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The mitochondrial ribosomal protein L13 is critical for the
structural and functional integrity of the mitochondrion in

Plasmodium falciparum
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The phylum Apicomplexa contains a group of protozoa caus-
ing diseases in humans and livestock. Plasmodium spp., the
causative agent of malaria, contains a mitochondrion thatis very
divergent from that of their hosts. The malarial mitochondrion
is a clinically validated target for the antimalarial drug atova-
quone, which specifically blocks the electron transfer activity of
the bc; complex of the mitochondrial electron transport chain
(mtETC). Most mtETC proteins are nuclear-encoded and
imported from the cytosol, but three key protein subunits are
encoded in the Plasmodium mitochondrial genome: cyt b,
COXI, and COXIIIL They are translated inside the mitochon-
drion by mitochondrial ribosomes (mitoribosomes). Here, we
characterize the function of one large mitoribosomal protein in
Plasmodium falciparum, PfmRPL13. We found that PfmRPL13
localizes to the parasite mitochondrion and is refractory to
genetic knockout. Ablation of PfmRPL13 using a conditional
knockdown system (TetR-DOZI-aptamer) caused a series of
adverse events in the parasite, including mtETC deficiency, loss
of mitochondrial membrane potential (Ai,), and death. The
PfmRPL13 knockdown parasite also became hypersensitive to
proguanil, a drug proposed to target an alternative process for
maintaining Ad,,,. Surprisingly, transmission EM revealed that
PfmRPL13 disruption also resulted in an unusually elongated
and branched mitochondrion. The growth arrest of the knock-
down parasite could be rescued with a second copy of
PfmRPL13, but not by supplementation with decylubiquinone
or addition of a yeast dihydroorotate dehydrogenase gene. In
summary, we provide first and direct evidence that mitoribo-
somes are essential for malaria parasites to maintain the struc-
tural and functional integrity of the mitochondrion.

Malaria remains a severe infectious disease in the tropical
and subtropical regions of the world, causing millions of clinical
cases and taking the lives of half a million people in 2016 (1).
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The causative agents, parasites of Plasmodium spp., have three
genomes localized in three distinct cellular compartments, the
nucleus, the apicoplast, and the mitochondrion. The nuclear
genome is composed of 14 chromosomes (23 mega base pairs)
and encodes ~5500 proteins (2). The apicoplast is a relict plas-
tid derived from primary and secondary endosymbiosis, which
contains a circular bacterial like DNA (35 kb), encoding ~30 pro-
teins, 2 rRNA genes (16S and 23S), and a complete set of tRNAs
required for protein translation within this organelle (3, 4).

The mitochondria of all eukaryotic organisms are believed to
be derived from one single common ancestor, an a-protobac-
terium (5). In apicomplexan parasites, the mitochondrial
genomes tend to be small, 6 —11 kb in length (6, 7). In one genus,
Cryptosporidium, the mitochondrial genome has been entirely
lost (8). The mitochondrial DNA (mtDNA)? of malaria para-
sites is only 6 kb, encoding three proteins of the mitochondrial
electron transport chain (mtETC): cytochrome (cyt) b, cyt ¢
oxidase subunits I and III (COX I and III) (6, 9, 10). These three
proteins are translated by the mitochondrial ribosomes (mito-
ribosomes). The 6 kb mtDNA also encodes mitochondrial
rRNA genes; however, these rRNAs are highly fragmented
(~30 small pieces of 20 -200 bp) and scattered throughout the
mitochondrial genome (11-13). It remains entirely unknown
how these many small rRNA pieces come together to form a
working mitoribosomal complex. Another striking feature of
the malarial mtDNA is that it does not encode any tRNA genes,
and mitochondrial tRNAs have to be imported from the cytosol
(14).

To translate genes encoded on three distinctive genomes
localized in three cellular compartments, Plasmodium para-
sites utilize three types of ribosomes. The cytosolic 80S ribo-
somes are numerous in the parasite cytoplasm and were easily
detected by transmission EM studies carried out more than 50
years ago (15). Their structure has just been resolved by cryo—
electron microscopy (cryo-EM) (16, 17). The ribosomes in the
apicoplast and mitochondrion of malaria parasites are both
prokaryotic type; yet, they possess unique features that are dis-
tinct from bacterial ribosomes or organellar ribosomes of other

2 The abbreviations used are: mtDNA, mitochondrial DNA; mtETC, mitochon-
drial electron transport chain; cyt, cytochrome; LSU, large subunit; cryo-
EM, cryo-electron microscopy; DHODH, dihydroorotate dehydrogenase;
aTc, anhydrotetracycline; gRNA, guider RNA; IDC, intraerythrocytic devel-
opmental cycle; TEM, transmission EM; Qd, decylubiquinone; TetR, tetracy-
cline repressor; 3HA, triple HA.
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Mitochondrial ribosomal protein L13 in Plasmodium falciparum

eukaryotes (18). It has been shown that active protein transla-
tion occurs in the apicoplast, which renders malaria parasites
sensitive to several antibiotics (19-22). In contrast, the mito-
chondrial protein translation system in Plasmodium has
remained an enigma for a long time. On one hand, direct evi-
dence for mitochondrial protein translation in the parasites or
in the entire Apicomplexa phylum is lacking, but on the other
hand, the essentiality of the mtETC (23, 24) and the appearance
of cyt b mutations conferring atovaquone resistance (25)
strongly imply that the mitochondrial ribosomes are active.

In this study, we have characterized one conserved large sub-
unit (LSU) protein of mitoribosomes in Plasmodium falcipa-
rum (PfmRPL13, PF3D7_0214200). It has been shown that L13
is a critical component involved in the first step of ribosome
LSU assembly in bacteria (26) and is one of the eight LSU sub-
units required to form a minimal subribosomal particle main-
taining peptidyltransferase activity in Thermus aquaticus (27).
Here, for the first time, we provide direct evidence that
PfmRPL13 is essential for malaria parasites, highlighting the
significance of mitoribosomes for parasite physiology and
survival.

Results
PfmRPL13 is essential in asexual blood stages of P. falciparum

PF3D7_0214200 (designated as PfmRPL13) is annotated as
the putative mitochondrial ribosomal protein L13 in P. falcip-
arum (www.plasmodb.org)® (47). To compare the sequence
similarity (or divergence) of mitochondrial ribosomal L13
proteins from various organisms, we performed a multiple
sequence alignment and maximum likelihood phylogenetic
analysis. As shown in Fig. S1, PEmRPL13 is closely related to its
orthologues in other apicomplexan parasites, but shares much
less sequence similarity to other mitoribosomal L13 proteins.
PfmRPL13 and Toxoplasma mRPL13 share 55% identical resi-
dues, but the percent identity between the P. falciparum and
human proteins is 23%, as calculated from the alignment (Fig.
S1A). As might be expected then, in the phylogenetic results the
apicomplexan mRPL13s form a separate, well-supported clade
within the overall mitochondrial L13 grouping (Fig. S1B).

To verify the subcellular localization of PfmRPL13 in P. fal-
ciparum, we integrated a copy of PfmRPL13 tagged with triple
HA (3HA) or GFP into the genome of Dd2attB parasites (28).
Interestingly, Dd2attB transfected with the pLN-PfmRPL13-
GEFP construct grew very slowly and did not express GFP, as
determined by fluorescence microscopy and Western blotting
(data not shown), suggesting that expression of the PfmRPL13-
GFP fusion protein was silenced by some unknown
mechanism(s). However, Dd2attB transfected with the pLN-
PfmRPL13-3HA construct expressed PfmRPL13-3HA. Immuno-
fluorescence assay showed that PfmRPL13-3HA was local-
ized in the parasite mitochondria with almost no signal in
other cellular compartments (Fig. 1). Importantly, Dd2attB-
PfmRPL13-3HA grew normally as compared with the parental
line (data not shown). Based on its evolutionary sequence con-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Figure 1. Expression and localization of PfmRPL13 in P. falciparum. A,
expression of PfmRPL13-3HA in Dd2attB parasites was confirmed by Western
blotting. P. falciparum aldolase (41 kDa) served as a loading control. B,
PfmRPL13-3HA was localized in the parasite mitochondria as revealed by
immunofluorescence assays.

servation (29) and mitochondrial localization, we conclude that
PF3D7_0214200 is very likely to be the mitoribosomal large
subunit protein L13 in P. falciparum.

