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The survival and proliferation of the obligate intracellular
malaria parasite Plasmodium falciparum require salvage of
essential purines from the host. Genetic studies have previ-
ously shown that the parasite plasma membrane purine per-
mease, PfNT1, plays an essential function in the transport
of all naturally occurring purine nucleosides and nucleobases
across the parasite plasma membrane. Here, we describe an
intracellular permease, PfNT2. PfNT2 is, like PfNT1, a member
of the equilibrative nucleoside transporter family. Confocal and
immunoelectron microscopic analyses of transgenic parasites
harboring green fluorescent protein- or hemagglutinin-tagged
PfNT2 demonstrated endoplasmic reticulum localization. This
localization was confirmed by colocalization with the endoplas-
mic reticulummarker PfBiP. Using yeast as a surrogate system,
we show that targeting PfNT2 to the plasmamembrane of fui1�

cells lacking the plasmamembrane nucleoside transporter Fui1
confers sensitivity to the toxic nucleoside analog 5-fluorouri-
dine. This study provides the first evidence of an intracellular
purine permease in apicomplexan parasites and suggests a novel
biological function for the parasite endoplasmic reticulum dur-
ing malaria infection.

Plasmodium parasites, the causative agents of malaria, are
incapable of synthesizing the purine ring de novo. Instead, they
rely on the salvage of purine-containing compounds from their
environment. Within the mammalian host, Plasmodium para-
sites initially undergo replication in the liver before invading
red blood cells, where they undergo further cycles of asexual
reproduction. It is this intraerythrocytic cycle that causes the
symptoms of disease, and it is also during this stage that most
current drugs act. The pathways used by the parasite to salvage

purines from the host erythrocyte and the host plasma are
therefore of interest as potential drug targets.
Purines enter the host cell via a combination of endogenous

transporters and “new permeation pathways” induced in the
erythrocyte membrane as the parasite matures (1–5). From
here, purines are presumed to enter the parasitophorous vacu-
ole via nonspecific pores on the parasitophorous vacuolemem-
brane (6). Once inside the parasitophorous vacuole, purines
are taken up across the parasite plasma membrane. Studies
on parasites “isolated” from their host cell have shown that both
purine and pyrimidine nucleosides and nucleobases are trans-
ported across this membrane via a rapid, low affinity, equilibra-
tive process (7, 8).
Searches of Plasmodium genome sequence data with the

sequences of known protozoan and mammalian nucleoside
transporters led to the identification of a Plasmodium pro-
tein, PfNT1 (9, 10), which is a member of the equilibrative
nucleoside transporter (ENT)3 family and is localized to
the parasite plasma membrane (11). Cloning and expression
of the gene in Xenopus laevis oocytes revealed PfNT1 to be a
low affinity, broad specificity transporter, capable of transport-
ing a range of nucleosides and nucleobases (9, 10). The trans-
port characteristics of PfNT1 expressed in Xenopus oocytes
matched closely the characteristics of nucleoside/nucleobase
transport across the parasite plasma membrane (7, 8). Func-
tional analysis by genetic disruption in Plasmodium falciparum
indicated that PfNT1 is essential for parasite survival under
physiological purine concentrations (12). In a subsequent study
it was reported that pfnt1� knock-out parasites were unable to
transport most physiologically relevant purine nucleosides/
nucleobases, although residual adenine transport was observed
(13). Another recent study (14), involving transport analyses in
both wild type and pfnt1� parasites, obtained somewhat differ-
ent results; however, the interpretation of some of the uptake
data has been questioned (15, 16).
The completion of the Plasmodium genome sequencing pro-

ject (17) revealed three further ENT family members, PfNT2
(MAL8P1.32), PfNT3 (PF14_0662), andPfNT4 (PFA0160c). All
have a predicted secondary structure typical of the ENT family
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(18), despite low sequence homology. The roles these proteins
play in parasite physiology have not yet been elucidated.
Of the fourP. falciparummembers of the ENT family, PfNT2

