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Background: Choline phosphorylation is the first step of phosphatidylcholine synthesis.
Results: Toxoplasma gondii expresses a novel choline kinase forming cytosolic clusters. Its conditional mutagenesis identifies a
cryptic exon-promoter. Besides, the parasite mutant displays a normal growth despite a substantial depletion of PtdCho.
Conclusion: Plasticity of gene expression and membrane biogenesis are revealed.
Significance: Adaptation of an intracellular pathogen to metabolic perturbations and disparate host cells can thus be
ensured.

The obligate intracellular and promiscuous protozoan par-
asite Toxoplasma gondii needs an extensive membrane bio-
genesis that must be satisfied irrespective of its host-cell
milieu. We show that the synthesis of the major lipid in
T. gondii, phosphatidylcholine (PtdCho), is initiated by a
novel choline kinase (TgCK). Full-length (�70-kDa) TgCK
displayed a low affinity for choline (Km �0.77 mM) and har-
bors a unique N-terminal hydrophobic peptide that is
required for the formation of enzyme oligomers in the para-
site cytosol but not for activity. Conditional mutagenesis of
the TgCK gene in T. gondii attenuated the protein level by
�60%, which was abolished in the off state of the mutant
(�tgcki). Unexpectedly, the mutant was not impaired in its
growth and exhibited a normal PtdCho biogenesis. The par-
asite compensated for the loss of full-length TgCK by two
potential 53- and 44-kDa isoforms expressed through a cryp-
tic promoter identified within exon 1. TgCK-Exon1 alone was
sufficient in driving the expression of GFP in E. coli. The
presence of a cryptic promoter correlated with the persistent
enzyme activity, PtdCho synthesis, and susceptibility of
T. gondii to a choline analog, dimethylethanolamine. Quite
notably, themutant displayed a regular growth in the off state
despite a 35% decline in PtdCho content and lipid synthesis,
suggesting a compositional flexibility in the membranes of
the parasite. The observed plasticity of gene expression and

membranebiogenesis can ensure a faithful replication andadapta-
tion ofT. gondii in disparate host or nutrient environments.

Toxoplasma gondii causes toxoplasmosis, which affects
immuno-deficient patients and neonates. Toxoplasma is an
obligate intracellular parasite of the phylum Apicomplexa,
which, unlike its peers and other intracellular pathogens, has an
exceptional ability to replicate in virtually any nucleated verte-
brate host cell (1). The plasticity of biomass production and
associated metabolic pathways is necessary to comprehend the
evolution of T. gondii as a promiscuous pathogen. In this
regard, we and others have shown the flexibility in the nucleo-
tide (2, 3) and central carbon metabolism (4) of T. gondii. Suc-
cessful replication of T. gondii within the parasitophorous vac-
uole also requires substantial biogenesis of subcellular
membranes. The T. gondii membranes consist primarily of
phospholipids and neutral lipids and minor plant-like lipids (5,
6). Phosphatidylcholine (PtdCho)2 is themost abundant lipid in
T. gondii, accounting for �75% of total phospholipids (7).
Whether T. gondii meets demand for PtdCho by de novo syn-
thesis and/or by salvage from the host cell is not known.
The mammalian PtdCho synthesis can occur via two path-

ways (8): the Kennedy (CDP-choline) pathway and
the sequential methylation of phosphatidylethanolamine
(PtdEtn) (supplemental Fig. S1). PtdEtn is derived from the
CDP-ethanolamine pathway or by decarboxylation of phos-
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phatidylserine (PtdSer) (8). The CDP-choline route is initiated
by the action of a choline kinase phosphorylating choline to
phosphocholine. Subsequent catalysis by phosphocholine cyt-
idylyltransferase and choline-phosphotransferase completes
the PtdCho synthesis (8, 9). Unlike its mammalian host (8),
Toxoplasma does not possess activity for a PtdEtnmethyltrans-
ferase and thus appears incompetent in making PtdCho from
PtdEtn (7).We and others have shown that T. gondii can incor-
porate the lipid precursors, choline, ethanolamine, and serine
into PtdCho, PtdEtn, and PtdSer, respectively (7, 10). Also, a
choline analog, dimethylethanolamine (DME), disrupted the
parasite growth with an accumulation of PtdDME and a con-
current decline in PtdCho biogenesis (7, supplemental Fig. S1),
which indicated a dependence of T. gondii on its endogenous
CDP-choline route but requires a genetic validation. The target of
this pharmacological inhibition has also not been established yet.
Here, we reveal an unprecedented resilience and plasticity of