To verify whether PfmRPL13 is essential for parasite growth
in asexual blood stages, we attempted to knock it out in two WT
lines, D10 and NF54, via a CRISPR/Cas9-mediated approach
(see “Materials and methods” in the supporting information).
Transfections in these lines were performed with circular or
linearized template plasmids along with pUF1-Cas9 and
selected with either a single drug for the template plasmid or
two drugs for both the template and Cas9 plasmids (“Materials
and methods”). In cultures transfected with a circular template
plasmid, negative selection against maintenance of the plasmid
was also performed (“Materials and methods”). However,
despite multiple attempts, gene knockout was unsuccessful
(data not shown). Because it has been shown that the only
essential role of the mtETC in asexual blood stages is to provide
an electron sink for the parasite dihydroorotate dehydrogenase
(DHODH), which is essential for pyrimidine biosynthesis (23),
we hypothesized that PEmRPL13 might be dispensable in the
yeast DHODH (yDHODH) transgenic parasites, which do
not require a functional mtETC. Knockout approaches
as described above were carried out in the NF54attB-
yDHODH-GFP line which carries a fusion protein of
yDHODH and GFP. Gene knockout in this line was not
successful after many attempts, however. In summary,
PfmRPL13 is refractory to gene disruption, suggesting that
PfmRPL13 is likely to be essential.

Because our knockout studies were unable to definitely
determine the essentiality of PfmRPL13 in the parasites, we
utilized a recently developed translational knockdown ap-
proach, the TetR-DOZI-aptamer system (30). In this system,
protein translation is conditionally regulated by addition of
anhydrotetracycline (aTc) (ON) or withdrawal of aTc (OFF). As
shown in Fig. 24, the TetR-DOZI-aptamer system was inserted
into the genomic locus by double crossover recombination
facilitated by CRISPR/Cas9 (“Materials and methods”). We
transfected D10 WT parasites with a linearized template vector
and two circular guider RNA (gRNA) constructs (“Materials
and methods”), selected with blasticidin and aTc, and obtained
transgenic parasites 3 weeks post electroporation. As shown in
Fig. 2B, the genomic locus of PfmRPL13 was confirmed to be
correctly modified in the transgenic parasites by diagnostic
PCR analysis. We named this line D10-PfmRPL13-KD (knock-
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Figure 2. Genetic ablation of PfmRPL13 through the TetR-DOZI-aptamer system facilitated with CRISPR/Cas9. A, the TetR-DOZI-aptamer system (30)
was inserted into the PfmRPL13 genetic locus through a double crossover recombination strategy facilitated by a CRISPR/Cas9 system. TetR-DOZI-RLuc-Bsd is
the combined gene for a fusion protein of tetracycline repressor with development of zygote inhibited (DOZI), followed by Renilla luciferase and blasticidin
deaminase. 8xapt stands for 8 copies of TetR-binding aptamers. 5’HR and 3’ HR are upstream and downstream homologous regions of the PfmRPL13 gene. The
green box next to 5'HR indicates shield mutations that keep amino acid sequences intact but change nucleotide sequences to avoid repetitive cutting by Cas9.
The dark blue box next to the green box is the 3HA tag. The template plasmid was fully digested with EcoRV before electroporation. Two gRNAs (**) adjacent to
the stop codon of PfmRPL13 were cloned into the pAlO plasmid individually. The black bars underneath WT and integrated gene models indicate exons of the
gene whereas dashed lines indicate the introns. B, the genotype of the PfmRPL13 knockdown line was verified by diagnostic PCR analysis. D10 genomic DNA
served as a control. The sequences of primers P1-P4 are shown in Table S1 and their approximate positions are marked in (A). Lanes 1,4, and 7 are products from
PCR reactions with template DNA from the D10-PfmRPL13-KD line; lanes 2, 5, and 8 with DNA from D10 WT; lanes 3, 6, and 9 are no DNA controls. In lane 7, the
fragment to be amplified was too big to work in PCR (>11 kb). C, a representative growth curve of the PfmRPL13 knockdown line grown in the presence or
absence of aTc (250 nm). Cultures were split 1:5 on days 2, 4, 6, and 8. Parasitemia was determined under a light microscope by counting more than 1000 red
blood cells in each Giemsa-stained thin blood smear. Growth index is the cumulative -fold expansion which is the multiplication of parasitemia and split factors
over the time course. A split factor is 5 in a 1:5 split. Data shown are the mean = S.D. of biological replicates. This experiment has been repeated more than 10
times. aTc, anhydrotetracycline. D, expression of PfmRPL13-3HA in the knockdown parasites maintained with and without aTc for 8 days was examined by
Western blotting. The molecular mass of PfmRPL13-3HA is 28 kDa. P. falciparum aldolase (41 kDa) served as a loading control. E, MitoTracker staining patterns
of healthy versus parasites with depolarized mitochondria. F, quantification of mitochondrial staining patterns in the PfmRPL13 knockdown line maintained
with or without aTc, respectively. Green bars, tubular. Red bars, diffused. Data shown are averaged from n = 3 experiments and analyzed by a Student’s t test.
** p<0.01;% p <0.05.

down). It has been shown that protein knockdown efficiencyin eate aptamer copy numbers in D10-PfmRPL13-KD, the PCR
the TetR-DOZI-aptamer system is determined by aptamer productof5’ integration (lane I in Fig. 2B) was sequenced and
copy number, but aptamers are not very stable (31). To delin- all 8 aptamer copies were intact (data not shown).
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The expression of PfmRPL13 was then controlled by addition
and removal of aTc in the culture. To rule out any possibility
that aTc itself would interfere with parasite growth, the WT
D10 line was exposed to media supplemented with aTc (250
nM) and no aTc for 2 weeks but no differences between the two
were noticed (data not shown), suggesting that aTc did not alter
parasite growth. To determine the effect of knocking down
PfmRPL13 on parasite survival, D10-PfmRPL13-KD parasites
grown under aTc were enriched by a Percoll gradient, washed
thoroughly, and exposed to medium with or without aTc (250
nMm) for several intraerythrocytic developmental cycles (IDCs)
(“Materials and methods”). As shown in Fig. 2C, D10-
PfmRPL13-KD exhibited a severe growth arrest when aTc was
removed for three cycles or more. When aTc was removed for
more than four cycles, the parasitemia dropped down to a neg-
ligible level. To assess parasite growth long term, the aTc-mi-
nus culture of D10-PfmRPL13-KD was maintained up to 1
month (split weekly), and growth arrest was maintained for the
entire period (data not shown). In the first two cycles post aTc
removal, however, the differences between aTc-plus and aTc-
minus cultures were not significant under microscopic exami-
nation. We then compared their growth rates through [*H]hy-
poxanthine incorporation assays by titrating aTc in a serial
dilution (“Materials and methods”). As shown in Fig. S2, in the
first cycle, D10-PfmRPL13-KD incorporated similar levels of
[*H]hypoxanthine in low and high concentrations of aTc; how-
ever, in the second cycle, the knockdown parasite grown at the
lowest aTc concentration (0.24 nm) had a 40% reduction in
[*H]hypoxanthine incorporation compared with that of a high
aTc (250 nm) culture. In thin blood smears, morphologically
deteriorating parasites were observed when aTc was removed
for two cycles and the number of morphologically unhealthy
parasites increased substantially after removal of aTc for three
or more cycles (Fig. S3).

