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Metabolomics profiling reveals new
aspects of dolichol biosynthesis
in Plasmodium falciparum
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The cis-polyisoprenoid lipids namely polyprenols, dolichols and their derivatives are linear polymers of
several isoprene units. In eukaryotes, polyprenols and dolichols are synthesized as a mixture of four or
more homologues of different length with one or two predominant species with sizes varying among
organisms. Interestingly, co-occurrence of polyprenols and dolichols, i.e. detection of a dolichol along
with significant levels of its precursor polyprenol, are unusual in eukaryotic cells. Our metabolomics
studies revealed that cis-polyisoprenoids are more diverse in the malaria parasite Plasmodium
falciparum than previously postulated as we uncovered active de novo biosynthesis and substantial
levels of accumulation of polyprenols and dolichols of 15 to 19 isoprene units. A distinctive polyprenol
and dolichol profile both within the intraerythrocytic asexual cycle and between asexual and
gametocyte stages was observed suggesting that cis-polyisoprenoid biosynthesis changes throughout
parasite’s development. Moreover, we confirmed the presence of an active cis-prenyltransferase
(PfCPT) and that dolichol biosynthesis occurs via reduction of the polyprenol to dolichol by an active
polyprenol reductase (PfPPRD) in the malaria parasite.

Malaria is caused by protozoan parasites of the genus Plasmodium and most cases of life-threatening malaria
are attributable to infection with Plasmodium falciparum. The parasite has a complex life cycle that involves
the human host and its vector, the Anopheles mosquitoes. All clinical features are caused during the asexual
intraerythrocytic life cycle due to the repeated invasion of human red blood cells (RBCs). The asexual intraeryth-
rocytic developmental cycle of P. falciparum lasts around 48 h, during which the parasite progresses through four
morphologically different stages: ring, trophozoite, and schizont stages, ending with rupture of the erythrocyte
and release of merozoites that will invade new erythrocytes. Transmission of the malaria parasite requires devel-
opment of male and female gametocytes (gametocytogenesis), which are ingested by female mosquitoes during a
blood meal and undergo sexual reproduction in the mosquito’s midgut. Nondividing P. falciparum gametocytes
take between 10 and 12 days to fully mature and progress through five morphologically distinct forms (stages I
to V), which are different from other Plasmodium species.

During their complex life cycle malaria parasites encounter different nutritional environments within and
between hosts. The presence of de novo and salvage pathways gives parasites a great metabolic flexibility to cope
with those changes'*. For example, mature RBCs are capable of only a few metabolic functions since transcription
and translation is not present in these cells. However, a wide variety of metabolites are available to the parasite
in the human plasma’. Among the metabolic pathways that become inactive in mature RBCs is the mevalonate
pathway which synthesizes the isoprenoid building blocks isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP)* Downstream de novo cis-polyisoprenoid biosynthesis of dolichols is also inactive in
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Figure 1. De novo cis-polyisoprenoid biosynthesis in P. falciparum is predicted to occur in the ER.
Phosphoenolpyruvate (PEP); pyruvate (PYR); glyceraldehyde 3-phosphate (G3P); 1-deoxy-D-xylulose-5-
phosphate (DOXP); DOXP reductoisomerase (DXR); fosmidomycin (FOS); 2-C-methyl-D-erythritol-4-
phosphate (MEP); hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP); dimethylallyl diphosphate (DMAPP);
isopentenyl diphosphate (IPP); geranyl diphosphate (GPP); farnesyl diphosphate (FPP); farnesyl-geranylgeranyl
diphosphate synthase (FGDPS); cis-prenyltransferase (CPT); polyprenyl diphosphate (PDP); polyprenyl
diphosphate phosphatase (PPP); polyprenol reductase (PPRD); dolichol kinase (DK); dolichyl phosphate (Dol-
P). The a-saturated isoprene unit of dolichol is indicated by a red circle. The figure was drawn using CorelDraw
2018 (https://www.coreldraw.com/en/).

mature RBCs® but dolichols synthesized during erythropoiesis are still present in erythrocytes®’. On the other
hand, P. falciparum has active isoprenoid biosynthesis during the asexual intraerythrocytic developmental cycle
as well as during gametocytogenesis where the isoprenoid precursors IPP and DMAPP are synthesized through
the methylerythritol phosphate (MEP) pathway®-'°.