gene expression and membrane biogenesis in T. gondii. More-
over, the novel biochemical features of choline kinase such as its
low affinity, cytosolic clusters, and stringent regulation render the
CDP-choline route in T. gondii susceptible to analog inhibition
and offer an excellent therapeutic target to arrest parasite growth.

MATERIALS AND METHODS

Reagents and Biological Resources—Cell culture reagents
were purchased from Biotherm and PAA Laboratories. The
radioactive chemicals were procured from PerkinElmer Life
Sciences and American Radiolabeled Chemicals. Choline chlo-
ride and ethanolamine chloride were purchased from Appli-
Chem. Silica gel plates for thin layer chromatography (TLC)
were purchased from Merck. The mouse anti-His6 tag mono-
clonal antibody IgG1 was obtained from Dianova. Cloning
reagents and the primary (anti-HA, anti-Myc) and secondary
(Alexa Fluor 488, Alexa Fluor 594) antibodies were purchased
from Sigma and Invitrogen. The Escherichia coli Rosetta strain
was obtained from Novagen. The anti-TgActin and anti-Tg-
Gap45 and anti-Ty1 antibodieswere kind gifts fromDominique
Soldati-Favre (University of Geneva, Switzerland) and Keith
Gull (University of Oxford, UK). The Saccharomyces cerevisiae
mutant (KS106) was a generous donation by George Carman
(Rutgers University, New Brunswick, NJ). The pTKO and
p2854 vectors were kind donations of John Boothroyd (Stan-
ford University School of Medicine, Stanford, CA) and Domi-
nique Soldati-Favre (University of Geneva, Switzerland).
Cell Culture, Molecular Cloning, and Quantitative PCR—

Primary human foreskin fibroblasts (HFF) were cultured in Dul-
becco’s modified Eagle’s mediumwith 10% fetal calf serum, 2 mM

glutamine, minimum Eagle’s medium nonessential amino acids,
100 units/ml penicillin, and 100�g/ml streptomycin and grownat
37 °C at 10% CO2. All strains of T. gondii tachyzoites were main-
tained by serial passage in HFF monolayers. The mRNA was iso-
lated from fresh syringe-released tachyzoites and transcribed into
first-strand cDNA using the �MACS mRNA isolation and the
cDNA synthesis kits (Miltenyi Biotec). TgCK and TgEK were
amplified using PfuUltra II Fusion polymerase (Stratagene) and
the indicatedcDNA-specificprimers (supplementalTableS1). For
qPCR analysis, 100 ng RNA was reverse transcribed into cDNA
(SuperScript III first-strand synthesis SuperMix for quantitative

RT-PCR, Invitrogen) and subjected to real-timePCR (SuperScript
III Platinum SYBR Green one-step quantitative RT-PCR kit with
ROX). The primers used for qPCR are indicated in supplemental
Table S1.
Protein Expression in Escherichia coli and S. cerevisiae—The

