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(Bacl(ground: Pantothenate transport is essential for Plasmodium development. The transporter that mediates entry of

Results: PfPAT encodes the primary pantothenate transporter of P. falciparum.
Conclusion: PfPAT plays an essential function in parasite development and thus is a valid target for antimalarial therapy.
Significance: PfPAT is the first pantothenate transporter identified and characterized in protozoan parasites and a valid target
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The human malaria parasite Plasmodium falciparum is abso-
lutely dependent on the acquisition of host pantothenate for its
development within human erythrocytes. Although the bio-
chemical properties of this transport have been characterized,
the molecular identity of the parasite-encoded pantothenate
transporter remains unknown. Here we report the identification
and functional characterization of the first protozoan pantothe-
nate transporter, PfPAT, from P. falciparum. We show using
cell biological, biochemical, and genetic analyses that this trans-
porter islocalized to the parasite plasma membrane and plays an
essential role in parasite intraerythrocytic development. We
have targeted PfPAT to the yeast plasma membrane and showed
that the transporter complements the growth defect of the yeast
fen2A pantothenate transporter-deficient mutant and mediates
the entry of the fungicide drug, fenpropimorph. Our studies in
P. falciparum revealed that fenpropimorph inhibits the intra-
erythrocytic development of both chloroquine- and pyrimeth-
amine-resistant P. falciparum strains with potency equal or bet-
ter than that of currently available pantothenate analogs. The
essential function of PfPAT and its ability to deliver both pan-
tothenate and fenpropimorph makes it an attractive target for
the development and delivery of new classes of antimalarial
drugs.

Nearly half of the world population is at risk of contracting
malaria, a parasitic disease caused by protozoan parasites of the
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genus Plasmodium (1). Five species of Plasmodium infect
humans, and cases of infection caused by Plasmodium knowlesi
are on the rise (2). These species cause ~250 million annual
cases of clinical malaria and over 1 million deaths (3). Most
deaths occur in Africa and can be ascribed to infection by Plas-
modium falciparum. The lack of an effective vaccine and the
emergence of drug-resistant P. falciparum strains emphasize
the need for better strategies that target new pathways that are
unique to the parasite and that have not yet been targeted for
antimalarial therapy.

Plasmodium intraerythrocytic proliferation is fueled by
nutrients, such as purine nucleosides and nucleobases, amino
acids, sugars, fatty acids, and vitamins, scavenged from the host
(4). The uptake of these essential nutrients involves endoge-
nous transporters at the erythrocyte membrane as well as par-
asite-encoded permeases targeted to red blood cell membrane,
parasite plasma membrane, or intracellular organelles (5-14).
The water-soluble vitamin pantothenic acid (vitamin B;) is a
precursor of the important enzyme cofactor CoA, a universal
carrier of activated acyl groups involved in 9% of biochemical
reactions identified in all living organisms (15). Because P. fal-
ciparum cannot synthesize pantothenate de novo, the acquisi-
tion of this vitamin from the host is an indispensable nutritional
function for the parasite (Fig. 1).

The transporters involved in the uptake of pantothenic acid
across the red blood cell membrane or the parasite plasma
membrane remain unknown, and no pantothenate transport-
ers have yet been identified in any other protozoa. Biochemical
studies have demonstrated that in contrast to the negligible
pantothenate uptake in uninfected erythrocytes, pantothenate
transport across infected red blood cells is rapid (16). This
transport activity detected following parasite infection is medi-
ated by the new permeation pathway. Once inside the red blood
cell cytoplasm, pantothenate is transported into the parasite via

VOLUME 288+NUMBER 28-JULY 12,2013



Pantothenic acid

1
4‘-phosphopamc*henic acid
2
4’-phospho-N-pantothenoylcysteine
3
¥
4'-phosphopantotheine
4
Dephosphocoenzyme A

1 5
Coenzyme A

.......
- -
e T e

FIGURE 1. Schematic representation of pantothenate transport and CoA
biosynthesis in P. falciparum-infected erythrocytes. Pantothenate is
transported across the plasma membrane by the parasite pantothenate
transporter and converted into CoA by the enzymes pantothenate kinase (1),
phosphopantothenoylcysteine synthetase (2), phosphopantothenoylcys-
teine decarboxylase (3), phosphopantotheine adenyltransferase (4), and
dephospho-CoA kinase (5). PPM, parasite plasma membrane; PVYM, parasito-
phorous vacuolar membrane; RBCM, red blood cells membrane.

a parasite-specific low affinity permease (K,, = ~23 mm) and
converted into CoA via parasite-encoded enzymes (17). Unlike
mammalian cells, where the transport of pantothenate is
entirely dependent on the presence of Na™, the uptake of pan-
tothenate in P. falciparum isolated trophozoites is Na™-inde-
pendent, markedly dependent on pH (17), and electroneutral
with pantothenate and H™ entering the parasite with a stoichi-
ometry of 1:1 (17).