The MEP pathway is localized in the apicoplast''?, a unique chloroplast-like organelle essential for growth
and pathogenesis of the malaria parasite'? (Fig. 1). Moreover, supply of the isoprenoid precursor IPP is the sole
metabolic function of the apicoplast in asexual intraerythrocytic cycle and gametocyte stages'®'*. The fact that
exogenous supply of IPP alone allows parasites lacking the apicoplast to normally grow and develop indicates
that IPP is transported out of the apicoplast where the synthesis of cis-polyisoprenoid products is predicted to
occur (Fig. 1)1, cis-Polyisoprenoids (polyprenols, dolichols and their phosphate esters and carboxylic acid
derivatives) are linear polymers of several isoprene units. These lipids are present in all membrane systems!*!
but their biological functions besides protein glycosylation in the ER remains largely unknown. Recently, cis-
polyisoprenoids gained special attention due to several breakthroughs in the field including improvements in
the analytical techniques for their analysis'”'®, partial identification of their enzymatic machinery', and the
discovery of new biological functions beyond glycosylation?>*!. Among some of these biological functions are
the regulation of the membrane fluidity*"?, stimulation of spore wall formation in yeast?, and scavenging free
radicals in cell membranes®?°. Interestingly, in cancer cells?® and P. falciparum?, protein dolichylation occurs
as a post-translational event, but functions of such derivatives and enzymes involved in this posttranslational
protein lipid modification remain unknown.

cis-Polyisoprenoid metabolism and its biological functions in P. falciparum remain poorly understood. The
initial step of cis-polyisoprenoid de novo biosynthesis in the malaria parasite is common to all isoprenoid
products (Fig. 1) where a multifunctional enzyme synthesizes farnesyl diphosphate (FPP) and geranylgeranyl
diphosphate (GGPP)*. Synthesis of cis-polyprenyl diphosphate (PDP) is then proposed to be catalyzed by a
cis-prenyltransferase (CPT) which adds several IPP molecules in cis-configuration to FPP or GGPP. This step
is called elongation and in animals occurs in the endoplasmic reticulum (ER) where its downstream products
dolichyl phosphates (Dol-Ps) serve as lipid oligosaccharide carrier for protein N-glycosylation, C- and O-man-
nosylation and glycosylphosphatidylinositol (GPI) synthesis (reviewed in*). In other organisms, cis-polyiso-
prenoid synthesis also occurs in peroxisomes (rat®, yeast™!), lipid droplets (yeast?>*?) and chloroplasts (plants,
cyanobacteria*"?*?). The postulated final steps of cis-polyisoprenoid biosynthesis involve dephosphorylation of
PDP to polyprenol followed by reduction of the a-isoprene unit by polyprenol reductase (PPRD), also called
SRD5A3 or DFG10 in mammals and yeast, respectively (Fig. 1). Whether dephosphorylation of PDP is catalyzed
by one or two enzymes® has not been elucidated in any organism. Moreover, it has also been suggested that an
isopentenol or isopentanol, instead of IPP, is added at the last step, which would avoid the need of dephospho-
rylation or dephosphorylation and reduction, respectively, but it remains to be addressed'>**.

In eukaryotes, polyprenols and dolichols are synthesized as a mixture of four or more different lengths indi-
cated by the total number of carbons or IPP units, e.g. polyprenol/dolichol 11 or C55, with one or two predomi-
nant species (isoprenologues) where the size varies among organisms. Interestingly, co-occurrence of polyprenols
and dolichols, i.e. detection of a dolichol along with significant levels of its precursor polyprenol, are unusual in
eukaryotic cells. In the malaria parasite, cis-polyisoprenoid biosynthesis has received little attention because the
relevance of glycosylation in Plasmodium was unclear until recently?, and a previous report established that the
malaria parasite synthesizes dolichols of 11 and 12 isoprene units®*®. However, our untargeted lipidomic analyses
using liquid chromatography combined with high-resolution mass spectrometry (LC-HRMS) system revealed
an unusual co-occurrence of polyprenols and dolichols. These results steered us to reexamine cis-polyisoprenoid
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biosynthesis in P, falciparum using metabolomics and molecular approaches and revealed that cis-polyisoprenoids
are more prevalent and diverse in the malaria parasite than previously postulated.