is the largest and displays the highest sequence homology to
PfNT1. Here, we show, using both immunofluorescence and
immunoelectron microscopy, that this protein localizes not to
the parasite plasma membrane, but to its endoplasmic reticu-
lum (ER). Expression of a codon-optimized PfNT2 in yeast also
revealed an intracellular localization. N-terminal modifica-
tions, leading to yeast plasmamembrane expression, conferred
5-fluorouridine (5-FUrd) toxicity on otherwise resistant yeast
strains, suggesting that PfNT2 is capable of mediating nucleo-
side/nucleobase transport.

EXPERIMENTAL PROCEDURES

Parasite Cell Culture—The 3D7 clone of P. falciparum was
propagated in human erythrocytes at 2% hematocrit and 10%
parasitemia by the method of Trager and Jensen (19) with the
exception that the serum component in the culture medium
was replaced with 0.5% Albumax (Invitrogen).
Plasmodium Plasmid Constructions—Transfection vectors

encodingPfNT2 taggedwith three tandemhemagglutinin (HA)
epitopes at either the N or C terminus, or PfNT2 fused to GFP
at the C terminus, were constructed using the Invitrogen Mul-
tisite Gateway system previously established for Plasmodium
transfection (20, 21). In each case, the PfNT2 coding region was
amplified from 3D7 cDNA. Promoters usedwere that of PfCRT
(for HA-tagged PfNT2) orHSP86 (PfNT2-GFP). All expression
vectors contained the hDHFR selectablemarker, which confers
resistance to the drug WR99210.
Transfection of P. falciparum—Expression plasmids were

transfected into ring-stage parasites using electroporation as
previously described (12). Transfected parasites were cultured
for 48 h without drug pressure, and thereafter the medium was
supplemented with 5 nM WR99210. Resistant parasites were
first observed within 3 weeks of WR99210 addition.
Yeast Plasmid Construction—Codon-optimized PfNT2

(PfNT2CO) was synthesized using 72 overlapping 50-nucleo-
tide oligonucleotides (for details, see supplemental Table 1).
PfNT2CO was first assembled and amplified as three small
fragments that were subsequently used as templates to
amplify the whole gene. The full-length PfNT2COwas cloned
into the commercially available vector pCR2.1 (Invitrogen).
Fromhere,PfNT2COwas inserted into the yeast expression vec-
tor pYES2.1-/V5-His-TOPO (Invitrogen), so that it was under
the transcriptional control of the GAL1 promoter generating
pYES2.1-PfNT2CO-V5. The sequence of PfNT2CO was verified
by DNA sequencing.
To generate PfNT2fcy2, encoding PfNT2 fused to the N-ter-

minal domain of the yeast plasma membrane protein Fcy2,
the 279-bp fragment encoding the first 93 amino acids of Fcy2
was cloned from yeast DNA and fused with a PCR product of
PfNT2CO that lacked the first 210 nucleotides (encoding the
first 70 amino acids, i.e. those N-terminal residues before the
start of the predicted first transmembrane domain) and
inserted into the pYES2.1-/V5-His-TOPO vector.
PfNT2CO-fcy2 was subcloned into the pBEVY-U vector (22)

using the restriction enzyme sites BamHI and SalI such that it

was under the control of the glyceraldehyde-3-phosphate dehy-
drogenase (GPD) promoter, which leads to constitutive levels
of transcription at lower levels than that of theGAL1 promoter.
Yeast Strains and Growth Conditions—Saccharomyces cer-