To determine PfmRPL13 expression levels in the knockdown
parasites, a knockdown assay was set up using the same proto-
col as described above. Protein samples were collected every 2
days over four IDCs and examined by Western blotting (“Mate-
rials and methods”). As shown in Fig. 2D, PfmRPL13 expression
was substantially diminished after aT'c was removed for just one
cycle. We then qualitatively monitored Ay, , using MitoTracker
in the knockdown parasites maintained with or without aTc
(“Materials and methods”). As shown in Fig. 2E, a healthy mito-
chondrion in a late trophozoite has a tubular structure with
MitoTracker staining largely confined to the organelle (Tubu-
lar, top panel), whereas a sick parasite was unable to constrain
MitoTracker staining to the mitochondrion, and it diffused
throughout the cytosol (Diffused, bottom panel). We quantified
the percentages of Tubular (healthy) versus Diffused (sick)
MitoTracker staining patterns in the P mRPL13 knockdown
parasites over four IDCs. As shown in Fig. 2F, D10-
PfmRPL13-KD parasites grown with aTc¢ continuously present
maintained healthy mitochondria, with very few parasites
showing a diffused pattern. However, when aTc was removed,
the percentage of parasites with diffused staining in the
PfmRPL13 knockdown parasites increased dramatically in the
third and fourth cycles. These data suggest that PfmRPL13 and,
hence, functional mitoribosomes were critical to maintain

SASBMB

mitochondrial membrane potential and parasite health. Taken
together, our data strongly imply that PfmRPL13 is essential for
parasite growth and survival in the asexual blood stages of
P. falciparum. In addition, our results agree with the recent
genome-wide gene disruption study carried out in the rodent
parasite, which revealed the essentiality of mitochondrial ribo-
somal protein L13 in P. berghei (32).

Genetic ablation of P mRPL 13 leads to mtETC deficiency and
proguanil hypersensitivity

Because the mtETC is the recipient of the three proteins
translated by mitoribosomes in malaria parasites, it is critical to
evaluate the function of the mtETC in the PfmRPL13 knock-
down parasites. To do that, we directly measured the bc, com-
plex enzymatic activity in vitro by an assay measuring its ability
to reduce oxidized cyt ¢ (a model of Q cycle (33) was depicted in
Fig. 34). We isolated mitochondria from D10-PfmRPL13-KD
parasites maintained under aTc continuously and in the
absence of aTc for two cycles and four cycles (“Materials and
methods”). As shown in Fig. 3B, when aTc was removed for two
cycles, there was a ~20% reduction in the bc, complex enzy-
matic activity (p < 0.05); however, after aTc was removed for
four cycles, the bc,; complex enzymatic activity was diminished
by 70% (p < 0.001). These data provide direct evidence that
knocking down PfmRPL13 results in defects in the bc,; complex.
It has been shown that whereas yYDHODH transgenic parasites
are resistant to atovaquone and other bc¢, complex inhibitors,
they become hypersensitive to proguanil when their mtETC is
chemically inhibited (23). To explore whether mtETC malfunc-
tion in the PfmRPL13 knockdown parasites would also make
these parasites hypersensitive to proguanil, we cultured the
parasites in the absence of aTc for three IDCs and performed a
[*H]hypoxanthine incorporation assay. As shown in Fig. 3C, in
the WT D10 line, there was no change in proguanil EC,,s in the
presence or absence of aTc (250 nm), suggesting that aTc did
not affect proguanil sensitivity. However, in the knockdown
parasite, there was a 55-fold increase in proguanil sensitivity
when PfmRPL13 was genetically abolished. The EC;, of
proguanil in D10-PfmRPL13-KD parasites was 9.56 um with
aTc present, whereas it was reduced to 0.17 um when aTc had
been previously removed for three cycles. The yYDHODH trans-
genic line was used as a positive control in the assay (23). As
expected, the yDHODH line exhibited proguanil hypersensitiv-
ity when the parasite was added with 50 nm atovaquone (Fig.
3C). Remarkably, the level of proguanil hypersensitivity in
our PfmRPL13 knockdown parasites (55-fold) was compara-
ble with that of the yYDHODH line under atovaquone treatment
(62-fold). These data suggest that PAmRPL13 genetic ablation
caused a severe mtETC deficiency in a degree that was similar
to that triggered by atovaquone inhibition. To rule out the
possibility that hypersensitivity to proguanil in the D10-
PfmRPL13-KD line was merely a result of poor parasite growth
in the absence of aTc, we tested its sensitivity to other anti-
malarial compounds including PA21A092 (34), a PfATP4
disruptor, and artemisinin. As shown in Fig. S4, in the
presence or absence of aTc, D10-PfmRPL13-KD parasites
exhibited the same levels of sensitivity to PA21A092 and arte-
misinin, respectively. Taken together, these data strongly
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C, hypersensitivity to proguanil in the PfmRPL13 knockdown parasites. The knockdown parasites were grown for three cycles in the absence of aTc before
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independent experiments.

suggest that proguanil hypersensitivity in the PfmRPL13
knockdown parasites was specifically induced by ablation of
PfmRPL13 (see “Discussion”).

PfmRPL13 knockdown results in unusual morphological
changes in the mitochondria

Next, we used transmission EM (TEM) to assess any mor-
phological alterations in the knockdown parasites. To exclude
the possibility that aTc causes changes in parasite morphology,
D10 WT parasites were cultured with and without aTc for 2
weeks and their morphologies were examined by TEM (“Mate-
rials and methods”). As shown in Fig. S5, with or without aTc,
D10 parasites displayed very similar mitochondrial morpholo-
gies. Mitochondria in both samples appeared to be circular
structures in TEM 2D sections. Because each malaria parasite
has just one single tubular mitochondrion (35), it is more likely
to obtain cross-sections (circular) than longitudinal sections
(tubular) during TEM 2D sample slicing. Mitochondrial mor-
phologies similar to those of D10 were observed in the
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PfmRPL13 knockdown parasites maintained continuously in
medium with aTc; in each TEM section, there were, again, a
small number of circular structures present (Fig. 4). In contrast,
when aTc was removed for three cycles, it seemed that more
mitochondrial pieces were detected on each TEM section of
the knockdown parasite (Fig. 4). In addition, many of the
mitochondrial pieces appeared as long tubular structures,
sometimes exhibiting branching (Fig. 4). To the best of our
knowledge, such elongated and branched mitochondria in
trophozoite stages of P. falciparum have not been reported
previously in TEM studies in the literature. In all, these data
revealed interesting morphological changes in parasite
mitochondria when PfmRPL13 expression was genetically
diminished.

Efforts to rescue PFmRPL13 knockdown parasites grown in the
absence of aTc

To gain an understanding of the mechanisms that led to
parasite demise when PfmRPL13 was knocked down, we
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aTc ON

D10-PfmRPL13-KD

aTc OFF

Figure 4. Morphological changes of mitochondria in the PfmRPL13
knockdown parasites maintained with or without aTc under transmis-
sion EM. A-E, TEM images of PfmRPL13 knockdown parasites maintained
constantly under aTc. DV, digestive vacuole. AP, apicoplast. N, nucleus. F—J,
TEM images of PfmRPL13 knockdown parasites grown without aTc for three
cycles. DV, digestive vacuole. Cyt, cytostome. Black arrows indicate mitochon-
drial sections. Red arrows indicate internal membranes within the mitochon-
drial matrix. Each panel shows either an entire (A, B, F, G) or a partial (C-E, H-J)
image of TEM.