Results

Medium-long polyprenols and dolichols are present in the asexual and sexual intraerythro-
cytic stages of P. falciparum. Biosynthesis of dolichol composed of 11 and 12 isoprene units in the schi-
zont stage of malaria parasites has been assessed previously using radiolabeled metabolic precursors followed
by thin layer chromatography (TLC) and high-performance liquid chromatography (HPLC) analysis®® as well
as by purifying unlabeled metabolites by HPLC followed by mass spectrometry (MS) analysis of each fraction”.
Modulation of dolichol chain length upon a particular physiological condition has been observed earlier. For
example, shorter isoprenologues are found in actively dividing cells such as cancer cells compared to not actively
dividing cells*®**. Thus, we hypothesized that a similar scenario may occur between actively diving asexual stages
and nondividing gametocyte stages of P. falciparum. To assess this hypothesis, we performed metabolomics
analysis by LC-HRMS as we described previously®’. In the asexual schizont stage, we detected the presence of
both polyprenols and dolichols of 15 to 19 isoprene units with isoprenologues 15, 16 and 17 being the predomi-
nant species (Fig. 2a) while in stage IV gametocytes dolichols of 15 to 20 isoprene units were also present, but the
predominant species were dolichols of 17, 18, 19 isoprene units (Fig. 2b). Under our experimental conditions,
polyprenols were almost undetectable in gametocytes. As expected, human RBCs contain low levels of dolichols
of 18 to 20 isoprene units with 19 being the predominant isoprenologue (Fig. 2c). This is the first time that the
cis-polyisoprenoid profile is determined by LC-HRMS in P, falciparum, and under our experimental conditions,
dolichols and polyprenols of 11 and 12 isoprene units were not detected probably due to their low abundance.
To our knowledge, this is also the first time that co-occurrence of polyprenols and dolichols are reported to be
present in P. falciparum. Interestingly, a distinctive temporal profile of polyprenols and dolichols in the asexual
intraerythrocytic developmental cycle of P, falciparum was also observed. In schizont stages, dolichol/polyprenol
ratios were closer to one except for dolichol 15 while ring and trophozoite stages presented considerably higher
ratios than schizonts (Table 1).

Medium-long polyprenols and dolichols are synthesized de novo by P. falciparum. In order to
confirm that the detected polyprenols and dolichols were in fact synthesized by the parasite, de novo biosynthe-
sis was assessed by metabolic labeling using [1-*C]glucose or [3-*C]IPP (Fig. 3a). The specific labeling pattern
of isoprene units resulting from glucose metabolism via glycolysis and incorporation through the mevalonate
and MEP pathway are well established'”'®. Because both the mevalonate and dolichol pathway are inactive in
human RBCs*, only MEP pathway-specific labeling patterns are observed in P, falciparum infected RBCs*®°.