evisiae strains (BY4741:Mata his3�1 leu2�0met15�0 ura3�0;
fui1�: Mata his3�1 leu2�0 met15�0 ura3�0 fui1�::Kanr and
end3�: Mata his3�1 leu2�0 met15�0 ura3�0, end3�::Kanr)
were grown in minimal medium (1.7% yeast nitrogen base,
0.5% ammonium sulfate, containing either 2% dextrose, 2%
galactose, or 2% galactose plus 1% raffinose). Supplements
were added as required tomaintain cell growth. For localization
studies and growth assays, PfNT2 constructs were under the
transcriptional control of the glyceraldehyde-3-phosphate
dehydrogenase (GPD) promoter (in pBEVY-U) (22).
Yeast Growth Assays—Yeast cultures were grown overnight

in 5 ml of medium. Cells were harvested by centrifugation,
washed once in dideoxy H2O, and diluted to a working concen-
tration of 104 cells/ml. The cells were inoculated in medium
with orwithout 1mg/ml 5-FUrd.Cellswere grown at 30 °Cwith
agitation (210 rpm) and growth was monitored using OD660.
Microscopy—Infected red blood cells were fixed and labeled

using a previously described formaldehyde glutaraldehyde
protocol (23). Rat anti-HA (Roche) and rabbit anti-PfBiP
(MR4), antisera were used at concentrations of 1:200 and
1:1000, respectively,whereas rabbit anti-GFPantibody (AbCAM)
was used at 1:250. Secondary antibodies (Alexa Fluor 488 and
Alexa Fluor 594; Invitrogen) were used at a concentration
of 1:1000. Parasite nuclei were labeled with Hoescht 33258
(Invitrogen). Images were collected on a Leica TCS SP2 confo-
calmicroscope or aNikonEclipseTE2000-E fluorescentmicro-
scope. Immunoelectron microscopy on P. falciparum parasites
was carried out as previously described by Rager et al. (11). For
immunofluorescence in yeast, wild type and end3� cells har-
boring expression vectors containing full-length PfNT2 or
PfNT2fcy2 were grown to OD660 0.5–1.0 in minimal medium
containing glucose or galactose. The cells were fixed by addi-
tion of formaldehyde to a final concentration of 3.7% (v/v) and
incubated at room temperature for 2 h. After centrifugation at
700 � g for 2 min, the cells were resuspended in 10 ml of 0.1 M

potassium phosphate, pH 6.8, and 0.5 mM MgCl2. Cells were
then centrifuged and washed with 10 ml of solution containing
0.1 M potassium phosphate, pH 6.8, 0.5 mM MgCl2, and 1.2 M

sorbitol. After centrifugation, the cells were resuspended in a
0.5 ml of solution containing 0.1 M potassium phosphate, pH
6.8, 0.5 mM MgCl2, and 1.2 M sorbitol and incubated overnight
at 4 °C. To digest the yeast cell wall, cells were incubated with
2.5 �l of �-mercaptoethanol and 10 �l of lyticase (12 mg/ml) at
37 °C for�30min. The resulting spheroplasts were centrifuged
at 4200 � g for 7 min and resuspended in 5 ml of 0.1 M potas-
siumphosphate, pH 6.8, 0.5mMMgCl2, and 1.2 M sorbitol. Cells
were centrifuged at 700 � g for 7 min and resuspended in 1 ml
of a solution containing 0.1 M potassium phosphate, pH 6.8, 0.5
mM MgCl2, and 1.2 M sorbitol. Cell permeabilization was per-
formed following addition of 15 �l of 0.2% Triton X-100 in PBS
for 10 min. Cells were washed three times with PBS before
blocking for 10 min at room temperature in blocking buffer
(0.5% w/v bovine serum albumin in PBS) then for 2 h (at room
temperature) in blocking buffer containingmouse anti-V5 anti-
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body (1:500; Invitrogen), rabbit anti-Kar2 (1:1000; Santa Cruz
Biotechnology), and rabbit anti-Pma1 antibody (1:1000; Santa
Cruz Biotechnology). After washing four times in PBS, a block-
ing buffer containing Alexa Fluor 488 anti-mouse (1:1000) and
Alexa Fluor 594 anti-rabbit (1:2000) was added. The slides were
then washed with PBS, air dried, and visualized by a Nikon
Eclipse TE2000-E fluorescent microscope.
Immunoblotting—S. cerevisiae transformants harboring pYES2.1