wild-type TgCK and TgEK proteins with a C-terminal histidine
tag (TgCK-His6,TgEK-His6) and a truncatedTgCK lacking first
20 residueswith anN-terminal histidine tag (His6-TgCKS)were
cloned in the pET22b�(TgCK-His6) or the pET28b�(TgEK-
His6, His6-TgCKS) plasmids (primers in supplemental Table
S1) and expressed in the E. coli Rosetta strain. The cultures
were grown at 37 °C until an A600 of 0.3–0.5 was reached and
inducedwith 1mM isopropyl-1-thio-�-D-galactopyranoside for
4 h at 25 °C. TgEK-His6, TgCK-His6, and His6-TgCKS proteins
were purified by affinity chromatography on the nickel-nitrilo-
triacetic acid resin (Qiagen) using 20 mM NaH2PO4 (pH 7.4),
500 mM NaCl, and 100 mM imidazole. The S. cerevisiae KS106
(MAT� leu2-3 112, trp1-1 can1-100 ura3-1 ade2-1 his3-11,15
eki1�::TRP1 cki1�::HIS3) (11) was grown in synthetic or yeast-
peptone-dextrose (YPD) medium with 2% glucose at 30 °C.
Choline and ethanolamine kinases (ScCK1, YLR133W; ScEK1,
YDR147W, supplemental Table S1) were cloned into the galac-
tose-inducible pESC-Ura vector and used as controls. The
transformed strains were selected in the uracil-dropout
medium with 2% glucose using standard yeast techniques.
Radioactive and Photometric Enzyme Assays—Choline

kinase activity was determined by measuring the formation of
[3H]phosphocholine from [3H]choline (3.125 nCi/nmol, 0–3.2
mM) in 67 mM Tris-Cl (pH 8.5) containing 10 mM ATP, 11 mM

MgCl2, 1.3 mM dithiothreitol (DTT) in a total volume of 60 �l.
The substratewas removed from the radiolabeled phosphocho-
line by precipitation as choline reineckate (12) followed by TLC
on Silica Gel 60 plates using 95% ethanol and 2% ammonium
hydroxide (1:1). A similar assay was performed with [3H]etha-
nolamine and tested by TLC without precipitation. Choline
kinasewas also assayed by photometry adapted from a pyruvate
kinase/lactate dehydrogenase-coupled system (13). The 200-�l
reaction mixture in a 96-well plate contained the indicated
amounts of choline, 100 mM Tris-Cl (pH 8.5), 100 mM KCl, 10
mM MgCl2, 0.4 mM NADH, 5 mM ATP, 1 mM phosphoenol-
pyruvate, pyruvate kinase (30 units), lactate dehydrogenase (37
units), and 1–2 �g of protein. The data were fitted using robust
fit nonlinear regression (GraphPad Prism v5.0).
Indirect Immuno-fluorescence of T. gondii—The HA-, Ty1-,

and Myc epitope-tagged TgCK or TgEK constructs were made
in pTKO or pNTP3 plasmids (supplemental Table S1). Extra-
cellular tachyzoites (�106, the hxgprt� or RH strain) were
transfected with 50 �g of plasmid using the BTX630 instru-
ment (2 kV, 50 ohms, 25 microfarads, 250 �s), and drug-se-
lected for the HXGPRT (14) or DHFR-TS (15) selection mark-
ers. The parasite-infected HFF monolayers were fixed with 2%
paraformaldehyde for 15 min at room temperature followed by
a 5-min neutralization in 0.1 M glycine/PBS. Cells were permea-
bilized in 0.2% Triton X-100/PBS for 20 min, and nonspecific
binding was blocked with 2% BSA and 0.2% Triton X-100 in
PBS. Samples were stained with primary antibodies (anti-Tg-
Gap45 1:3000; anti-TgCK 1:200; anti-HA 1:1000; anti-Ty1 1:50;
anti-Myc 1:1000 dilutions) followed by three washes with 0.2%
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Triton X-100 in PBS. The secondary antibodies (mouse or rab-
bit Alexa Fluor 488 or Alexa Fluor 594) were applied (1:3000),
and after 3� PBS washes, samples were mounted in Fluoro-
mount G for imaging (ApoTome, Carl Zeiss).
Immuno-gold Electron Microscopy—Toxoplasma-contain-