Highly synchronous infected RBCs in ring stage at 7% parasitemia were first incubated in glucose-free media
for 2 h and then supplemented for 24 h with [1-*C]glucose (4 g/L) which is known to be metabolized into [1,5-
3C]IPP (Fig. 3a). A similar scheme was used for the metabolic precursor [3-*C]IPP, but in this case cultures
were treated for 2 h with 10 uM fosmidomycin (FOS), an inhibitor of 1-deoxy-D-xylulose 5-phosphate reductoi-
somerase (DXR)—a key enzyme of the MEP pathway (Fig. 1)%'2, to reduce > 75% the endogenous IPP pool as we
reported previously*!, therefore, favoring the uptake of exogenous IPP. Then, cultures were supplemented with
a mixture of [3-*C]IPP and unlabeled IPP (1:1) at 200 uM final concentration in the presence of FOS. It is well
established that 200 uM of exogenous IPP is necessary to reverse growth inhibition caused by FOS or the absence
of the apicoplast!®'##1-%_ During optimization of the *C-biolabeling experimental design, we established that
parasites required at least 20-24 h of growth in the presence of the *C-precursor starting at ring stage in order to
observe '*C-enrichment in polyprenols and dolichols (data not shown). As previously described by Swiezewska
and colleagues'”'8, 1*C-enrichment in polyprenols and dolichols was observed as a Gaussian distribution of iso-
topologues for each of the *C-precursors (Fig. 3b, Supplementary Fig. S1). The m/z shift toward higher molecular
mass mirrors the stochastic distribution of the probability of incorporating differentially labeled *C-IPP into
13C-polyprenols, and therefore *C-dolichols, which is determined by the remaining pool of native metabolic
precursors in the cell that contain a *C natural abundance of ~ 1% and the number of '*C-atoms incorporated into
IPP based on the isotopic dilution due to metabolism'”**. As shown in Fig. 3a, the probability of [1-'*C]glucose
to potentially label each of the carbon atoms C-1 and C-5 of IPP is around 0.5, thus, it is expected that the m/z
shift of the Gaussian distribution will center around [M + ()] with n being the number of isoprene units in the
polyprenol or dolichol detected as the ammonium adduct. In the case of [3-1*C]IPP, the m/z shift of the Gaussian
distribution will center around [M + (1/2 n)] of the ammonium adduct because cultures were supplemented with
a mixture of [3-13C]IPP and IPP (that contains a '3C natural abundance of ~ 1%) at the 1:1 molar ratio to reach
the 200 pM final concentration necessary to fully rescue FOS inhibition as previously reported'*. As expected,
only unlabeled dolichols were detected in uninfected RBCs since there is no active de novo biosynthesis of iso-
prenoids (Fig. 3¢, Supplementary Fig. S1). Altogether, these results confirmed that the detected polyprenols and
dolichols of 15 to 19 isoprene units are exclusively biosynthesized by the malaria parasite.

It has been demonstrated that P. falciparum stage 111 gametocytes incorporate and metabolize 1*C-glucose®.
In addition, we previously reported that the MEP pathway intermediates are present in late-stage gametocytes
and that IPP synthesis is essential for normal gametocytogenesis since gametocytes lacking the apicoplast require
exogenous IPP supplementation until they reach stage IV'°. Surprisingly, *C-enrichment in dolichols was not
detected in stage IV gametocytes when [1-*C]glucose was supplemented starting at stage III (Fig. 4). Therefore,
these results suggest that synthesis of dolichols occurs earlier than stage III during gametocytogenesis and that
IPP is required for other isoprenoid products than dolichols in gametocyte stages III to IV,
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Figure 2. Distribution of polyprenol and dolichol species present in P, falciparum schizont stage (a),
gametocyte stage IV (b), and uninfected RBCs (c) were analyzed by LC-HRMS. Values represent means+s.e.m.
of three independent biological replicates. The structures of polyprenol (POH) and dolichol (DOH) are
illustrated where (n) indicates the number of internal cis-isoprene units. The a-isoprene unit of polyprenols
(unsaturated) and dolichols (saturated) is indicated by a red circle. The figure was drawn using CorelDraw 2018
(https://www.coreldraw.com/en/).
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P. falciparum intraerythrocytic stage | DOH/POH-15 | DOH/POH-16 | DOH/POH-17 | DOH/POH-18 | DOH/POH-19
Ring 7.4%+2.0 9.6+3.1 9.2+3.8 POH-ND POH-ND
Trophozoite 30.4+6.7 36.3+6.1 25.6+4.8 23.0£3.5 POH-ND
Schizont 2.1+0.2 0.9+0.1 0.9+0.2 1.1£0.3 0.9+0.2

Table 1. Dolichol to polyprenol ratios (DOH/POH) at each stage of the P. falciparum asexual intraerythrocytic
cycle. Ratios were calculated using the area of the signal corresponding to each metabolite normalized to

the cell number. Values represent the mean * s.e.m. from three independent biological replicates. POH-ND,
polyprenol not detected under the experimental conditions used in this study.