In lower eukaryotes, pantothenate transport has been char-
acterized in Saccharomyces cerevisiae and Schizosaccharomyces
pombe (18, 19). In S. cerevisiae, pantothenate is transported via
a high affinity plasma membrane H " -pantothenate symporter
Fen2, which is also responsible for the uptake of the antifungal
drug fenpropimorph (19). Accordingly, fen2A knock-out
mutants do not transport pantothenate, are unable to grow on
media containing physiological concentrations of pantothenate
(1-10 wm), and are resistant to fenpropimorph (19, 20).

Here we report the identification and functional character-
ization of the first protozoan pantothenate transporter, PfPAT,
from P. falciparum. PfPAT plays an essential function in para-
site intraerythrocytic development, and its expression in fen2A
yeast mutant complements the growth deficiency on low pan-
tothenate and mediates the entry of fenpropimorph into these
cells.

EXPERIMENTAL PROCEDURES

Parasite Cell Culture—Plasmodium falciparum clones 3D7,
NF54, and Dd2 were propagated in human RBCs at 2% hema-
tocrit using standard growth conditions and in the presence of
0.5% AlbuMAX (21). RPMI medium was either purchased from
Invitrogen or made by adding all components with the excep-
tion of pantothenic acid to make pantothenic acid-free
medium.
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Plasmodium Plasmid Constructs—The transfection vectors
pHC1-ACP-GFP and pRZ-TK-BSD2 used in this study to cre-
ate a PfPAT-GEFP fusion or to knock out the PfPAT chromo-
somal locus were previously described (8, 22—24). To generate
the Pfpat-gfp fusion construct, the open reading frame of P/PAT
was amplified by PCR using genomic DNA as a template and
primers 5'-GACTCTCGAGATGGCTAAAAACCAGTATA-
TGGAGG-3' and 5'-GACTCCTAGGTGTTAACATTTTTT-
TTTCTGGAATGGAATGG-3'. The PCR fragment was then
cloned in the pHC1-ACP-GFP vector. The resulting expression
vector, pYANO29, contains PfPAT-GFP fusion under the regu-
latory control of the P. falciparum CAMI promoter and HSP86
terminator and harbors the Toxoplasma gondii DHFR-TS
marker that confers resistance to pyrimethamine. To construct
the targeting vector pYANO22 for PfPAT knock-out, a 585-bp
fragment of PfPAT (nucleotides 35— 620 of the ORF) was ampli-
fied and subcloned into the HindIII/BlpI in the pRZ-TK-BSD2
vector, yielding pYANO021. This plasmid contains a positive
selectable marker BSD for selection on blasticidin (25) and a
negative marker TK conferring sensitivity to ganciclovir. A sec-
ond 495-bp fragment of PfPAT (nucleotides 1035-1530) was
cloned into the EcoRI/Kasl site of pYANO21 to generate
pYANO022.

Generation of Transgenic Parasites—pYANO022 and pYAN029
vectors were used to transfect early ring stage parasites (3D7
clone) by electroporation as previously described (8). Trans-
fected parasites were selected on media supplemented with
blasticidin (2.5 ug/ml) or pyrimethamine (100 nm), respec-
tively. Transgenic parasites transfected with pYANO022 were
subjected to several cycles of additions and removal of blastici-
din and ganciclovir and tested at different times during the
selection process for integration of the targeting cassette into
the P/PAT locus by PCR using specific sets of oligonucleotides.
Individual clones were isolated by limited dilution and further
characterized by PCR.

Yeast Strains and Growth Conditions—S. cerevisiae strains
BY4741 (Mata his3A1 leu2A0 met15A0 ura3A0) and fen2A
(Mata his3A1 leu2A0 metl1SAO ura3A0 fen2A:Kan") were
grown in YPD medium or dextrose-based synthetic defined
medium made from analytical grade chemicals and containing
appropriate supplements to support cell growth but lacking
pantothenate (SV medium). The cells were grown at 30 °C. To
enhance membrane stability of PfPAT, a genetic deletion of the
END3 gene was created in the BY4741 and fen2A genetic back-
ground and confirmed by PCR. Cell density was determined at
A600 nm*