ing fibroblasts were first fixed in 4%paraformaldehyde in 0.25M

HEPES (pH 7.4) for 1 h at room temperature and then in 8%
paraformaldehyde in the same buffer overnight at 4 °C. They
were infiltrated, frozen, and sectioned as described (16). The
sections were immuno-labeled with mouse anti-TgCK sera
(1:250 in PBS, 1% fish skin gelatin) and then with anti-mouse
IgG antibody followed by 10-nm protein A-conjugated gold
particles (Utrecht University, Netherlands) before examination
with a Philips CM120 electron microscope (Eindhoven, The
Netherlands) under 80 kV. For dual immuno-staining, the sec-
tions were labeled with mouse anti-TgCK sera and revealed by
10-nm protein A-gold particles. The rat anti-HA antibody
(1:200) was detected by 5-nm protein A-gold particles.
Genetic Manipulation of TgCK Gene—The TgCK promoter

was displaced using the tetracycline-regulatable promoter
(pTetO7Sag4 (17)). Primers used for the genetic manipulation
are depicted in supplemental Table S1. The 5�-UTR fragment (2
kb), amplified from tachyzoite gDNAusing the primers (TgCK-
PD-5�-UTR-F/R), was cloned into the pDT7S4 vector (18) at
the NdeI site. The 1-kb region downstream to the initiating
ATG of the TgCK gene was amplified (primers TgCK-PD-35�-
UTR-F/R) and cloned at BglII and AvrII to achieve the promot-
er-displacement construct. The TaTi-�ku80 tachyzoites of
T. gondii (�106 11)) were transfected with 50 �g of the ApaI-
linearized construct, and transgenic parasites were selected
with 1 �M pyrimethamine (15). The resistant parasites were
cloned by limiting dilution and screened for 5�- and 3�-cross-
over using TgCK-PD-5�Scr-F/DHFR-R or DHFR-F/TgCK-PD-
3�Scr-R primers. The direct deletion of the TgCK locus was
attempted using the p2854 construct with 3.3 kb of the 5�- and
3�-TgCK-UTRs (primers in supplemental Table S1).
Precursor Labeling andLipidAnalyses—Choline labeling (0.1

�Ci/ml medium) of intracellular parasites was performed for
40 h in the parasitized HFF (multiplicity of infection � 3) cul-
tures. Total lipids were extracted from PBS-washed axenic par-
asites according to Bligh and Dyer (19). Briefly, samples were
suspended in 5.8ml of CH3OH:H2O (2:0.9, v/v) followed by the
addition of 2 ml of CHCl3, 1.8 ml of 0.2 M KCl, and 2 ml of
CHCl3. The CHCl3 phase was backwashed two times with
CH3OH:KCl (0.2 M):CHCl3 (1:0.9:0.1, v/v), dried under N2, and
resuspended in 50–100 �l of CHCl3:CH3OH (9:1, v/v). Lipids
were resolved on silica gel plates in CHCl3/CH3OH/H2O (65:
25:4, v/v), visualized by iodine vapor or radiographic imaging,
and identified by co-migration with standards.

RESULTS

TgCK and TgEK Encode Active Choline and Ethanolamine
Kinases—To identify choline kinase(s), we searched the Toxo-
plasma database (ToxoDB) and performed alignments using
orthologs from S. cerevisiae (ScCK1, YLR133W; ScEK1,
YDR147W), Plasmodium falciparum (PfCK, PF14_0020; PfEK,
PF11_0257), and Homo sapiens (HsCK, NP_001268.2; HsEK1,
NP_061108.2). Our bioinformatic analysis showed two putative

choline and/or ethanolamine kinases expressed in T. gondii
(TGGT1_120660, TGGT1_040800). We cloned both ORFs
using cDNA prepared from tachyzoite mRNA, which encodes
TgCK and TgEK proteins with 630 and 547 residues, respec-
tively (supplemental Figs. S2A and S3A). PCR amplification of
the upstream flanking regions confirmed the presence of an
in-frame stop codon before the initiating ATG in both kinases.
TgCK andTgEKORFs harbor a choline or ethanolamine kinase
domain (PF01633) and a phosphotransferase motif. TgCK
shows 19, 16, and 10% identity withHsCK�1, PfCK, and ScCK1
with best homology observed in the conserved regions (supple-
mental Fig. S2B). TgEK is 21, 20, and 14% identical to HsEK,
PfEK, and ScEK1 proteins (supplemental Fig. S3B). Quite nota-
bly,TgCKpossesses a peculiarN-terminal hydrophobic peptide
(20 residues) with no homology to a known protein and
stretches of amino acid insertions (supplemental Fig. S2A).
To classify these enzymes as choline and/or ethanolamine