13 —~— —r =
a (-)Glc C-Glc (o) LC-HRMS b wT o 3h17 WS
13, -
or (+) FOS or “C-IPP (a) analyses o
3| s B
J c
2h 24 h 1 2
=> => WL » ol "
. A 1104 1106 1198 120 1202 1204 1206 1208 1210 1202 214 1206 2187~ 11961198 1200 1202 1204 1206 1208 1200 1212 1214 1215 1218 1220
e S W — o™ 100
3
OH OH © HO, ‘gH,D g’ 3 B N
S o, © P
HO o >-> o —> P > > H,C%\/\OP [8)
'OH"*OH Q©CH; OH OH OH A S L bl 1 a2
[1-C]glucose DOXP MEP ©I[1,5-3CJIPP 1194 195 198 1200 1202 1204 1206 {203 210 252 214 216 1218 196 1198 1200 1202 1204 1206 1208 1210 1212 1214 1216 121 1220
A[3-3C]IPP
C gl o] . _— = W
Y et Y e 3| 2 C-POH-17 —_—
DOH-18 DOH-18 g| 8 “C-DOH-17
sl 5" !
5o Ll
RBC o
Unlabeled [1-°C]-glucose R R ot Aeennandl ) hh
= 1194 119 1198 1200 1202 1204 1206 1208 1210 1212 1244 1216 1218 196 1198 1200 1202 1204 1206 1208 1210 1212 1244 1246 1218 1220
N R
o
[
o —
b e, *C-DOH-17
J fac)
0 0 m "
61085 08 1o s MO N e o s m i 12"

Figure 3. De novo biosynthesis of medium-long polyprenols (POH) and dolichols (DOH) in P. falciparum.

(@) Scheme used for metabolic labeling with [1-*C]glucose or [3-*C]IPP in highly synchronous ring stage
cultures. Parasites were recovered at schizont stage for LC-HRMS analysis. A representative Giemsa-stained
smear is shown and scale bar indicates 2 um. The fate of 1*C through the MEP pathway for [1-"*C]glucose is
showed as a half-black circle to indicate *C abundance, which is 50% of the initial one. A black triangle depicts
the localization of the *C atom in the exogenously supplied [3-*C]IPP. (b) A representative mass spectrum

of the standards polyprenol 17 (m/z [M+NH,]*=1,193.1145), dolichol 17 (m/z [M +NH,]*=1,195.1208) and
metabolites detected in P, falciparum schizont stage is shown in the two upper rows. Distribution of the *C
isotopologues observed for native polyisoprenoid alcohols due to the natural abundance of *C is indicated by
brackets. Metabolically labeled polyprenol and dolichol are shown in the two lower panels and brackets indicate
the m/z shift observed as a Gaussian distribution of *C-enriched polyprenol and dolichol isotopologues. (c)
Mass spectra of dolichol 18 (m/z [M +NH,]*=1,263.1868) from uninfected human RBCs cultured in the
absence or presence of [1-*C]glucose under the same conditions as P. falciparum showing lack of de novo
dolichol biosynthesis. Data presented are representative of three independent biological replicates. The figure
was generated using CorelDraw 2018 (https://www.coreldraw.com/en/) and Adobe Photoshop 21.2.0 (https://
www.adobe.com/products/photoshop.html).