Yeast Plasmid Constructs—A codon-optimized version of
PfPAT (PfPAT,,) was synthesized to improve the codon usage
and decrease the A + T content (Genscript). PfPAT was
inserted into the yeast expression vector pYES2.1-/V5-His-
TOPO (Invitrogen) generating pYES-PfPAT__-V5. The yeast
FEN?2 gene encoding the S. cerevisiae pantothenate transporter
was also cloned into the pYES2.1-/V5-His-TOPO (Invitrogen)
after amplification of the ORF using genomic DNA as a tem-
plate. A chimeric form, PfPAT), consisting of the fusion of
nucleotides 1-222 of FEN2 and nucleotides 250-1695 of
PfPAT,,, including the V5 tag present in pYES-PfPAT_ -V5,
was generated by PCR. The amplicon was cloned into the
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BamHI/PstI sites of the pBEVY-U (carrying the L/RA3 marker)
expression vector (26), allowing expression of the fusion under
the regulatory control of the GPD promoter. All sequences
were verified by DNA sequencing. Yeast strains were trans-
formed using a high efficiency protocol as previously described
(27).

Yeast Growth Assays—To monitor yeast growth on panto-
thenate, yeast strains were grown overnight in 5 ml of SV
medium lacking uracil and supplemented with 100 um of pan-
tothenate. The cells were harvested by centrifugation, washed
twice in SV medium, and inoculated at a cell density of 2 X 10°
cells/ml in SV medium lacking uracil supplemented with 1, 10,
and 100 uMm of pantothenate. Growth of fen2A pPfPAT, was
normalized based on the difference of fitness observed in
BY4741 transformed with pBEVY or pPfPAT,. For fenpropi-
morph inhibition assays, wild type and mutant yeast strains
were precultured overnight in YPD medium, and this precul-
ture was then used to inoculate new cultures at a starting cell
density of 2 X 10° cells/ml in YPD lacking or supplemented
with fenpropimorph (1 pg/ml).

Production and Affinity Purification of Anti-PfPAT Anti-
bodies—The N-terminal fragment of PfPAT encoding the first
89 amino acids was cloned into pMALC2X (NEB) vector in
fusion with MBP protein. PfPAT was expressed and purified
according to the manufacturer recommendations. Purified
recombinant protein was injected into rabbits and antibody-
purified from the serum by affinity purification as previously
described (28).

Localization of PfPAT in Yeast and P. falciparum—fen2A
cells expressing Fen2, PfPAT_, or PfPAT, were grown to A,
0.5-1.0 in SV medium supplemented with 100 um pantothe-
nate. The cells were fixed, washed, depleted of their cell wall,
and permeabilized, and immunofluoresence analyses were per-
formed as previously described (5). Localization of PfPAT-GFP
and native PfPAT (using PfPAT antibody) in P. falciparum-
infected erythrocytes by immunofluorescence and immuno-
electron microscopy were carried out as previously described
(5, 29).

Targeting PfPAT for Degradation Using a Cell-penetrating
Peptide-Morpholino Oligomer Conjugate—A cell-penetrating
peptide-morpholino oligomer (PMO)? conjugate was designed
to target and mediate the cleavage of P/PAT mRNA and tested
against P. falciparum as previously described (30). The
sequence of the PMO used in this study was GUAUACGAG-
GUUCGAAUCCUCGGUUCUU and targeted the PfPAT
mRNA from nucleotides 39 to 50 and was validated in vitro as
previously described (30).

PfPAT Expression in Mammalian Cells and Transport
Assays—For expression, localization and transport analyses of
PfPAT in mammalian cells, the codon-optimized version of
PfPAT was amplified using the following primers: 5'-GCCAC-
CATGGCTAAAAATCAATACATG-3' and 5'-TGTTAACA-
TTTTCTTTTCTGGAATAGTTTC-3, cloned into the EcoRI
site of mammalian expression pCMV-3Tag3A vector, and
transfected into HEK-293T and ARPE19 cells. Human retinal

3 The abbreviation used is: PMO, peptide-morpholino oligomer.
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pigment epithelial ARPE19 cells were used because they are
easy to transfect and have been successfully used to express a
variety of genes from different species including the hSMVT
system. Transfection was done by Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s protocol. After 48 h of trans-
fection, [°H]pantothenic acid uptake (0.3 wCi; 6 nm) was exam-
ined in Krebs-Ringer buffer (pH 7.4) for 5 min. The cells were
washed with ice-cold buffer (twice), lysed with 1 N NaOH, and
neutralized with 10 N HC], and radioactivity was counted in a
liquid scintillation counter. Uptake was expressed in term of
fmol/mg protein/5 min (protein was determined in cell digest
by Bradford method; Bio-Rad). Mock refers to endogenous
transport (where ARPE19 cells were transfected with vector
alone) and used as reference to induce uptake in cells trans-
fected with the PfPAT construct in the same vector. The data
are means = S.E. of five separate experiments (each containing
three or four separate points).