kinases according to their substrate specificity, we examined
their activity. TgCK and TgEK with C-terminal His6 were puri-
fied from E. coli. Purified TgCK-His6 preparation contained
two smaller bands (55 and 46 kDa) besides the expected kinase
of 72 kDa, which were identified as shorter isoforms of TgCK-
His6 by Western blot analysis (Fig. 1A; see below in Fig. 6).
TgEK-His6 was purified to homogeneity as deduced by a
60-kDa band on SDS-PAGE (Fig. 1A). The purified recombi-
nant TgCK phosphorylated choline and ethanolamine as sub-
strates (Fig. 1B). In contrast, TgEK showed an activity only for
ethanolamine, revealing its substrate-specific nature.
TgCK Is Inhibited by a Choline Analog, DME—Our earlier

work has shown that DME can block T. gondii growth by dis-
rupting de novo PtdCho synthesis (7). Because TgCK is a prob-
able enzymatic target of DME, we determined the biochemical
features ofTgCKusing radioactive and photometric assays. The
catalysis of [3H]choline by TgCK-His6 reached a plateau in
response to substrate concentrations (Fig. 1C). The enzyme
exhibited typical Michaelis-Menten kinetics with a Km value of
0.77mM.Our assays of choline phosphorylation by photometry
yielded a similar concentration kinetics and Km (0.74 mM) for
TgCK (Fig. 1D). TgCK also recognized DME as its substrate
exhibiting Michaelis-Menten kinetics with a Km of 0.94 mM,
which is similar to its Km value for choline (Fig. 1E). In accord,
DME inhibited phosphocholine formation byTgCK in radioac-
tive assays exhibiting a Ki of 0.84 mM and IC50 of 0.95 mM (Fig.
1F); both values are similar to the Km for DME (0.94 mM). In
further radioactive assays, we used 2mMDME,which increased
the Km of TgCK for choline by 3-fold without influencing the
Vmax, signifying a competitive inhibition. The kinetics of DME
metabolism by TgCK is consistent with the observed reduction
of PtdCho synthesis in extracellular parasites andwith the inhi-
bition of parasite cultures by DME (IC50 �0.5 mM) (7).
TgCK Displays Punctate Distribution, whereas TgEK Is

Cytosolic—To determine the subcellular location of TgEK and
TgCK, their C-terminal HA-tagged constructs (TgEK-HA,
TgCK-HA) were generated for ectopic expression in T. gondii
tachyzoites. As anticipated, TgEK-HA displayed a uniform
cytosolic localization, which co-localized with a bona fide
cytosolic marker protein, actin (TgActin) (Fig. 2A). Our
attempts to detect and localize TgCK in stable transgenic
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parasites using a strong promoter pNTP3 were futile. Hence,
we made a construct expressing TgCK-HA under the control
of native regulatory elements for the protein localization.
TgCK-HA displayed a punctate cytosolic signal in intracel-
lular parasites (Fig. 2B), which did not localize with dense
granule or cytosolic proteins such as TgGra1 and TgActin
(data not shown).
The unexpected and unique cellular distribution and possi-

ble requirement of the N terminus for optimal targeting (see
below) prompted us to localizeTgCK taggedwith a Ty1 epitope
following its hydrophobic peptide. TgCK-Ty1 showed a similar
dotted intracellular presence co-localizing withTgCK-HA (Fig.