or pYES2.1-PfNT2CO-V5 were grown to mid-log phase on
minimal medium containing galactose. Y-PER (Pierce) rea-
gent was used to extract the soluble protein fractions from the
S. cerevisiae strains. Proteins were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and analyzed by
immunoblotting using anti-V5 primary antibody (1:5000;
Invitrogen).

RESULTS

PfNT2 Localizes to the ER of P. falciparum—The P. falcipa-
rum protein PfNT2 is a polypeptide of 585 amino acids that
shares 15% identity (and 31% similarity) with the parasite’s pri-
mary plasma membrane purine transporter PfNT1 (supple-
mental Fig. 1). The predicted topology of PfNT2 is typical of
ENT familymembers, with 11 transmembrane domains, a cyto-
plasmic N terminus, and the large intracellular loop between
helices 6 and 7 that is characteristic of members of this family
(Fig. 1). TheN-terminal domain contains a dileucinemotif sim-
ilar to that of the intracellular human purine transporter
hENT3 (supplemental Fig. 1), which has been localized to the
lysosomal compartment (24). To establish the subcellular local-
ization of PfNT2within the P. falciparum-infected erythrocyte,
wild type parasites were transfected with plasmids encoding
either: (i) PfNT2 with a C-terminal GFP tag under the regula-
tory control of theHSP86 promoter; (ii) PfNT2 tagged at the C

terminus with three tandemHA epitopes; or (iii) PfNT2 tagged
at the N terminus with three tandem HA epitopes. Both
HA constructs were under the control of the PfCRT pro-
moter, which drives low levels of expression (25). The differ-
ent constructs and alternate promoters were employed to
ensure that the observed localization was not due to overex-
pression of the protein or to epitope-induced masking of local-
ization sequences within the protein. Transgenic parasites
3D7-HA-PfNT2, 3D7-PfNT2-HA, and 3D7-PfNT2-GFP har-
boring these expression vectors were selected, and the expres-
sion of the tagged proteins was confirmed by immunoblotting
using anti-GFP and anti-HA antibodies (data not shown).
To determine the cellular localization of PfNT2 in these par-

asites, immunofluorescence assays were performed on fixed,
parasitized red blood cells using anti-HA and anti-GFP anti-
bodies. These studies showed that, unlike PfNT1, PfNT2 is not
a plasma membrane protein (Fig. 2). The perinuclear localiza-
tion observed in these parasites suggested an ER location of
PfNT2 (21). To investigate this possibility, colocalization assays
were carried out using an antibody directed at PfBiP, an endo-
plasmic reticulum marker for P. falciparum (26), in conjunc-
tion with anti-HA or anti-GFP antibodies. As shown in Fig. 3,
PfNT2-HAexhibited a high degree of colocalizationwith PfBiP.
Similar colocalization was seen for both other constructs (data
not shown). This colocalization was confirmed by immuno-
electron microscopic analyses on transgenic parasites express-
ing PfNT2-GFP, using antibodies against GFP and PfBiP. Gold
particlesmarking PfNT2were found near thosemarking PfBiP,
on membranous structures extending from the nuclear mem-
brane (typical of the ER), thus confirming an ER localization for
PfNT2 (Fig. 4). Deletion of the N-terminal domain of PfNT2
(first 30 amino acids preceding the first transmembrane

FIGURE 1. Schematic representation of the predicted topology of PfNT1
and PfNT2. The predicted topology is based on a consensus of three pro-
grams, and the illustrations were generated using the TOPO2 program.