RESULTS

Identification of a Candidate Malarial Pantothentate Trans-
porter PfPAT—Highly synchronized P. falciparum parasites
maintained in culture medium lacking pantothenate are unable
to undergo normal development within human red blood cells
(Fig. 2), consistent with previous reports (31, 32). Supplemen-
tation of the culture medium with increasing concentrations of
pantothenate allows the parasite to undergo its normal ~48 h
cycle of development and division within red blood cells (Fig. 2).
These findings are consistent with an essential role of panto-
thenate in parasite development within human erythrocytes.

To identify the primary pantothenate transporter of P. fal-
ciparum, we screened a P. knowlesi cDNA library (33) made in
a yeast expression vector under the constitutive ADHI pro-
moter for clones that can complement the growth defect of the
yeast mutant fen2A on minimal medium containing 10 M pan-
tothenate. The functional complementation approach using
the P. knowlesi cDNA library was recently used to isolate the
malarial phosphatidylserine decarboxylase gene (33). However,
attempts to complement the fen2A using this library did not
yield transformants with a growth phenotype similar to that of
the wild type or the fen2A+Fen2 complemented strain, harbor-
ing a wild type FEN2 gene. Several independent, partially com-
plemented clones were identified, but sequencing of the com-
plementing plasmids did not identify cDNAs encoding putative
membrane transporters or classical enzymes of the CoA syn-
thesis pathways. The phenotype of these partially comple-
mented clones was likely a result of an enhanced overall fitness.
These clones were not further pursued. The inability to identify
the pantothenate transporter using this library could be due to
either the absence of the plasmid harboring the transporter
c¢DNA in the library or the inability of the transporter to localize
to the yeast plasma membrane (5). Therefore, we searched the
library of putative P. falciparum metabolite/drug transporters
for possible homologs of eukaryotic and prokaryotic pantothe-
nate and vitamin permeases. Whereas no homologs of mam-
malian vitamin transporters could be found in the genome of
P. falciparum, our in silico analysis identified a gene
PF3D7_0206200, which we named PfPAT, as a possible candi-
date for a vitamin transporter gene in this parasite. PfPAT is a
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FIGURE 2. Essential role of exogenous pantothenate in P. falciparum intraerythrocytic development. Growth of P. falciparum parasites in the absence
(pantothenic acid-free medium) (A) or presence of 10 um (B), 100 um (C), and 200 um (D) pantothenate is shown. Parasite cultures were initiated at 1%
parasitemia and 2% hematocrit and maintained for three developmental cycles. Cultures were diluted at days 3 and 6 to 1% when parasitemia reached 8 -10%.

member of the multifacilitator super family and shares signifi-
cant sequence similarity (~17% identity and ~30% similarity;
supplemental Fig. S1) with the pantothenate transporters Liz1l
and Fen2 from S. pombe and S. cerevisiae (19). Phylogenetic
analysis revealed the presence of PfPAT orthologs among other
apicomplexa, viridiplantae, and the green algae Chlorella vul-
garis (supplemental Fig. S2), suggesting that it might have been
acquired following the second endosymbiotic event at the ori-
gin of alveolata (34). PfPAT encodes a 565-amino acid polypep-
tide with 11 predicted transmembrane domains (supplemental
Fig. S3). Also, except for a 15-amino acid asparagine-rich
domain, which is only present in PfPAT, orthologs in other
Plasmodium species share high degree of identity and similarity
throughout the length of the protein sequence (supplemental
Table S1). No significant sequence similarity exists between
PfPAT and the human multivitamin transporter, hASMVT (sup-
plemental Fig. S4). Furthermore, no homologs of the human
hSMVT could be found in the Plasmodium databases.