2B). To further substantiate these findings, we generated
mouse antisera against the purified enzyme, which identified a
70-kDa band corresponding to a full-length enzyme in the par-
asitized fibroblasts but none in uninfected cells (see Fig. 4E). Yet
again, we observed a punctate cytosolic staining in wild-type
intracellular parasites using anti-TgCK sera that remained
unchanged in the axenic parasites (supplemental Fig. S4A).
Consistently, immuno-staining of the transgenic parasites
expressing TgCK-HA with anti-TgCK sera revealed a perfect
co-localization (Fig. 2C), which was further corroborated in
COS7 cells expressing V5-tagged TgCK (supplemental Fig.
S4B). Briefly, we demonstrate thatTgCKhas a distinct punctate

FIGURE 1. TgCK phosphorylates choline and ethanolamine and is inhibited by DME, whereas TgEK is specific to ethanolamine. A, the full-length ORFs
of TgCK and TgEK were expressed with C-terminal His6 tag in the pET22b� or pET28b� vector, and purity was tested by Coomassie Blue-stained SDS-PAGE or
anti-His6 (1:7000) or anti-TgCK (1:200) blot. B, thin layer chromatography of resolved catalytic products of choline and ethanolamine kinases. The products were
identified by their co-migration with respective controls. Purified TgCK-His6 or TgEK-His6 was incubated with [3H]choline (Cho) or with [3H]ethanolamine (Etn)
(37 °C, 4 min) prior to TLC analysis, and products were detected by phospho-imaging. Cell lysates from the S. cerevisiae KS106 (�ck/�ek) expressing ScCK1 or
ScEK1 or harboring empty vector (pESC-Ura) served as positive or negative control. P-Cho, phospho-Cho; P-Etn, phospho-Etn; CFE, cell-free extract. C, Michaelis-
Menten kinetics of TgCK-His6 by radioactive assay, determined by scintillation counting of phosphocholine from [3H]choline chloride (3.125 nCi/nmol, 0 –3.2
mM, 4 min, 37 °C). D and E, Michaelis-Menten kinetics of TgCK-His6 with choline or DME was monitored by decrease in NADH absorbance (340 nm) in a pyruvate
kinase and lactate dehydrogenase-coupled system. F, effect of DME (0 – 4 mM) on the formation of [3H]phosphocholine from choline (0.1 mM, 0.25 nCi/nmol) by
purified TgCK-His6 was measured for 4 min at 37 °C. Values are means � S.E. for three experiments.
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distribution and is stringently regulated, whereas TgEK is uni-
formly cytosolic.
The N Terminus of TgCK Is Needed for Clustering but Not for

Function—To identify the organelle underlying the atypical
staining ofTgCK,weperformed immuno-gold electronmicros-
copy. Notably, immuno-gold electron microscopy revealed the
formation of enzyme clusters in the parasite cytosol, and no
association with any organelle and/or membrane was detecta-
ble in the wild-type RH strain (Fig. 3A, left panel) as well as in
the transgenic parasites expressing TgCK-HA (Fig. 3A, right
panel). Both native and ectopic forms of choline kinase showed
a perfect co-localization in the transgenic parasites. In further
assays, we determined the role of the hydrophobic peptide in
the formation of protein clusters. To this end, we first per-
formed the N-terminal tagging of TgCK that rendered the
enzyme undetectable and suggested that the N terminus is
required for localization. Then, we transfected parasites with a
Myc-tagged truncated TgCK (TgCKS-Myc) lacking the first 20
residues and localized the enzyme using the anti-Myc and anti-
TgCK antibodies. TgCKS-Myc exhibited a more uniform pres-
ence in the parasite cytosol, suggesting that the N terminus of
TgCK indeed contributes to its punctate distribution (Fig. 3B).
In brief, these data suggest the hydrophobic peptide as a
sequence supporting the enzyme clustering in the cytosol of
T. gondii.
To test the significance of the hydrophobic peptide for pro-

tein activity, we expressed His6-TgCKS in E. coli and purified
the enzyme to homogeneity (Fig. 3C, inset). Quite noticeably,
when compared with full-length TgCK-His6 (Fig. 1, D and E),
His6-TgCKSdisplayed�3-fold higher affinity for choline (Km�

0.26 mM, Fig. 3C) and DME (Km � 0.25 mM, Fig. 3D). The
results show that the N-terminal is not needed for catalysis.
Choline Kinase Can Only Be Ablated by Conditional

Mutagenesis—Our three attempts to directly delete the TgCK
gene locus were futile, indicating an essential function of cho-
line kinase, which prompted conditional ablation of the TgCK
expression. To this end, our attempt for a two-step conditional
mutagenesis was unsuccessful, probably due to stringent regu-
lation of the enzyme. Therefore, we made an inducible mutant
(�tgcki) based on targeted displacement of the pTgCK pro-
moter by the pTetO7Sag4 in the TaTi-�ku80 strain, allowing
an efficient crossover and tetracycline-regulated expression
(20). The promoter-displacement (PD) construct harbored the
5�-UTRpreceding the start codon and a partialTgCK gene frag-
ment, both inserts flanking the DHFR-TS and the pTetO7Sag4
promoter (Fig. 4A). Pyrimethamine-resistant parasites were
selected and PCR-analyzed, confirming the displacement of the
pTgCK (Fig. 4B). The construct-specific PCR identified the
DHFR-TS resistance cassette adjacent to the 5�- and 3�-inserts
in the genome of the promoter-displaced mutant (�tgcki) and
in control construct but not in the parental gDNA. Moreover,
PCRs for the 5�- and 3�-crossovers amplified the expected
bands in �tgcki gDNA but not in the parental or control con-
struct. Sequencing of the 5�- and 3�-fragments confirmed the
events of homologous crossover at the TgCK locus.
The qPCR using the total RNA isolated from the mutant

showed 7� repression of theTgCKmRNA (exon 1) after 72 h of
culture in anhydrotetracycline (ATc; Fig. 4C). A similar reduc-
tion was also observed following drug treatment when primers
were chosen in downstream sequences such as in the second
half of exon 1 or exon 6 (data not shown). Immuno-fluores-
cence of the �tgcki mutant showed a reduced level of choline
kinase (�70-kDa) when comparedwith the parental strain (Fig.
4D) when images were taken at identical intensity. Consis-
tently, densitometric quantifications of three independent
immuno-blots yielded about 60% diminution in the protein
level in the mutant (Fig. 4E). As expected, enzyme was not
detectable after 96 h of culture in ATc (Fig. 4, D and E).
Together, these results show that choline kinase activity can
only be ablated by conditional mutagenesis.
The CDP-Choline Pathway Cannot Be Abrogated in �tgcki

Mutant—Next, we focused on characterizing the�tgckimutant
for its in vitro growth and phospholipid synthesis. Surprisingly,
themutant survived continued passages in cultures irrespective
of theATc in plaque assays (Fig. 5A, supplemental Fig. S5A). No
discernable growth defect despite a complete protein loss in the
mutantmotivated us to elucidate themechanism underlying its
survival and membrane biogenesis. To this end, we examined
the �tgckimutant for choline kinase activity and incorporation
of precursor into PtdCho during parasite replication. The
enzyme activity in the mutant extract was similar to the paren-
tal strain and decreased by about 35% following its culture in
ATc (Fig. 5B). Similarly, choline labeling of PtdCho in the
untreated mutant was comparable with the parental strain and
reduced to �65% in ATc-treated cultures (Fig. 5, C and D).
Consistently, the �tgcki strain displayed susceptibility to inhi-
bition of choline kinase activity by DME, which abrogated its
plaque formation (Fig. 5E). The control cultures displayed 4–8