FIGURE 2. Immunolocalization of HA-PfNT2 and GFP-PfNT2. Anti-HA (A) or
anti-GFP (B) antibody (green) localizes to a compartment within transgenic
parasites expressing either HA-PfNT2 (A) or GFP-PfNT2 (B). The differential
contrast image (DIC) images show the location of the parasites within the
erythrocyte. The nucleic acids of the GFP-PfNT2 parasites were visualized
using Hoescht 33258 (blue).
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domain) in the PfNT2-GFP construct abolished the ER local-
ization of PfNT2 and resulted in diffuse cytoplasmic staining
within the parasite (not shown).
Functional Characterization of PfNT2 in Yeast—Despite pre-

vious success at expressing Plasmodium transport proteins in

Xenopus oocytes (9, 10, 27), initial attempts at the functional
expression of PfNT2 in this systemwere unsuccessful (data not
shown). We therefore used yeast as a heterologous expression
system to investigate the function of PfNT2. To facilitate its
successful expression in yeast, the full codon sequence of the
PfNT2 cDNA was redesigned to reduce its A�T content from
76.8% to 61.2%. A C-terminal V5 epitope tag was then added to
allow localization in yeast. An immunoblot using anti-V5 anti-
body showed that the PfNT2 protein was expressed in yeast
cells transformed with pYES2.1-PfNT2CO-V5 (Fig. 5A). Immu-
nofluorescence analyses using anti-V5 monoclonal antibody
and antibodies against the yeast ER marker Kar2 showed that
full-length PfNT2 colocalizes with Kar2 (Fig. 5B).

To evaluate PfNT2 as a nucleoside/nucleobase transporter,
its coding region was modified with the aim of redirecting it to
the yeast plasma membrane. Previous studies on the human
(h)ENT3 protein revealed that the N-terminal peptide se-
quence was responsible for its intracellular localization (24).
Accordingly, we substituted the PfNT2 N-terminal domain
with that of the yeast plasma membrane protein Fcy2 (creating
PfNT2fcy2) and expressed the chimeric protein in yeast. Immu-
nofluorescence analysis showed that PfNT2fcy2 localizes to the
yeast plasma membrane. This localization pattern is similar to

FIGURE 3. Immunolocalization of C-terminal HA-tagged PfNT2 (PfNT2-
HA) to the ER. Anti-BiP (red) colocalizes with anti-HA (green). Yellow fluores-
cence in merged images indicates areas of red (BiP) and green (PfNT2-HA)
colocalization. The nucleic acids of the parasite were visualized using Hoescht
33258 (blue). DIC, differential contrast image.

FIGURE 4. Immunoelectron microscopy indicates that PfNT2-GFP colocal-
izes with the ER marker PfBiP. Transmission electron micrograph shows
ultrathin cryosections of the intraerythrocytic trophozoite stage of P. falcipa-
rum PfNT2-GFP transgenic parasites using anti-GFP and anti-PfBiP antibodies.
The image shows immunogold labeling of anti-GFP (18-nm gold particles;
indicated with arrowheads) and anti-PfBiP (12-nm gold particles) antibodies
bound to intraerythrocytic P. falciparum. N, nucleus; NM, nuclear membrane;
PV, parasitophorous vacuole; RBC, red blood cell cytoplasm; FV, food vacuole;
H, hemozoin.

FIGURE 5. Immunofluorescence analysis of PfNT2 in yeast cells. A, imuno-
blotting using extracts from yeast cells transformed with either pYES2.1 (lane
1) or pYES2.1-PfNT2CO-V5 (lane 2). Cell lysates were subjected to SDS-PAGE,
transferred to nitrocellulose, and probed with an anti-V5 antibody. B and C,
immunofluorescence assays in yeast cells transformed with the plasmid
encoding V5-tagged PfNT2CO (B) or V5-tagged PfNT2fcy2 (C). Colocalization
studies were performed using anti-Kar2 (B) and anti-Pma1 (C) antibodies.
Images represent localization of full-length PfNT2 and chimeric PfNT2fcy2 in
end3� yeast cells. Similar results were obtained in wild type cells (data not
shown). DIC, differential contrast image.