attempted to rescue the knockdown parasites with three differ-
ent approaches. Previous studies in P. falciparum have shown
that mtETC inhibition by atovaquone can be partially rescued
with addition of ubiquinone analogs such as decylubiquinone
(Qd) (36). As shown in Fig. 54, however, addition of Qd (50 um)
failed to restore growth of D10-PfmRPL13-KD parasites when
aTc had been removed, suggesting that mtETC defects caused
by PfmRPL13 knockdown could not be chemically rescued by
Qd. Because inhibition of the mtETC by atovaquone can be
fully suppressed by expression of a yeast DHODH gene (23), we
hypothesized that provision of the yDHODH gene in the
knockdown parasites might overcome mtETC defects caused
by PfmRPL13 disruption. We then performed a second trans-
fection of the knockdown parasites with an episomal plasmid
carrying yDHODH-GFP, resulting in the double transgenic line
D10-PfmRPL13-KD-yDHODH-GFP (“Materials and meth-
ods”). Expression of the fused yDHODH-GFP protein was con-
firmed with a fluorescence microscope and Western blotting
(data not shown). As shown in Fig. 5B, in the absence of aTc, the
double transgenic line displayed moderate growth in the first
four cycles (short term) but still succumbed to death signifi-
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cantly after five cycles or longer without aTc (long term). These
data suggested that, in the long term, yDHODH expression still
failed to rescue mtETC defects resulting from PfmRPL13 abla-
tion. We then complemented D10-PfmRPL13-KD with an epi-
somal PfmRPL13 tagged with 3Myc, resulting in another dou-
ble transgenic line, D10-PfmRPL13-KD-RL13Myc (“Materials
and methods”). Expression of PfmRPL13Myc was confirmed by
Western blotting in the double transgenic line maintained with
or without aTc for four cycles (data not shown). As shown in
Fig. 5C, D10-PfmRPL13-KD-RL13Myc grew equally well in the
presence or absence of aTc for a long term. To verify aptamer
copy number in the endogenous PfmRPL13 locus of the double
transgenic line, D10-PfmRPL13-KD-RL13Myc, we checked its
5' integration site by PCR and sequencing and eight aptamer
copies were still intact (data not shown). Therefore, in the
absence of aTc, the endogenous PfmRPL13 was not translated
but the double transgenic line was sustained by the episomal
expression of PfmRPL13 to maintain growth. Clearly, genetic
ablation of PfmRPL13 in the parasite was only rescued with
provision of complementing episomal PfmRPL13.

Discussion

With the recent decline in the efficacy of artemisinin-based
combination therapies (37), there is an urgent need to discover
new antimalarial drugs. The mtETC of the parasite is absolutely
essential throughout its complex life cycle. The mtETC is crit-
ical both to sustain the essential pyrimidine biosynthesis path-
way (23) and to maintain the mitochondrial membrane poten-
tial (38). The malarial mtETC has been the focus of many
endeavors seeking novel antimalarial drugs (39), yet the struc-
ture and function of mitochondrial ribosomes (mitoribo-
somes), which translate critical protein subunits of the mtETC,
remain entirely uncharacterized. In this study, we found that
one mitochondrial ribosomal large subunit protein L13
(PfmRPL13) was localized to the mitochondrion (Fig. 1) and
was essential for growth of asexual blood stage parasites (Fig. 2).
Knockdown of PfmRPL13 resulted in a series of adverse events
in the parasite, including loss of Ay, (Fig. 2F), mtETC defi-
ciency (Fig. 3B), and hypersensitivity to proguanil (Fig. 3C).
Remarkably, PfmRPL13 knockdown also led to unusual mito-
chondrial morphologies (Fig. 4). For the first time, we provided
direct evidence that mitoribosomes are essential in asexual
blood stages of malaria parasites. Our genetically tagged para-
site line will also be a good tool to study structural and func-
tional aspects of mitoribosomes in the future.

The origin of all eukaryotic mitochondria can be traced back
to the integration of an a-protobacterium into the proto-eu-
karyote ancestor (5, 40). From this single symbiotic event, the
common ancestor of all eukaryotic organisms has evolved into
the myriad extant cells and organisms with many distinct mor-
phologies and functions that allow survival in drastically differ-
ent environmental milieus. Needless to say, mitochondria are
key players in this ongoing evolutionary adaptation, because
they are critical for maintaining cellular bioenergetics, redox
balance, signaling, and even life and death decisions (41). How-
ever, in apicomplexan parasites, which cause numerous dis-
eases in human and livestock, the mitochondrion has been
streamlined by loss of many functions that are important in
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Figure 5. Efforts to rescue growth of the PfmRPL13 knockdown line in the absence of aTc via three approaches. A, Qd was unable to rescue growth of
the knockdown parasites in the absence of aTc. B, provision of episomal copies of yYDHODH in the knockdown parasites failed to fully rescue growth without
aTcoverthelong term. C, supplementing the knockdown parasites with episomal copies of PfmRPL13-3Myc successfully rescued growth in the absence of aTc.
For all conditions, parasitemia and growth index were defined using the same method as descried in Fig. 2C. Data shown are the mean * S.D. of n = 3 biological

replicates.

mammalian mitochondria, for example, fatty acid catabolism,
amino acid degradation, steroid biosynthesis, and initiation of
apoptosis (35). Nevertheless, the mitochondrion is still abso-
lutely essential in every stage of the parasite’s life cycle (39).
Even Cryptosporidium, which has lost the mitochondrial
genome, has a mitosome (mitochondrion derivative organelle)
that harbors at least one essential biochemical pathway—iron-
sulfur cluster biogenesis (8, 42). To maintain protein import
and critical biochemical pathways, mitochondria and mito-
chondrion-related organelles require an electrochemical pro-
ton gradient (composed of ApH + A,,) across the mitochon-
drial inner membrane. In malaria parasites, the primary
mechanism to sustain Ay, the principle component of the
proton gradient, is fulfilled by the mtETC (24, 38). Whereas
most mtETC proteins are nuclear-encoded and imported into
the mitochondrion, three core components are encoded on the
6 kb mtDNA: cyt b, COXI, and COXIII. The mitochondrial
ribosomes and protein translation system are therefore critical
to produce these three mtETC components. In this study, we
have shown that PfmRPL13 ablation in P. falciparum results in
mtETC deficiency (Fig. 3B), which leads to the loss of Ay, (Fig.
2F) and parasite death (Fig. 2C). For the first time, we have
provided direct evidence that mitochondrial ribosomes are
essential in malaria parasites. It is likely that a domino effect
follows PfmRPL13 ablation: 1) reduced translation efficiency in
mitochondrial ribosomes; 2) shortage of cyt b, COXI, and
COXIII proteins; 3) failure to assemble functional mtETC com-
plexes; 4) significant reduction of Ais,,; 5) inability to complete
pyrimidine biosynthesis, and 6) ultimately parasite death. In the
future, we plan to further characterize PfmRPL13 knockdown
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parasites to better understand the detailed mechanisms leading
to parasite collapse.

One proposed alternative pathway to maintain Ay, in
malaria parasites is rotation of the F,F; ATP synthase complex
(Complex V) in the reverse direction, hydrolyzing ATP (—4
charge) to ADP (—3 charge) (23). One ADP (in the matrix) is
then exchanged with one cytosolic ATP, moving one net nega-
tive charge across the mitochondrial inner membrane. In addi-
tion, ATP hydrolysis by intact coupled Complex V results in the
extrusion of protons across the membrane in the opposite
direction, providing a further contribution to Ay . In the
yDHODH transgenic parasites, Ay, remained substantially
intact even after a complete inhibition of the mtETC by atova-
quone, but was rapidly disrupted when proguanil was added
subsequently (23). The synergistic effect of atovaquone and
proguanil in collapsing A, suggests that proguanil disrupts
the alternative A, pathway that is likely maintained by Com-
plex V. Remarkably, PmRPL13 knockdown parasites exhibited
proguanil hypersensitivity to a similar degree as yDHODH
transgenic parasites under atovaquone inhibition (Fig. 3C).
These results suggest that PfmRPL13 knockdown caused a
severe defect in the mtETC, which rendered parasites reliant on
the alternative pathway (proguanil-sensitive) to maintain Ay,

Ablation of PfmRPL13 resulted in a significant morphologi-
cal change in the parasite mitochondria (Fig. 4). It has been well
known that the mitochondrion of P. falciparum in the asexual
blood stages is a tubular structure with very few or no cristae on
the inner membrane (35). However, in our P mRPL13 knock-
down parasites, many long tubular and even branched mito-
chondria were observed in the TEM 2D sections, although they
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still remained cristae-deficient (Fig. 4). The mechanisms that
led to these unusual morphological changes in the mitochon-
dria of knockdown parasites remain unknown at present.
Because there is only one mitochondrion per parasite, it
appears that the mitochondrion of the knockdown parasite has
undergone a tremendous “growth” in mass and volume. We
speculate that mtETC deficiency and/or other mitochondrial
defects that result from PfmRPL13 ablation may have triggered
a mitochondrial biogenesis pathway(s) to compensate for the
loss of mitochondrial components or functions. On the other
hand, because these are TEM 2D images, the likelihood that the
unusual structures were caused by mitochondrial fragmenta-
tion cannot be ruled out. Clearly, further investigation is
needed to address these hypotheses.