P. falciparum polyprenol reductase restored glycosylation of mCPY and reduced polyprenols
levels in yeast dfg10A mutant cells. We hypothesized that presence of polyprenols in P. falciparum
indicates that dolichol biosynthesis may occur via reduction of the polyprenol to dolichol by an active PEPPRD
(PF3D7_1455900) (Fig. 1). Therefore, the coding sequence of the putative PfPPRD was optimized for codon
usage in yeast and its enzymatic function was confirmed by complementation assays in Saccharomyces cerevi-
siae. It was previously reported by Cantagrel and colleagues* that human PPRD (SRD5A3) can complement
the N-glycosylation defects caused by an inactive yeast DFG10, which is the PPRD in this organism for dolichol
biosynthesis. As mentioned above, their downstream products Dol-P serve as lipid linked oligosaccharide car-
rier for protein glycosylation (Fig. 1). In this work, we used the dfgI0A mutant cells where the DFGI0 gene is
deleted from the chromosome and displays a lack of N-glycosylation. Mature carboxypeptidase Y (mCPY) has
four N-glycosylation sites which are all occupied under normal growth conditions in yeast* and depend on a
functional PPRD/DFG10 (Fig. 5a)*. A single band of fully glycosylated mCPY was observed in wild-type (WT)
cells when mCPY is fully glycosylated while four extra bands were detected in dfgl0A mutant cells representing
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Figure 4. Representative mass spectrum of dolichol 17 (DOH-17) (m/z [M+NH,]*=1,195.1208) detected in
P falciparum gametocyte cultures metabolically labeled with [1-*C]glucose starting at stage I1I and recovered
at stage IV for LC-HRMS analyses as indicated in the scheme. "*C-Enrichment was not detected in dolichols
from gametocytes under the described experimental conditions. Scale bar indicates 3 um. Data presented are
representative of three independent biological replicates. The figure was generated using CorelDraw 2018 (https
://www.coreldraw.com/en/) and Adobe Photoshop 21.2.0 (https://www.adobe.com/products/photoshop.html).
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Figure 5. PfPPRD restored N-glycosylation of mCPY and reduced levels of polyprenols (POH) in yeast dfgl0A
mutant cells. (a) Glycosylation status of CPY in dfgl0A mutant cells expressing yeast DFG10 or PfPPRD.
Positions of mature CPY (mCPY) and its glycoforms (-1, -2, -3, —4) are indicated. Empty vector (vector) was
used as a control. (b) Extracted ion chromatogram (EIC) from LC-HRMS analyses of yeast strains showing that
for WT only dolichol (DOH) of 15 and 16 isoprene units are detected while in dfgl0A mutant strain dolichols
are accompanied by their respective polyprenols 15 and 16. Yeast dfgl0A mutant strain transformed with
PfPPRD showed considerable reduction of polyprenols 15 and 16. Data presented are representative of three
independent biological replicates. The figure was generated using CorelDraw 2018 (https://www.coreldraw.com/
en/) and Adobe Photoshop 21.2.0 (https://www.adobe.com/products/photoshop.html).

the different glycoforms (- 1,-2,-3,—4) (Fig. 5a, lane 2). The mutant transformed with yeast DGFI10 or PfPPRD
under the control of the endogenous DFG10 promoter showed full correction of the CPY underglycosylation.
Some underglycosylated CPY was still detected in cells expressing PfPPRD, suggesting that this enzyme was not
as active as the yeast DFGI0.

In order to confirm the biochemical effects underlying the yeast complementation, we assessed the profile
of polyprenols and dolichols by LC-HRMS (Fig. 5b). As described previously>#°, only dolichol 15 and 16 were
detected in WT yeast while polyprenols along with dolichols were detected in the dfgl0A mutant cells. As
expected, dfgl0A mutant cells expressing PfPPRD showed reduction of the polyprenol levels confirming its
predicted enzymatic function (polyprenol — dolichol).