P. falciparum Endoplasmic Reticulum Purine Permease

20830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 27 • JULY 2, 2010



that of Pma1, a yeast plasma membrane marker (28) (Fig. 5C).
The images shown in Fig. 5 were obtained with end3� yeast
cells which lack the END3 gene involved in endocytosis (29).
Very similar results were obtained using wild type cells (not
shown).
Wild type yeast are sensitive to the toxic nucleoside analog

5-FUrd. The yeast strain fui1� lacks the high affinity plasma

membrane uridine permease Fui1; it is, as a result, deficient
in uridine transport and, consequently, resistant to 5-FUrd
(30). We used the PfNT2fcy2 fusion protein to determine
whether expression of PfNT2 at the surface of the yeast cell can,
by complementation, reverse the 5-FUrd insensitivity seen in
fui1� yeast cells. Wild type, fui1�, fui1��PfNT2fcy2, and
fui1��Fui1 yeast strains inoculated at an approximate density

FIGURE 6. Growth of different yeast strains in the absence or presence of 5-FUrd. Cultures were inoculated with 104 cells/ml of yeast cells in Gal/Raf
medium alone (filled symbols) or Gal/Raf medium supplemented with 3.8 mM 5-FUrd (open symbols), and yeast multiplication was monitored by measuring
optical density at 660 nm. Measurements were taken in triplicate and are shown as the average � S.D. (error bars). The yeast strains used were wild type (WT)
(BY4741) harboring an empty vector (A), fui1� cells harboring an empty vector (B), fui1�-PfNT2fcy2 strain (C), or fui1� cells expressing Fui1 (D). Growth
experiments were performed several times (at least five times), and all studies demonstrated an increase in sensitivity of the fui1�-PfNT2fcy2 strain to 5-FUrd.
E, photographs of liquid cultures taken at the 91-h time point.
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of 104 cells/ml and grown in the absence of 5-FUrd exhibited
similar growth patterns, achieving cell densities of greater than
9 � 107 cells/ml at 43 h of growth after which the growth of
these strains remained unchanged as the cells entered the sta-
tionary phase (Fig. 6, A–D). In the presence of 5-FUrd, the
growth of wild type, fui1�-PfNT2fcy2, and fui1�-Fui1 strains
was severely inhibited, with cells reaching a density of �1.5 �
105 cells/ml, �5.5 � 105 cells/ml, and �1.2 � 105 cells/ml,
respectively, at 43 h and �1.5 � 105 cells/ml, �5.5 � 105

cells/ml and �1.2 � 105 cells/ml, respectively, after 91 h of
incubation (Fig. 6, A, C, and D). By contrast, the fui1� strain
reached a cell density of �1.9 � 106 cells/ml after 43 h and
�2.5 � 107 cells/ml after 91 h (Fig. 6B). This finding suggests
that expression of PfNT2fcy2 on the plasmamembrane of fui1�
cells resulted in the increased uptake of 5-FUrd by these (i.e. the
fui1�-PfNT2fcy2) cells.

DISCUSSION

The localization of PfNT2 to the ER, although unexpected,
was not unprecedented, as several nucleoside transporters are
known to function as intracellular transporters. Yeast FUN26
and mammalian ENT3 proteins are found on lysosomal mem-
branes where they are thought to be responsible for the release
of nucleosides from intracellular compartments following
nucleic acid breakdown (30, 24). The human ENT4 protein
localizes to intracellular vesicles as well as the plasma mem-
brane, and this localization appears to be dynamic (31).
Mutations in the lysosomal hENT3 protein are associated