The results of rescue experiments indicate that the mtETC
defects caused by PfmRPL13 knockdown cannot be fully
released by addition of the yeast DHODH gene (Fig. 5B), even
though yeast DHODH completely restored parasite growth
under atovaquone inhibition (23). It has been shown that the
bc, complex of the yDHODH transgenic line remained fully
functional (23). It is likely that atovaquone inhibits the electron
transfer activity of the bc, complex by binding to the Q, site of
cyt b, but leaving the complex physically intact. In our
PfmRPL13 knockdown parasites, however, the mtETC defects
seem to be more severe. Mitoribosome deficiency caused by
PfmRPL13 knockdown would be expected to compromise both
the electron transfer activity and the physical integrity of the
mtETC. Although the mtETC can be metabolically bypassed by
expression of the yDHODH gene (23), the physical components
of the mtETC cannot be supplemented by this exogenous gene.
In the PfmRPL13 knockdown parasites, it is likely that loss of
integrity of mtETC and Ay, causes a wide range of detrimental
defects in the mitochondrion. For example, the mitochondrial
iron—sulfur cluster biogenesis pathway, dependent on a func-
tional Ays,, will be deprived, which in turn is detrimental to the
mitochondrion and the rest of the parasite. Indeed, our knock-
down line was only able to be rescued by complementation
with episomal expression of PfmRPL13 (Fig. 5C). These data
further support that in addition to its enzymatic activities,
physical integrity of the mtETC is essential for mitochon-
drial physiology.

In summary, we provide direct evidence that the mito-
chondrial ribosomes in the human malaria parasites are
essential. Disruption of mitoribosomes by ablation of a crit-
ical protein subunit causes a chain of adverse events and
eventual parasite demise. Our data highlight the significance
of the mitochondrial protein translation machinery, which is
evidently critical to sustain mitochondrial function, struc-
ture, and physiology.

Experimental procedures
Plasmid construction

For localization studies, the coding region of P. falcipa-
rum mitochondrial ribosomal subunit L13 (PfmRPL13,
PF3D7_0214200) was cloned into the pPLNmRL2 vectors, bear-
ing either a 3HA or GFP tag (43). For CRISPR/Cas9-mediated
knockout studies, two homologous regions and one gRNA of
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PfmRPL13 were cloned into the pL6 vector, which was kindly
provided by Dr. Lopez-Rubio (44). The type II Streptococcus
pyogenes Cas9 was encoded in the pUF1-Cas9 vector (44). For
CRISPR/Cas9-mediated knockdown studies, the TetR-DOZI-
aptamer system was utilized, which was kindly provided by Dr.
Jacquin Niles (30). The original pMG75-ATP4-aptamer vector
(30) was reconstructed to remove the attP sites and to replace
the single HA tag with a triple HA tag. The pAll-In-One (pAIO)
pre-gRNA vector was kindly provided by Dr. Spillman and Dr.
Beck (31), which contained Cas9 fused with yDHODH (23) and
elements for expressing a gRNA. For complementation studies,
a second transfection was performed in the PfmRPL13 knock-
down parasites, introducing episomal plasmids of yDHODH-
GFP (23) or PfmRPL13-3Myc encoded on a vector that had
a human dihydrofolate reductase selectable marker. Details
for other cloning procedures are available in the supporting
information.

Parasite lines, parasite culture, and transfections

See supporting information for details.

Immunofluorescence assay

Parasite samples (50 ul) were prelabeled with 60 nm Mito-
Tracker Red CMXRos (M7512, Life Technologies by Thermo
Fisher Scientific), fixed with 4% formaldehyde/0.0075% glutar-
aldehyde 1 h at 37 °C, permeabilized with 0.1% Triton X-100/
PBS for 10 min, treated with 0.1 mg/ml NaBH, for 5 min and
blocked with 5% BSA/PBS before primary and secondary
antibody incubations. The HA probe (sc-7392, Santa Cruz
Biotechnology) and an Alexa Fluor 488 conjugated anti-
mouse secondary antibody (A-21141, Life Technologies by
Thermo Fisher Scientific) were used at 1:350 dilution for
overnight at 4°. All other steps followed the published pro-
tocol (43). The parasites were visualized with an Olympus
epifluorescence microscope and images were processed
using SlideBook software.

Western blotting

See supporting information for details.

Parasite growth curves and knockdown experiment

Parasite cultures were tightly synchronized with several
rounds of alanine treatment (0.5 m alanine/10 mm HEPES, pH
7.6) and trophozoite/schizont stages were isolated using a
Percoll gradient (89428524, GE Healthcare Life Sciences).
The highly enriched parasites were thoroughly washed with
medium and inoculated into new cultures with each 10 ul par-
asitized pellet diluted in 10 ml medium containing 1 ml blood.
Cultures were maintained in the presence and absence of 250
nM anhydrotetracycline (Millipore Sigma) and were split 1:5
every 2 days. At each split, samples were collected for thin blood
smears and protein analysis by Western blotting. Parasitemia
was determined by counting at least 1000 RBCs under a Leica
light microscope.

MitoTracker staining and quantification

The knockdown experiment was set up as described above.
In every 2 days, aliquots of parasitized RBCs (~10 ul pellet)
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were taken from cultures maintained with or without aTc, re-
suspended in 200 ul medium containing 10 nm MitoTracker
Red CMXRos and incubated for 30 min. The parasites were
washed three times with 1X PBS, re-suspended in a small vol-
ume of medium (~15 pl) and visualized under an Olympus
epifluorescence microscope. For each condition, a total of 200
or more parasites were examined within 15 min.

Mitochondrion preparation (Mito Prep)

Mitochondria of P. falciparum cultures were isolated ac-
cording to a published protocol (45). Briefly, parasites were
tightly synchronized and expanded to a large volume (~2
liters). Cultures were harvested at late trophozoite stage and
lysed with 0.05% saponin. The pellet was washed, re-suspended
in a MESH buffer and disrupted using a N, cavitation bomb
(45). The cell debris was removed by a low speed centrifugation
and the supernatant was passed through a MACS Cell Separa-
tion Column (Miltenyi Biotec) at 4 °C. The eluted material was
pelleted by centrifugation, aliquoted, and stored at —80 °C.
Details are listed in the supporting information.

bc, complex enzymatic activity measurement

Cytochrome ¢ reductase activity was assayed by a minor
modification of published methods (45, 46). The assay was per-
formed at 35 °C in a stirred cuvette with a total volume of 300
wl, which contained 5 ul Mito Prep sample, 100 um decylu-
biquinol, 100 um horse heart cytochrome ¢ (Millipore Sigma),
0.1 mg/ml n-Docecyl B-p-Maltoside, 60 mm HEPES, pH 7.4, 10
mM sodium malonate, 1 mM EDTA, and 2 mm KCN. The reduc-
tion of cyt ¢ was recorded at 550 nm with a CLARITY VF inte-
grating spectrophotometer (OLIS, Bogart, GA). The short
chain ubiquinol analog decylubiquinol was prepared by reduc-
ing decylubiquinone in DMSO with sodium borohydride and
acidifying the mixture with concentrated HCIL. Aliquots were
stored under argon at —80 °C. Protein concentration of Mito
Prep samples was determined by a Bio-Rad colorimetric assay
using a spectrometer (Spectronic Genesys 5) at the wavelength
of 595 nm.

[PHIHypoxanthine growth inhibition assay

Growth inhibition assays using [*H]hypoxanthine incorpo-
ration were performed in 96-well plates as described previously
(36), and data were analyzed by GraphPad Prism 6. See the
supporting information for details.