PfPAT Is Localized to the Parasite Plasma Membrane—To
determine the localization of PfPAT in P. falciparum, trans-
genic parasites expressing PfPAT fused to GFP, in a vector har-
boring the TgDHER-TS positive selectable marker, were
selected following transfection of the wild type P. falciparum
3D7 clone and selection on medium containing pyrimetham-
ine. Immunofluorescence analyses showed PfPAT signal both
on the parasite plasma membrane as well as associated with
vesicular structures extending from the nuclear membrane in
all blood stages (Fig. 3A). The latter likely resulting from over-
expression of the PfPAT-GFP construct. Similar signals were
previously seen with the purine transporter PENT1 when this
otherwise exclusively plasma membrane protein was overex-
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pressed as a fusion with GFP (29). PfPAT plasma membrane
localization was further confirmed by immunoelectron micros-
copy on ring, trophozoite, and schizont-infected erythrocytes
with most PfPAT signal (~68% of gold particles) found to be
associated with the parasite plasma membrane (Fig. 3B). No
PfPAT signals could be detected on the red blood cell or para-
sitophorous vacuolar membranes. To further demonstrate the
localization of PfPAT to the parasite plasma membrane, we
have raised polyclonal antibodies against the N-terminal
domain of the protein. These antibodies were affinity-purified
and recognized a specific band of ~62 kDa, which was absent in
preimmune sera (Fig. 3C). Immunofluorescence analyses using
these antibodies showed localization of the protein to the
plasma membrane of the parasite at all stages of the parasite
intraerythrocytic life cycle. This localization is particularly
noticeable in parasites at the schizont stage with fluorescence
signal surrounding each individual merozoite (Fig. 3D).
Together these results indicate that PfPAT is expressed on the
parasite plasma membrane, consistent with its putative func-
tion in the uptake of pantothenate across the parasite plasma
membrane.

PfPAT Is Essential for P.falciparum Intraerythrocytic
Development—To characterize the importance of P/PAT dur-
ing the P falciparum intraerythrocytic development, we
attempted to knock out its chromosomal locus under physio-
logical pantothenate concentrations (0.5 um), as well as in the
presence of supraphysiological concentrations (200 um) of pan-
tothenate if the gene is essential and a conditional knock-out
cannot be generated. This nutritional complementation strat-
egy was used successfully to create genetic deletions of the
purine transporter gene PfNT1 in the presence of hypoxanthine
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FIGURE 3. PfPAT localization in P. falciparum-infected erythrocytes.
A, localization of PfPAT-GFP by immunofluorescence analysis using anti-GFP
(green).The red blood cell membrane marker Band3 (red) was detected using
an anti-Band3 monoclonal antibody. The parasite nucleus was visualized
using the Hoescht 33258 dye (blue). B, transmission electron micrograph of
ultrathin cryosections of the intraerythrocytic early trophozoite stage of P. fal-
ciparum PfPAT-GFP transgenic parasites using anti-GFP antibody (18-nm
gold particles; indicated with arrows). PPM, parasite plasma membrane; RBC,
red blood cell; RBCM, red blood cell membrane. C, detection of native PfPAT
using affinity-purified PfPAT antibodies (/). Preimmune serum (p/) is used as a
control. D, localization of PfPAT in P. falciparum 3D7 parasites at the schizont
stage using anti-PfPAT antibodies (green). The red blood cell membrane
marker Band3 (red) was detected using an anti-Band3 monoclonal antibody.
The parasite nucleus was visualized using the Hoescht 33258 dye (blue).

and the phosphoethanolamine methyltransferase gene PfPMT
in the presence of choline (8, 22). A targeting vector, pYAN022,
was constructed using the pRZ-TK-BSD2 vector, as previously
described (8, 22), and was used to transfect P. falciparum 3D7
parasites. Transfectants were selected for their ability to grow
in the presence of blasticidin (25). After several cycles of growth
of blasticidin-resistant transfectants on media lacking or con-
taining blasticidin and/or ganciclovir, genomic DNA was iso-
lated and analyzed by PCR for integration into the Pf/PAT locus.
Even after several transfection attempts, no evidence for a gene
replacement event following a double crossover or 5" integra-
tion (which results in a major gene truncation) events could be
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FIGURE 4. Genetic evidence for an essential role of PfPAT in P. falciparum.
A, schematic representation of the PfPAT locus in 3D7 and expected knock-
out parasites. B, PCR for screening knock-out parasite using primers pairs P4
and P5 (lanes 1), P1 and P2 (lanes 2), and P3 and P4 (lanes 3). Transgenic
parasites harboring the pYAN022 vector were selected on blasticidin-con-
taining medium and further subjected to several cycles of growth on media
lacking or supplemented with blasticidin and/or ganciclovir. 35 clones were
isolated by limited dilution and tested by PCR using the primer pairs P3 and
P4. Cand D, inhibition of parasite proliferation using a cell-penetrating pep-
tide morpholino oligomer (CPP-MO), which mediates selective cleavage of
the PfPAT mRNA. C, growth of 3D7 parasites in the absence of or with increas-
ing concentrations of PfPAT PMO. D, effect of 1, 2, and 4 um concentrations of
PfPAT PMO on the growth of 3D7 and HB3 strains.