Modification of the CPT and PPRD locus in P. falciparum. Two recent functional profiling studies
of the Plasmodium genome indicate that Plasmodium PPRD (PF3D7_1455900) and CPT (PF3D7_0826400) are
predicted to be essential***. Thus, in order to gain insight into the polyprenol and dolichol biosynthesis in P
falciparum, we used the CRISPR/Cas9 with the tetracycline repressor (TetR) and development of zygote inhib-
ited (DOZI) fusion protein to generate a TetR-DOZI inducible knockdown (KD) mutant strain®® of PfCPT or
PfPPRD (Fig. 6a). We successfully modified the PfPPRD genomic locus of 3D7 strain (Fig. 6b). We attempted
to generate a C-terminus triple-human influenza hemagglutinin (HA) tagged PfPPRD to assess its localization
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Figure 6. Successful generation of a P, falciparum PfPPRD-TetR-DOZI or PfCPT-HA-TetR-DOZI conditional
knockdown. (a) Schematic representation of plasmids used and integration of the linearized TetR-DOZI
plasmid with a 10 x aptamer system into PfPPRD and PfCPT genes. The endonuclease cas9 promotes a double-
stranded break in the genomic locus while the repair plasmid provides a homology region at the C-terminus of
PfPPRD or PfCPT (target-C-t) for double crossover homologous recombination to introduce a 3'-untranslated
region (UTR) RNA aptamer sequence that binds a tetracycline repressor (TetR) and development of zygote
inhibited (DOZI) fusion protein to generate the TetR-DOZI conditional system. (b) PCR analysis confirmed
integration at the recombinant locus. Wild-type parasites were detected using primers P8-P2 for PfPPRD and
P17-P11 for PfCPT (see Supplementary Table S1) after 4 days of transfection (A). Conditional knockdown
parasites were detected after 30 days post-transfection (B’) using primers P8-P9 for PfPPRD and P17-P9 for
PfCPT. The figure was generated using CorelDraw 2018 (https://www.coreldraw.com/en/) and Adobe Photoshop
21.2.0 (https://www.adobe.com/products/photoshop.html).

but multiple attempts with this construct failed (Supplementary Fig. S2) suggesting that PfPPRD tagged at the
C-terminus is not efficiently translated or the protein is unstable. It is also possible that the highly conserved
catalytic domain of PfPPRD is located in the C-terminal as predicted for the human and plant orthologs***! and
tagging interferes with proper enzymatic function. On the other hand, we were able to generate a C-terminus
triple-HA tagged PfCPT in 3D7 strain (Fig. 6b). Both P, falciparum transgenic strains were subjected to clonal
selection and genomic modifications were confirmed by DNA sequencing.

Characterization of PfPPRD and PfCPT conditional knockdowns. The untagged conditional KD
system of PfPPRD (PfPPRD-TetR-DOZI) was induced by removing anhydrotetracycline (aTc), which relieves
translational repression by the TetR-DOZI complex™ (Fig. 7a). Interestingly, morphological defects and a slight
but significant growth defect were observed only after 8 days (5th intraerythrocytic life cycle) without aTc
(Fig. 7b). We were not able to obtain a PfPPRD-HA-TetR-DOZI strain (Supplementary Fig. S2), thus, it was not
possible to determine whether the observed growth and morphological defects were attributed to a gradual or
incomplete reduction in PfPPRD protein levels as this enzyme is predicted to be essential*’. However, the levels
of polyprenols and dolichols were determined by LC-HRMS to assess whether PfPPRD enzymatic activity was
reduced in the absence of aTc confirming that PfPPRD synthesizes dolichols in vivo. Metabolomics analyses
were performed in trophozoite stage parasites where the highest dolichol to polyprenol ratios are observed due
to low levels of detectable polyprenols (Table 1). In the absence of aTc for 3 days, parasites displayed a pro-
nounced accumulation of polyprenols 15 to 18 and a slight reduction of dolichols 15 to 17 without changes in
the levels of dolichol of 18 to 20 isoprene units suggesting that some residual PfPPRD activity may still be present
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Figure 7. Characterization of PfPPRD conditional knockdown mutant. (a) Schematic representation of the
PfPPRD conditional knockdown mechanism. The modified PfPPRD locus contains a 3'-UTR RNA aptamer
sequence that binds to TetR and DOZI fusion protein. In the presence of anhydrotetracycline (aTc), the
TetR-DOZI complex is stabilized and the 3'-UTR aptamer is unbound. Removal of aTc causes binding of

the TetR+ DOZI repressor to the aptamer region which results in reduced protein levels. (b) Time-course of
growth of PIPPRD-TetR-DOZI knockdown parasites treated with BSD only 