Magnetic enrichment of parasites and transmission EM

aTc was removed from PfmRPL13 knockdown parasites for
three intraerythrocytic cycles. Parasites were enriched by a
MACS Cell Separation Column in a magnetic apparatus. See
the supporting information for other details.
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Materials and methods

1. Plasmid construction.
1) The genomic region of the putative P. falciparum mitochondrial ribosomal subunit L13 (PfmRPL13,
PF3D7_0214200) is 900 bp, which includes one intron of 261 bp from +90 to +350. For localization
studies, the coding region of PfmRPL13 was amplified from cDNA of wildtype 3D7 parasites using
primers P1 and P2 (Table S1). The PfmRPL13 fragment was then cloned into the pPLNmRL2 vector (1)
via Avr 1l and BsiW 1 restriction endonucleases to yield a copy of PfmRPL13 tagged with 3HA or GFP at
the C-termini, namely pLN-PfmRPL13-3HA or pLN-PfmRPL13-GFP, respectively. The pLNmRL2
vectors with 3HA or GFP tags were derived from the original pLN-ENR-GFP plasmid generated by

Nkrumah et al. (2).

2) The pL6 and pUF1-Cas9 vectors were kindly provided by Dr. Lopez-Rubio (3). The pL6 plasmid bears
a cassette for expressing a single guide RNA (sgRNA), namely the P. falciparum U6 small nuclear RNA
regulatory system (3). To perform knockout studies mediated with CRISPR/Cas9, two homologous
regions of PfMRPL13, 5HR and 3HR, and a gRNA were cloned into the pL6 vector. The homologous
regions were amplified from 3D7 genomic DNA using P3+P4 (5HR) and P5+P6 (3HR) primer pairs
(Table S1) and were sequentially cloned into the pL6 vector, resulting in a primitive PfmRPL13 knockout
construct without gRNA (pL6-PfmRPL13-pKO). The 5HR is a 608 bp fragment from -529 to +79 of the
PfmRPL13 genomic region and was cloned via Sac Il and Afl 1. The 3HR is a 681 bp fragment from
positions +388 to +1068 and was cloned via EcoR | and Nco I. To search for the best gRNA for
CRISPR/Cas9 mediated knockout, a fragment between the two homologous regions (308 bp) was

analyzed by the Eukaryotic Pathogen CRISPR guide RNA Design Tool (http://grna.ctegd.uga.edu/). From

all potential hits, the best available gRNA was chosen based on its high efficiency score and zero off-
target matches. This gRNA was named RL13KO_gRNA, and the sequence was 5’-
GGCATATTCTTCTTTAAAAA(TGG)-3". It was cloned into the pL6-PfmRPL13-pKO vector via

InFusion cloning according to the manufacture’s guidance (Clontech® Laboratories, Inc.). Briefly, the
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pL6-PfmMRPL13-pKO vector was linearized with BtgZ 1. We synthesized a 60 bp oligo that harbors a 20
bp sequence homologous to the segment immediately upstream of the BtgZ I site of the pL6-PfmRPL13-
pKO vector, a 20 bp RL13KO_gRNA sequence and another 20 bp sequence homologous to the segment
immediately downstream of the BtgZ I site of the vector. The reverse complement strand (60 bp) was also
synthesized. These two 60 bp oligoes, RL13-oligol (P7) and RL13-0ligo2 (P8), were then mixed ina 1:1
mixture of Buffer 2 and Buffer 4 (New England Biolabs®, Inc.), heated at 95 °C for 5 min and gradually
cooled down to room temperature. The annealed oligoes and the linearized pL6-PfmRPL13-pKO vector
were then joined by InFusion cloning to yield the pL6-PfmRPL13-KO vector for knockout studies. The
N20 of RL13KO_gRNA (P9) and a vector primer from the pL6 vector (P10) were used to diagnose
positive clones. Another oligo (P11), 71bp downstream of BtgZ | site, was used to sequence the cloned

gRNA.

3) To do knockdown studies, we utilized the TetR-DOZI-aptamer system, recently developed and kindly
provided by Dr. Jacquin Niles’ group at MIT (4). Based on this system (4), Spillman and Beck et al.
developed a double crossover integration strategy to insert aptamer copies mediated with the
CRISPR/Cas9 system (5). They developed a pAll-In-One (pAIO) vector which contained Cas9 infused
with the yDHODH gene (6) and elements for expressing a gRNA (5). Dr. Spillman and Dr. Beck kindly
provided us with this all-in-one vector. We then cloned two gRNAs of PfmRPL13 into the pAlO vector
via InFusion cloning as described above, generating pAlO-RL13-gRNAL and pAIO-RL13-gRNA2,
respectively. These two gRNAs of PFmRPL13 were located immediately upstream and downstream of the
stop codon of PfmRPL13, respectively. The oligoes used for making these gRNA constructs and

diagnostic PCRs were listed in Table S1 from P12 to P17.

The original pPMG75-ATP4 vector (4) contains two attP sites for quick site specific genome insertions via
the attBXattP system in attB positive strains (2). This facilitated a quick knockdown using the TetR-
DOZI-aptamer system at an ectopical site, but not at the endogenous locus. An attP site is not required for
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endogenous gene insertion. To remove two attP sites from the pMG75-ATP4 vector, pMG75-ATP4 was
digested with Sal I and Not I, treated with Klenow, and re-ligated by T4 DNA ligase. Removal of two attP
sites from pMG75-ATP4 was confirmed by PCR and sequencing using P18+P19 primers. Interestingly,
during this process, 2 aptamer copies were lost (confirmed by PCR analysis and sequencing (P20+P21)).
Therefore, this process resulted in a modified vector with 8 copies of aptamers, pMG75noP_ATP4_8apt.
As the original vector, this vector contains a single copy of MYC tag and a single copy of HA tag. To
increase tag affinity, we removed the single epitope tags from pMG75noP_ATP4_8apt and replaced it

with a 3HA.

Next, we cloned two homologous regions (5’HR and3’HR) of PFmRPL13 into the modified vector,
pMG75noP_ATP4_8apt_3HA. The 3’'HR of PfmRPL13 (869 bp) was immediately downstream of the
stop codon and was amplified via P22+P23 primers. It was cloned into the vector using Sac Il and BstE Il
sites. The 5’HR of PfmRPL13 was amplified via P24+P25 primers and cloned into the vector bearing
3’HR via BstE Il and Sal I sites. To avoid repetitive cutting by Cas9 in the transgenic parasites, the
reverse primer (P25) of 5’HR included synonymous mutations within the pAlO-RL13-gRNAL region.
The pAIO-RL13-gRNA2 was located between the stop codon and 3’HR; therefore no synonymous
mutations were needed. These procedures yielded the vector for double crossover recombination and
knockdown studies, pMG75noP_PfmRPL13 8apt 3HA. The plasmid was linearized with EcoR V and
transfected into parasites together with two gRNA constructs, pAIO-RL13-gRNA1 and pAIO-RL13-

gRNA2.

4) For complementation studies in the knockdown parasites, we performed a second transfection by
introducing an extra copy of yYDHODH or PfmRPL13, respectively. Since the knockdown parasites
already had bsd (blasticidin deaminase) from pMG75 (resistant to blasticidin) and yDHODH from pUF1
(resistant to DSM1), the hdhfr (human dihydrofolate reductase) marker (resistant to WR99210) was used
for additional transfections. A copy of yYDHODH was previously cloned into a pHH vector bearing an
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hdhfr cassette (6). In case of PFmRPL13, we started with the pLN-PfmRPL13-3HA construct (described
as above) by replacing the bsd marker with hdhfr and changing the 3HA tag to 3Myc. To do that, the
pLN-PfmRPL13-3HA plasmid was digested with Nco | and Bpul0 I to release the bsd marker. The hdhfr
gene was amplified from pCC1 using primers (P26+P27) which had overlapping regions homologous to
the pLN vector. The linearized pLN vector and the hdhfr fragment were annealed by InFusion cloning,
resulting in a modified pLN vector with an hdhfr selectable marker, namely pLN-hdhfr-PfmRPL13-3HA.
The PFmRPL13-3HA was then removed by digesting the vector with Avr 1l and Afl 11. A synthetic DNA
fragment of PfmRPL13 plus a 3Myc tag was synthesized as a gene block (Genewiz LLC), digested with
Avr 1l and Afl 11, and put into the vector by ligation, yielding the pLN-hdhfr-PfmRPL13-3Myc construct

for complementation studies.