detected in the cultures of parasites grown under physiological
or supraphysiological concentrations of pantothenate. On the
other hand, PCR analyses to examine a 3’ integration event
(which does not alter the integrity of the gene) identified the
expected 1.7-kb fragment (Fig. 4, A and B). Together these
results indicate that deletion of the chromosomal PfPAT locus
abolishes parasite growth. This was further confirmed by using
a specific cell-penetrating peptide morpholino oligomer, which
mediates the selective cleavage of the 5’ region of the PfPAT
mRNA, following an approach recently described in P. falcipa-
rum (30). Increasing concentrations of the cell-penetrating
peptide morpholino oligomer reduced the proliferation of
P. falciparum with an IC,, = ~2 um (Fig. 4C). In addition, such
a cell-penetrating peptide morpholino oligomer was equally
effective on the pyrimethamine resistant strain Hb3 (Fig. 4D).
Together, these results indicate that PfPAT plays an essential
role during the parasite intraerythrocytic life cycle.
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FIGURE 5. Expression and functional characterization of PfPAT in yeast. A, targeting PfPAT to the yeast plasma membrane for functional analysis. fen2A
cells were transformed with plasmids harboring the codon optimized version of PfPAT (PfPAT_.), the yeast pantothenate transporter Fen2 (pFEN2) or a
chimeric form (PfPAT)). All constructs result in a V5 epitope in the C-terminal region of the fusion proteins. Plasma membrane localization was confirmed using
anti-Pma1 antibodies. Nuclear staining was achieved using DAPI. B and C, complementation of fen2A pantothenate uptake defect by PfPAT. fen2A cells
harboring the empty pBEVY-U vector (open triangles) or the pPFPAT; (closed triangles) expression vector were precultured in SV medium supplemented with
100 um of pantothenate, washed twice, and inoculated to an initial cell density of 2 X 10° cells/ml in medium supplemented with 1 um (B) or 100 um (C) of

pantothenate. All cultures were initiated at pH 5.7.

PfPAT Expression on the Yeast Plasma Membrane Comple-
ments Pantothenate Transport Deficiency—Previous studies
have shown that, more often than not, expression and charac-
terization of P.falciparum transporter genes in the yeast
S. cerevisiae requires codon optimization of the gene of interest,
reduction of the overall A + T base content, and amelioration
of the distribution of codon usage frequency along the length of
the gene sequence (5, 28, 35, 36). Therefore, for successful
expression of PfPAT, the codon usage and GC content of this
gene were adjusted to produce PfPAT,,. The gene PfPAT,, was
then subcloned into the pYES2.1 vector for expression in yeast
under the regulatory control of the strong and inducible GALI
promoter. The pYES-PfPAT__ was used to transform the yeast
fen2A, which lacks the yeast’s only pantothenate transporter
and shows severe growth delays on low pantothenate concen-
trations. The full-length PfPAT,,, however, did not comple-
ment the growth defect of the fen2A yeast knock-out on low
pantothenate concentrations. Consistent with these findings,
immunofluorescence assays revealed that the full-length pro-
tein was not targeted to the yeast plasma membrane (Fig. 5A4).
As a control, the yeast Fen2 expressed under similar conditions
was successfully localized to the plasma membrane (Fig. 54).
Therefore, to target PfPAT _ to the yeast plasma membrane, we
employed a series of molecular and genetic modifications that
we have previously successfully employed to target the P. fal-
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ciparum purine transporter PfNT2 to the yeast the plasma
membrane (5). First, we constructed a chimeric form of
PfPAT_, (PfPAT,) in which the N-terminal domain of PfPAT,
preceding the first predicted transmembrane domain, was
replaced with that of the yeast Fen2. Second, we replaced the
expression vector pYES2.1 with the pBEVY-U vector to express
the chimeric form under the regulatory control of the constitu-
tive and weaker GPD promoter (26). As shown in Fig. 54, addi-
tion of the N-terminal domain of the Fen2 protein allowed tar-
geting of PfPAT, to the yeast plasma membrane. PfPAT
localization pattern was similar to that of the yeast plasma
membrane marker Pmalp (37) (Fig. 54).

