle metabolites. A specific metabolic adaptation occurred
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in polyamine metabolism in which a bifunctional enzyme—ornithine decarboxylase/
S-adenosylmethionine decarboxylase—increased flux through spermidine synthase
(purine-recycling pathway) and decreased flux through phosphoethanolamine N-
methyltransferase (phosphatidylcholine metabolism). This enhanced purine-recycling
and decreased activity of phosphatidylcholine metabolism allowed P. falciparum to
maintain synthesis of purine nucleotides at the cost of suppressing synthesis of phos-
pholipids, compromising membrane production, and reducing the ability to produce
progeny. Thus, this detailed study of the sublethal response and survival adaptations
provides a means to identify mechanisms used by the parasite to respond to and sur-
vive drug stress. In turn, these mechanisms can be hypothesized to underlie emerg-
ing drug resistance and resistant parasite strains and hence provide a rational
approach to select combination therapies to block these adaptations.

MATERIALS AND METHODS

Parasite culture, fosmidomycin dose, and parasite viability. We cultured P. falciparum NF54 para-
sites (gift from David Fidock, Columbia University) in human O-positive erythrocytes using methods and
conditions described previously (16, 18). Briefly, we maintained parasite-infected erythrocytes in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, Gaithersburg, MD) supplemented with 20 mM
HEPES, 12.5 ug/ml hypoxanthine, 25 ng/ml gentamicin, 0.5 uM R-lipoic acid, 0.3% sodium bicarbonate,
and 0.5% AlbuMAX Il (Life Technologies Inc., Carlsbad, CA).

Sample collection for metabolomic and transcriptomic profiling. To collect samples for metabo-
lomic and transcriptomic analyses, we passed 300 ml of synchronized parasite culture through a mag-
netically activated cell sorting (MACS) XS column (Miltenyi Biotec, Auburn, CA) to seed four flasks, serv-
ing as the source for quadruplicate measurements of transcriptomic and metabolomic data. Each flask
had 75 ml of culture at 2% hematocrit (HCT). We monitored the parasite culture via blood smears until 0
to 2 h post-merozoite invasion, at which point we replaced the culture medium with fresh medium con-
taining 1 uM fosmidomycin (time zero of the experiment). Beginning at time zero, we collected 10.5 ml
of the resuspended parasite culture from each flask every 8 h until the 48-h time point and pelleted the
erythrocytes by centrifugation at 400 x g for 5min. Following aspiration of the media, we transferred
100 wl and 50 ul of the cell pellets to 1.5-ml tubes for metabolomic and transcriptomic analyses, respec-
tively. We flash-froze the tubes in an ethanol/dry-ice bath and stored them at —80°C. We sent quadrupli-
cate samples of the cell pellets collected at six time points (0, 8, 16, 24, 32, and 40 h) to Metabolon, Inc.
(Durham, NC) for metabolite analysis and quadruplicate samples of the cell pellets collected at seven
time points (0, 8, 16, 24, 32, 40, and 48 h) to the Johns Hopkins Genomic Analysis and Sequencing Core
Facility for microarray analysis using an Agilent microarray chip (AMADID 037237; Santa Clara, CA). We
have deposited the transcriptomic data to the National Center for Biotechnology Information Gene
Expression Omnibus repository (GEO accession number: GSE159516). In parallel, we maintained four
flasks with 50 ml of uninfected erythrocytes at 2% HCT in media containing fosmidomycin to serve as
controls. Following the above-mentioned procedure, we collected, centrifuged, and aspirated 7 ml of
uninfected culture from each flask. We transferred 100 ul of the cell pellets to 1.5-ml tubes, immediately
flash-froze the tubes, and stored them at —80°C. We sent quadruplicate samples collected at six time
points of these control cultures to Metabolon, Inc. for metabolomic analysis. We did not send the 48-h
samples from control and parasite cultures to Metabolon, Inc. for metabolomic analyses. We have pro-
vided the metabolomic data as provided by Metabolon, Inc. in Data Set S8.

To evaluate the impact of fosmidomycin on parasite growth, we assessed parasitemia by a blood
smear test at every time point. At 40 h, we transferred 20 ul of the pelleted erythrocytes from the four
treatment flasks to 25 cm? flasks and diluted them to 2% HCT with fresh blood and 5 ml of drug-free me-
dium. We determined parasitemia in these diluted cultures by blood smear at 64 h.

Global analyses of metabolomic and transcriptomic data. We performed HCA using the built-in
MATLAB function “clustergram” and identified metabolites and genes that were differentially perturbed
by fosmidomycin in iRBC cultures. We used Ward's algorithm and the Euclidean distance metric to iden-
tify clusters of metabolites and genes. We quantile-normalized the metabolomic data from iRBC cultures
maintained under untreated and treated conditions before performing the analysis. To perform t-SNE
analysis, we downloaded the MATLAB implementation of the algorithm, publicly available on GitHub
(https://lvdmaaten.github.io/software/). We reduced the metabolomic data into three dimensions and
used six as the value of the “perplexity” variable. We used the bootstrap technique described previously
(18) to compute average and temporal fold change values in metabolite abundance (or genes expres-
sion) due to fosmidomycin treatment.

To quantify the impact of fosmidomycin on gene transcription, we first fitted a smoothing spline to
the transcriptomic profile under the two conditions using the built-in MATLAB function “fit.” Afterwards,
we computed the hour of peak expression during the IDC (t,.,) using the fitted curve. We used the
same procedure for estimating hour of peak metabolite abundance under untreated and treated condi-
tions. We performed two-way ANOVAs on the transcriptomic data to identify genes that were signifi-
cantly altered by fosmidomycin. We used the built-in MATLAB function “anova2” to perform this analy-
sis. As the data were nonnormally distributed, we log,-transformed the data before performing the
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ANOVAs (68). To correct for multiple comparisons, we used the “mafdr” MATLAB function, which imple-
ments Storey’s method (69).
Simulating the effects of fosmidomycin on P. falciparum metabolism. We used previously described
methods (15, 16) to simulate the effects of drug treatment. Briefly, we integrated the data (transcrip-
tomic and metabolomic), obtained under untreated and treated conditions, with a genome-scale meta-
bolic network model of P. falciparum to estimate the rates of macromolecule synthesis under respective
conditions. In line with our experimental observations, we assumed that treated parasites produced
50% less biomass than untreated parasites (Fig. 1B, 1 uM versus 0 uM fosmidomycin at 64 h). To com-
pute the net synthesized amount of essential metabolites and macromolecules (Table 6), we numerically
integrated the simulated enzyme fluxes using the MATLAB function “trapz,” which implements the trap-
ezoidal method.
Data availability. We have deposited the transcriptomic data to the National Center for Biotechnology
Information Gene Expression Omnibus repository (GEO accession number: GSE159516).
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