All primers and oligoes were purchased from Eurofins Genomics (Table S1). DNA fragments used for
cloning were amplified with high fidelity DNA polymerases followed by sequencing confirmation
(Genewiz LLC). All restriction endonucleases and DNA modifying enzymes were purchased from New
England Biolabs®, Inc. All cloning steps involving pMG75-derived vectors were transformed into stable

competent E. coli (New England Biolabs®, Inc) and bacteria were grown at 30 °C.

2. Parasite lines, parasite culture, and transfection.

P. falciparum strains used in this study included Dd2attB (2), NF54attB (7), D10 wildtype, and NF54
wildtype. Asexual P. falciparum parasites were cultured using RPMI medium supplemented with 0.5%
Albumax Il (Gibco by Life technologies) under a low oxygen atmosphere (6% O,, 5% CO,, 89% N,), as
described previously (8). Human blood (O%) was purchased from the Interstate Blood Bank in Tennessee.
Parasite transfections were performed in cultures with 5% rings using circular template plasmids (50 pg
each electroporation) or linearized template plasmids (20-50 ug each electroporation) together with

circular gRNA constructs (50 pg for each gRNA in each electroporation). Restriction endonucleases used
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to linearize pL6-PfmRPL13-pKO and pMG75n0P_ATP4_8apt were Hinc Il and EcoR V, respectively.
Drug selections were added 48 h post electroporation and maintained under the following concentrations:
5 nM WR99210 for hdhfr, 2.5 pug/ml blasticidin for blasticidin deaminase, 1.5 uM DSM1 for yDHODH
(yeast dihydroorotate dehydrogenase), 125 pg/ml G418 for the neomycin selectable cassette, 2 uM 5-

flurocytosine (5-FC) for FCU gene (yeast cytosine deaminase/uracil phosphoribosyl transferase).

3. Gene knockout approaches.

The CRISPR/Cas9 gene knockout approach was implemented (3) in two wildtype P. falciparum lines,
D10 and NF54. They were individually transfected with a circular or linearized pL6-PfmRPL13-KO
plasmid PFfmRPL13 (containing two homologous regions and one gRNA) and pUF1-Cas9. These
transfections were selected only with WR99210 for pL6-PfmRPL13-KO vector whereas Cas9 was
expressed transiently. In parasite lines transfected with circular pL6-PfmRPL13-KO plasmid which still
contains a negative selection marker, namely the FCU gene (the yeast cytosine deaminase and uracil
phosphaoribosyl transferase), we also performed negative selections with 5-FC in combination with
WR99210 directly or after one round of drug off-and-on cycling. We also repeated transfections in D10
and NF54 lines using dual drug selections with WR99210 and DSM1. Since it has not been determined
how long Cas9 is needed to obtain a knockout parasite in the literature, DSM1 was administered for one,

two or four weeks post transfections along with WR99210.

4. Western blot.

Infected RBCs were treated with 0.05% saponin (MilliporeSigma) in PBS in the presence of 1x protease
inhibitor cocktail (MilliporeSigma) and the parasitized pellet was resuspended in 2% SDS/62 mM Tris-
HCI (pH 6.8) by repeated pipetting. The lysate was then spun down at 10,000 rpm for 5 min and the
supernatant was then processed for SDS-PAGE analysis. Protein transfer, blocking, and other steps

followed the standard protocol. The anti-HA primary antibody (sc-7392, Santa Cruz Biotechnology) was
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used at 1: 10,000 and an HRP conjugated secondary anti-mouse antibody was used at 1: 10,000. The
antibody against P. falciparum aldolase (ab38905, Abcam) was served as a positive control (1: 20,000).

5. Mitochondrion preparation (Mito-prep).

Mitochondrial isolation was performed according to a published protocol (9). For aTc plus parasites,
cultures were tightly synchronized with alanine and expanded to 1.6-2.4 liters (4-6 T225 flasks). For aTc
minus parasites, the culture was first grown under 250 nM aTc up to one T225 flask, and late stages were
isolated by a Percoll gradient, as described above. The isolated parasites were washed 3 times with
medium, and inoculated into new T225 flasks and maintained under regular RPMI (aTc minus) for 2
cycles or 4 cycles. After the desired growth, the parasites were harvested at trophozoite stages and lysed
with 0.05% saponin in AIM buffer (120 mM KCI, 20 mM NacCl, 20 mM glucose, 6 mM HEPES, 6 mM
MOPS, 1 mM MgCI2, 0.1 mM EGTA, pH 7.0) and washed three times with cold AIM buffer. The pellet
was resuspended in argon deaerated MESH buffer (225 mM mannitol, 75 mM sucrose, 4.3 mM MgCI2,
0.25 mM EGTA, 10 mM HEPES [Tris], 5 mM HEPES [KOH], pH 7.4) containing 10 mM glucose and
mitochondrial substrates (5 mM succinate and 5 mM L-malate) in the presence of 1 mM PMSF (Millipore
Sigma) and 1 pul per ml fungal protease inhibitor cocktail (MilliporeSigma). The parasite suspension was
added into a metal pressure chamber on ice and disrupted by N, cavitation, as previously described (9).
The unbroken cells and cell debris were removed by centrifugation at 900 xg for 6 min at 4 °C. The low
speed supernatant was passed slowly (~0.2 ml/min) through a MACS CS column (Miltenyi Biotec)
prewashed with MSEH buffer in a Vario MACS magnetic separation apparatus (Miltenyi Biotec) to
remove most of the hemozoin from the preparation. This step was conducted at 4 °C. The eluted material
was pelleted by centrifugation at 23,000 xg for 20 min at 4 °C. The pellet was suspended in an
appropriate volume (~500-1000 ul) of MSEH buffer containing 1.0 mM succinate, aliquoted in 50 pl

aliquots, and used for enzymatic assays or stored at -80 °C.

6. *H-hypoxanthine growth inhibition assay.
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Growth inhibition assays using *H-hypoxanthine incorporation were performed in 96 well plates as
previously described (10). For drug assays, mixed stage parasites at 1% parasitemia and 3% hematocrit
were exposed to compounds diluted by a serial dilution for 24 h. Then each well was pulsed with 10 pl of
0.5 pCi *H-hypoxanthine and incubated for another 24 h. Parasites were then lysed by freeze-thawing and
nucleic acids were collected onto filters with a cell harvester (Perkin EImer, MA). The filters were dried
and counted with a Topcount scintillation counter (Perkin Elmer, MA) after addition of MicroScint O. For
measuring parasite growth under aTc or in the absence of aTc for 1 cycle, parasites with 1% parasitemia
and 3% hematocrit were inoculated into 96 well plates. *H-hypoxanthine was added 24 h later and
incubated for another 24 h (in total of 48 h). For measuring growth for 2 cycles, parasites with 0.5%
parasitemia and 3% hematocrit were inoculated. *H-hypoxanthine was added 72 h later and incubated for
additional 24 h (in total of 96 h). Other steps followed the procedures described as above. GraphPad
Prism 6 was used to graph the data.