To assess whether plasma membrane-localized PfPAT can
function as a pantothenate transporter, the fen2A knock-out
strain was transformed with an expression plasmid harboring
PfPAT, or the empty vector, and the transformants were inoc-
ulated at 2 X 10° cells/ml and monitored over time for their rate
of growth on media containing 1 or 100 um pantothenic acid at
pH 5.7. As shown in Fig. 5B, whereas the fen2A strain harboring
the empty vector reached a cell density of 1.5 X 107/ml in 56 h,
fen2A cells harboring PfPAT, reached 2.4 X 10”/ml at that time
point. These results suggest that PfPAT expression on the yeast
plasma membrane allows entry of pantothenate into the cell. As
expected, all strains showed similar growth on the supraphysi-
ological concentration of 100 um (Fig. 5B).
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FIGURE 6. A, confocal microscopy of HEK-293T cells transfected with PfPAT-FLAG (middle) and stained with anti-FLAG FITC (green) or transfected with CD4-GFP
as a control (right). Cell nucleus was visualized by staining with Hoescht 33258 dye (blue). B, flow cytometric analysis of HEK-293T cells mock transfected (gray)
or transfected with PfPAT-FLAG (black) and surface stained or permeabilized for intracellular staining with anti-FLAG FITC. C, uptake of [*H]pantothenic acid
(PA) by ARPE19 cells transiently transfected with pCMV-3Tag vector alone or with PfPAT cloned in the vector examined 48 h after transfection. Mock denotes
the endogenous pantothenic acid transport by ARPE19 cells. The presence of carrier was confirmed by competing the [*H]pantothenic acid uptake by excess
of unlabeled pantothenic acid. The data shown are means = S.E. of five independent sets of experiments.

The successful expression of PfPAT on the yeast plasma
membrane and its ability to complement fen2A growth defect
on low pantothenate concentrations led us to investigate
whether its expression in mammalian cells can be achieved to
allow direct determination of its biochemical properties. HEK-
293T cells were transfected with a vector expressing PfPAT
harboring a C-terminal FLAG tag and examined for plasma
membrane localization by confocal microscopy and FACS anal-
ysis. Whereas successful expression of PfPAT in mammalian
cells was achieved, the protein did not localize to the plasma
membrane (Fig. 6, A and B). As a control, cells transfected with
CD4-GFP showed plasma membrane localization of this fusion
protein by confocal microscopy (Fig. 6A4). Consistent with the
lack of expression of PfPAT on the plasma membrane of mam-
malian cells, no uptake of [*H]pantothenic acid could be
detected in these cells (Fig. 6C).

PfPAT Mediates Fenpropimorph Uptake into fen2A Cells—
Because Fen2 expression is important for yeast sensitivity to the
fungicidal drug (19, 20) fenpropimorph, we assessed whether
PfPAT, could mediate the transport of fenpropimoph into
fen2A cells, which are resistant to this drug. Therefore, we com-
pared the growth of fen2A expressing an empty vector with that
of the fen2A strain harboring the PfPAT, gene on liquid and
solid media lacking or containing 1 mg/ml fenpropimorph.
Whereas all strains grew at the same rate in the absence of
fenpropimorph (Fig. 7, A and C), significant growth differ-
ences between the two strains were seen on fenpropimorph
(Fig. 7, B and D). One day following inoculation, the fen2A
strain harboring an empty vector reached 8.6 X 10° cells/ml
in fenpropimorph-containing medium, whereas fen2A-
PfPAT, harboring PfPAT only reached 2.1 X 10° cells/ml in
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this medium (Fig. 7B). fen2A-PfPAT, sensitivity was similar to
that of the wild type strain harboring an endogenous Fen2 (Fig.
7B). Serial dilutions of the respective yeast culture on agar
medium supplemented with fenpropimorph showed similar
results (Fig. 7, E and F).

Fenpropimorph Inhibits P. falciparum Intraerythrocytic Devel-
opment—Previous studies have shown that the pantothenate
analog and antibiotic CJ-15 801 (IC., 39 um), pantothenol
(IC5o: 60 uMm), and N-pantoyl-substituted amines (IC,, ranging
between 15 and 200 uMm) inhibit the growth of P. falciparum in
vitro (32, 38, 39). The finding that PfPAT;complements the loss
of Fen2 in yeast by rendering fen2A cells sensitive to fenpropi-
morph led us to investigate the possible antimalarial activity of
this compound. The sensitivity of two chloroquine-sensitive
strains (3D7 and NF54) and one chloroquine-resistant strain
Dd2 to fenpropimorph was assessed by monitoring parasite
multiplication in the absence or presence of increasing concen-
trations of the compound (40). Fenpropimorph inhibited the
growth of the three strains with IC,, = ~30 um (Fig. 8).

DISCUSSION

Molecular characterization of nutrient transporters from
P. falciparum has been limited to only few transporters such as
the purine transporters PfNT1 and PfNT2, the hexose trans-
porter PfHT1, and the potassium channel P{K1 (5, 8, 41). For
most candidate permeases, however, this remains a difficult
task because of poor expression, mislocalization, or inadequate
membrane orientation of the transporter in the heterologous
system used. Furthermore, because of the high A+T content of
P. falciparum genes, further codon optimization or harmoniza-
tion is needed to increase the expression efficiency and prevent
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FIGURE 7. PfPAT mediates entry of fenpropimorph into yeast cells.
BY4741-derived end3A strain lacking the END3 gene harboring the pBEVY-U
vector (open circles), end3Afen2A pBEVY-U (open triangles), and end3Afen2A-
pPFPAT; (closed triangles) were precultured in SV medium supplemented
with 100 um of pantothenate, washed twice, and inoculated to an initial cell
density of 2 10° cells/mlin YPD medium in the absence (A and C) or presence
(B and D) of 1 png/ml fenpropimorph. E and F, for agar assay, cells were cul-
tured in SV medium supplemented with 100 um of pantothenate and washed
twice and 10-fold serial dilutions of cells were plated onto YPD medium () or
YPD medium supplemented with 1 wg/ml fenpropimorph (F) and incubated
at 30 °C.