with H-syndrome, an autosomal recessive disorder character-
ized by various symptoms including, but not limited to, hyper-
pigmentation, hypertrichosis, heart anomalies, and hearing loss
(32), and with the related pigmented hypertrichotic dermatosis
with insulin-dependent diabetes (PHID) syndrome (33). The
fact that the only mammalian nucleoside transporter yet to be
linked to any disorders resides on intracellularmembranes sug-
gests that intracellular nucleoside transport could be an impor-
tant physiological phenomenon.
Recently, a splice variant of human concentrative nucleo-

side transporter 3 was localized exclusively to the endoplas-
mic reticulum where it was shown to mediate the accumula-
tion of nucleosides and nucleobases (34). Our finding that
PfNT2 localizes to the ER is a first for a member of the ENT
family and suggests a novel role for this organelle in parasite
biology.
Despite several attempts, we were unable to generate anti-

bodies to localize the native PfNT2 protein. We therefore used
an epitope tag-based approach, which has been usedwithmuch
success in the localization of other Plasmodium proteins (20,
27, 35, 36). We used multiple tagged constructs (GFP, N- and
C-terminal HA) to address the possibility that the addition of a
tag to the protein resulted in mislocalization. The observation
that all three tagged PfNT2 constructs localized to the ERwhen
expressed in transgenic parasites suggests that the tags did not
cause the protein to bemistargeted. Deletion of the N-terminal
domain of PfNT2 abolished ER localization in P. falciparum
and resulted in diffuse staining in the parasite cytoplasm (not
shown). The N-terminal domain may therefore play an impor-

tant role in ER targeting or retention. Further investigations of
this are warranted.
The intracellular localization of a full-length, epitope-tagged

PfNT2 protein expressed in yeast cells (Fig. 5B) is consistent
with our intracellular localization of epitope-tagged PfNT2 in
Plasmodium parasites. Substitution of the N-terminal domain
of PfNT2with that of the yeast Fcy2 resulted in successful local-
ization of the chimeric protein to the yeast plasma membrane.
The observation of similar localization patterns in wild type
cells and end3� yeast cells lacking the END3 gene (29) suggests
that PfNT2fcy2 membrane localization is not controlled by an
End3-dependent endocytic or degradation machinery.
PfNT2fcy2 plasma membrane localization resulted in 5-FUrd

sensitivity on otherwise resistant fui1� yeast cells, consistent
with PfNT2 mediating the entry of this compound into the
yeast cells. Attempts tomeasure the transport of labeled uridine
as well as other purine nucleosides and nucleobases across the
yeast plasma membrane of fui1� and fui1�-PfNT2fcy2 cells
were unsuccessful, with no uptake detected despite incubation
periods of up to 1 h.Whether the absence of detectable uridine
transport in fui1�-PfNT2fcy2 cells was due to low expression
levels or due to uridine being a poor substrate for this trans-
porter is unclear.
Our finding that PfNT2 is an ER nucleoside transporter

raises the possibility that this organelle may act as an intracel-
lular purine store. The concept of the ER accumulating nucleo-
sides and nucleobases is supported by the recent localization of
a hCNT3 splice variant to this organelle (34). In some lower
eukaryotes, specialized organelles and specific transport pro-
teins mediate detoxification processes for compounds such as
transitionmetals and purine analogs (37–39). As such, the pos-
sibility that the ER, together with PfNT2, may play a role in
purine or purine product detoxification in P. falciparum war-
rants further investigation. Future genetic analyses will aim to
delete PfNT2 to evaluate its importance in the metabolism,
storage, or detoxification of purines and their products, as well
as to assess its function during parasite development, multipli-
cation and survival.
PfNT2 homologs are found in other apicomplexa; the

protein shows 55–60% identify and 70–80% similarity with
orthologs from Plasmodium species P. knowlesi, P. vivax, P.
berghei, and P. chabaudi; and 18% identity and 38% similarity
with a protein in Toxoplasma gondii (GenBank no. EEE
22737.1). The function of these proteins might therefore be
conserved among apicomplexan parasites.
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