7. Magnetic enrichment and transmission electron microscopy.

During knockdown experiments as described above, on day 6, the culture was spun down, re-suspended
into 20% hematocrit, and bound to a MACS CS column prewashed with medium in the Vario MACS
magnetic separation apparatus. Uninfected RBCs were washed from the CS column and the infected
RBCs were harvested by washing the CS column after it was removed from the magnetic field. The
enriched parasites, mostly late trophozoite/schizont stages, were washed with 100 mM sodium cacodylate
and fixed with 2% paraformaldehyde/2.5% glutaraldehyde/100 mM sodium cacodylate at RT for 1 h. The
fixed parasites were washed once with 100 mM sodium cacodylate and shipped to the Molecular
Microbiology Imaging Facility at Washington University in St. Louis. Samples were then washed once
with 100 mM sodium cacodylate and post-fixed in 1% osmium tetroxide (Polysciences Inc.) for 1

h. Samples were then rinsed extensively in dH,O prior to en bloc staining with 1% aqueous uranyl
acetate (Ted Pella Inc.) for 1 h. Following several rinses in dH,0O, samples were dehydrated in a graded

series of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a
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Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc.), stained with uranyl acetate and lead
citrate, and viewed on a JEOL 1200 EX Transmission Electron Microscope (JEOL USA Inc.) equipped

with an AMT 8 megapixel digital camera and AMT Image Capture Engine V602 software (Advanced

Microscopy Techniques).
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Table S1. Sequences of primers and oligoes used in this study.

Primer Description Sequence
ID
P1 RL13-F-BsiWI- | aTcgtacgcctaggATGATAAGAAGAAGCTTGATTAAATTAG
Avrll
P2 RL13-R-BsiWI- | GTcgtacgcttaagCAAAATGGTAAAGGTCTTTATATC
AfllI
P3 RL13-5fF-Sacll | ttCCGCGGCAAAAAAGGTCCCGGAGTACA
P4 RL13-5fR-Aflll | aaCTTAAGTTGAAAAAGGGTTAATGTGCTG
P5 RL13-3fF-EcoRIl | aaGAATTCGTTGATATTTTTTCAGAAGAAC
P6 RL13-3fR-Ncol | aaCCATGGTTTATGTGCTGTGTTATGTTG
P7 RL13-oligol CATATTAAGTATATAATATTGGCATATTCTTCTTTAAAAAGTTT
TAGAGCTAGAAATAGC
P8 RL13-oligo2 GCTATTTCTAGCTCTAAAACTTTTTAAAGAAGAATATGCCAATA
TTATATACTTAATATG
P9 RL13KO_gRNA | GGCATATTCTTCTTTAAAAA
N20
P10 N20CheckR ATATGAATTACAAATATTGCATAAAGA
P11 gRNArevo TAGGAAATAATAAAAaagcacc
P12 RL13-oligo5 CATATTAAGTATATAATATTGATATTGTTACAAAATGGTAAGTT
TTAGAGCTAGAAATAGC
P13 RL13-oligo6 GCTATTTCTAGCTCTAAAACTTACCATTTTGTAACAATATCAAT
ATTATATACTTAATATG
P14 RL13apt_ gRNALl | ATATTGTTACAAAATGGTAA

N20
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P15 RL13-oligo7 CATATTAAGTATATAATATTGTAACACAGCACATAAACATTGTT
TTAGAGCTAGAAATAGC

P16 RL13-oligo8 GCTATTTCTAGCTCTAAAACAATGTTTATGTGCTGTGTTACAAT
ATTATATACTTAATATG

P17 RL13apt_gRNA2 | TAACACAGCACATAAACATT

N20

P18 revattPF GTTAATTCATCAAATAGCATGCCTG

P19 revattPR AGCTGGCACGACAGGTTTCC

P20 PMGT75AptF CACCAGGTGATTATAAAGATGATGATG

P21 PMGT75AptR GTAGACCCCATTGTGAGTAC

P22 RL13 3UTRF aTcCGCGGICTTAAGCATTAGTCCACTTTTTTAATATAACATATT
ATGCAC

P23 RL13 3UTRR CtGGTTACCaTcATTTTGATATGTACTTTATACTTGGC

P24 RL13_5HRF CtGGTTACCtaGATATCaaCCGCGGataTcAGCACATTAACCCTTTTT
Cc

P25 RL13_5HRR ATGTCGACCTGCAGTAATATTGTGAATGTCTTTATATCTTGCTG
CTCTTCC

P26 hdhfrFToBSD GCTTATATATATACACACACCTAAAACTTACAAACCGGTccatgga
aaaATGCATGGTTCGCTAAACTGCATC

P27 hdhfrRToBSD AATCTATTATTAAATAAATTTAATGGGGTACCTTAGCTCCGGAL

TAATCATTCTTCTCATATACTTCAAATTTGTAC
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Figure S1A
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Figure S1A continuation
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Figure S1A continuation
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Figure S1. (A) Multiple sequence alignment of a representative set of mitochondrial RPL13 proteins
from a broad range of phyla and sample proteobacterial RPL13 proteins (“outgroup”). The proteins
chosen mirror those used in a previous study of mitoribosomal proteins (11), with the addition of three
alveolate proteins (Toxoplasma gondii, Theileria parva, Paramecium tetraurelia) and one vertebrate
(Danio rerio) and removal of the vertebrate Tetraodon nigroviridis . Sequence alignment was performed
with the MAFFT server using L-INS-i method and homologues addition (12). The alignment was
formatted for display with JALVIEW using the Clustal color scheme, which reflects the chemical
property of conserved amino acids at each alignment position (13). The solid red bars indicate the
columns of the alignment that match the Interpro family model “Ribosomal Protein L13, bacterial-type”
(IPR005823) (which model includes mitochondrial and chloroplast L13 subunits). Specific IDs of the
protein sequences aligned (UniProt designations): HUMAN (Homo sapiens)Q9BYD1, MOUSE (Mus
musculus) QID1P0, Danio rerioQ504D1, Drosophila melanogasterQ9VJ38, Anopheles gambiae
Q7Q191, Caenorhabditis elegansQ95QL2, YEAST (Saccharomyces cerevisiae) Q12487, Neurospora
crassaQ7SBV6, Dictyostelium discoideumQ554U7, Arabidopsis thalianaQ7XA68, Chlamydomonas
reinhardtiiA8]810, P. falciparum096222, T. gondii AOA125YJYS, T. parvaQ4NS8US, Tetrahymena
thermophilaW7X626, P. tetraureliaAOC5X1, Trypanosoma brucei Q580D5, Leishmania major
Q4Q2H6, Escherichia coli POAA10, Brucella suisQ8G1CS, and Rickettsia prowazekiiQ9ZDUI.

(B) Phylogenetic tree inferred for the set of diverse mitochondrial RPL13 and proteobacterial RPL.13
sequences. Apicomplexan mRPL13 subunits form a well-supported, separate clade within the
mitochondrial grouping (the latter defined by setting the root with the proteobacterial clade). The tree
was inferred by maximum likelihood analysis (PhyML(14)). Bootstrap support is shown for nodes with
greater than 50% support.
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Figure S2. Growth of PFmRPL13 knockdown parasites with various concentrations of aTc for one and
two cycles using *H-hypoxanthine incorporation. aTc was diluted from 250 nM in a serial dilution with a
factor of 2. The lowest concentration was 0.24 nM. D10 wildtype served as a control. Error bars were
derived from n=3 biological replicates.
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Figure S3. Morphological changes of PFmRPL13 knockdown parasites on Giemsa stained thin blood
smears. Red arrows indicate dead or morphologically deteriorating parasites after aTc was removed from
the culture. To display multiple parasites in one field under the microscope, late stage parasites of the

cultures with or without aTc were enriched by a Percoll gradient.
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Figure S4. PfmRPL13 knockdown parasites show equal sensitivity to PA21A092 and artemisinin in the
presence or absence of aTc. Growth inhibition assays were carried out using ®H-hypoxanthine
incorporation in 48 h. PFmMRPL13 knockdown parasites were grown in the absence of aTc for 3 cycles
before exposed to PA21A092 (15) or artemisinin. EC50s of PA21A092 in the presence or absence of aTc

are 15.9 nM and 11.2 nM, respectively. EC50s of artemisinin in the presence or absence of aTc are 21.2
nM and 23.1 nM, respectively.
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aTc OFF

D10 wildtype

Figure S5. Mitochondrial morphologies of D10 wildtype parasites maintained with or without aTc and
examined by transmission electron microscopy (TEM) studies. Black arrows on TEM images indicate
cross sections of the parasite mitochondria.
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