early transcription termination (5, 28, 36, 42). In this study, we
attempted to identify the primary pantothenate transporter of
Plasmodium by genetic complementation in yeast using a
P. knowlesi cDNA library made in a yeast expression vector
under a constitutive promoter. This approach, however, failed
to identify such a transporter. Further analysis of the library
using specific PCR primers showed that the cDNA encoding
the full-length P. knowlesi PAT ortholog is not represented in
the library. PfPAT was thus found in silico based on sequence
similarity with the S. cerevisiae Fen2. The best homologues of
PfPAT are found in apicomplexa and Viridiplantae (green algae
and land plants). Because pantothenate transport has not yet
been characterized in plants, the finding of several plant
orthologs likely resulting from duplication events (supplemen-
tal Fig. S2), suggests that this process might be critical in plant
physiology.

So far, attempts to target PfPAT to the plasma membrane of
mammalian cells to measure its transport activity have not been
successful (Fig. 6). Future efforts aimed to create chimeric pro-
teins similar to those generated in yeast could make it possible
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FIGURE 8. P. falciparum parasites are sensitive to fenpropimorph. A,
chemical structure of fenpropimorph. B, growth of P. falciparum 3D7, NF54,
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fenpropimorph using the SYBR green proliferation assay (43).

to measure pantothenate uptake in heterologous systems and
determine its kinetics parameters and inhibition profile.

The successful localization of a chimeric form of PfPAT to
the yeast plasma membrane following addition of the N-termi-
nal domain of Fen2 allowed us to perform complementation
assays in yeast to demonstrate the function of PfPAT in panto-
thenate transport. PfPAT complemented the growth defect of
the yeast fen2A strain on media containing low pantothenate
concentrations, thus providing the first evidence that PfPAT
functions in pantothenate uptake. Our genetic studies in P. fal-
ciparum provided strong evidence that the PfPAT gene plays an
essential function in parasite development. Unlike PfNTI,
whose deletion could be complemented by the addition of high
concentrations of exogenous purine nucleosides and nucleo-
bases (8), we were unable to generate a genetically null mutant
for PfPAT even in the presence of pantothenate at a concentra-
tion 400-fold higher than its physiological concentration. Fur-
thermore, targeting P/PAT mRNA degradation using specific
PMO conjugates resulted in parasite death. Together, these
results suggest that PfPAT is essential for P. falciparum intra-
erythrocytic development, and no alternative mode of panto-
thenate entry exists in this parasite. PIPAT does not share
homology with the human multivitamin transporter, hNSMVT,
suggesting that this transporter might be a good target for the
development of selective antimalarial drugs.

Expression of PfPAT, in yeast renders fen2A more suscepti-
ble to the fungicidal drug fenpropimorph, suggesting that
PfPAT may transport both pantothenate and fenpropimorph.
This finding led us to investigate whether the drug can inhibit
P. falciparum intraerythrocytic development. Interestingly, we
found that fenpropimorph inhibits the growth of chloroquine
and pyrimethamine-sensitive and -resistant strains with ICg,
values below 40 um. Fenpropimorph’s antimalarial potency is
equal or better than most of the pantothenate analogs discov-
ered so far (38). Although it is unclear whether fenpropimorph
exerts its antimalarial activity by inhibiting pantothenate trans-
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port, CoA biosynthesis, or another metabolic pathway, the
finding that it requires PfPAT for entry suggests that the trans-
porter may also serve to selectively deliver antimalarial drugs
into the parasite. Safer analogs of fenpropimorph or chimera of
fenpropimorph analogs and other drugs might define new
classes of antimalarials, which have not been used in malaria
therapy.

Our in silico analyses identified orthologs of PfPAT in other
protozoa (supplemental Fig. S2 and Table S2). Biochemical and
genetic characterization of these candidate transporters might
help advance our understanding of pantothenate transport
during the entire life cycle of protozoan parasites in the arthro-
pod vector and mammalian host. These studies may also help
identify new classes of chemicals to treat and prevent parasitic
diseases.
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