FIGURE 2. TgEK is uniformly cytosolic, whereas TgCK displays punctate
intracellular distribution. A, TgEK harboring a C-terminal HA tag (TgEK-HA)
was expressed under the control of the pNTP3 promoter and co-localized
with the parasite actin (TgAct). DIC, differential interference contrast. B, TgCK
isoforms with a C-terminal HA tag (TgCK-HA) or a Ty1 epitope (TgCK-Ty1)
following hydrophobic peptide (HP) were co-expressed under the control of
the native regulatory elements. C, co-localization of TgCK was executed in
hxgprt� parasites expressing TgCK-HA using anti-HA and mouse anti-TgCK
serum.
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tachyzoites in�80% of vacuoles, and 15–20% of themharbored
two parasites. A prominent decrease in the parasites per vacu-
ole was observed in DME-treated cultures, where 80–100%
vacuoles showed only 2–4 tachyzoites (supplemental Fig. S5B).
The results confirm that the plaque inhibition is due to an
impaired replication of tachyzoites, which apparently do not
obtain adequate PtdCho from the host cell. The persistence of
kinase activity and labeling of parasite PtdCho, irrespective of
the drug exposure, confirms the presence of a functional CDP-
choline pathway in the �tgcki strain.
TheOff-state�tgckiMutant CanTolerate Substantial Reduc-

tion of PtdCho—We compared themajor phospholipid profiles
of the mutant with the parental strains. No change in iodine
staining of PtdCho and other major phospholipids (PtdEtn and
PtdSer) of the �tgcki strain was noticeable in untreated cul-
tures, and a reduction of 35% in PtdCho content was observed

after ATc treatment (Fig. 5F). The chemical quantification of
total lipid phosphorous by an established method (21) revealed
0.54 nmol of PtdCho/106 parasites of the parental strain and
0.50 and 0.32 nmol in the on and off states of the mutant,
respectively. The aforesaid decrease in enzyme activity and
reduction in PtdCho synthesis is equivalent to the 36% decline
in the amount of PtdCho. It appears that the parasite can ensure
its survival and produce sufficient amount of PtdCho for mem-
brane biogenesis despite amajor knockdown of full-length cho-
line kinase. Importantly, a normal growth despite a substantial
reduction in PtdCho indicates a compositional plasticity of
T. gondiimembranes and inability to salvage host-derived Ptd-
Cho in sufficient amount to trade off the reduced protein and
phospholipid levels.
Exon 1 of TgCK Contains a Prokaryotic-type Promoter—

Next, we investigated the mechanism underlying the persistent

FIGURE 3. The hydrophobic N-terminal peptide is required for clustering of TgCK but not for catalysis. A, immuno-gold electron microscopy of the
wild-type (left) or of transgenic parasites expressing TgCK-HA (right) parasites using anti-TgCK and/or anti-HA antibodies. The transgenic parasite line was
labeled with rat anti-HA and mouse anti-TgCK as primary antibodies and protein A/gold (anti-rat, 5 nm; anti-mouse, 10 nm)-conjugated secondary antibodies
to co-localize the native and ectopic isoforms of TgCK. hcell, host cell; Mn, microneme; DG, dense granule; Rh, rhoptry; PV, parasitophorous vacuole; N, nucleus.
B, TgCK lacking its N-terminal hydrophobic peptide and containing a Myc tag at the C terminus (TgCKs-Myc, red) was regulated by the pGRA2 and co-stained
using anti-TgCK sera. C and D, a short TgCK lacking its hydrophobic peptide and containing an N-terminal tag (His6-TgCKS) was cloned in pET28b�, expressed
in E. coli, and purified (67 kDa on SDS-PAGE). Michaelis-Menten kinetics of His6-TgCKS with choline (C) or DME (D) was monitored by decrease in NADH
absorbance (340 nm) in a coupled-enzyme assay. Values are means � S.E. for three experiments.
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presence of choline kinase activity in the mutant in the off state.
The expression of small His-tagged variants, namely 55- and
46-kDa isoforms, inE. coliwhenusing the cDNAof choline kinase
(Fig. 1A) indicated the presence of a prokaryotic-type promoter
and/or of alternative start codons in ORF. We screened the first
exon of choline kinase, which indeed identified two additional
ATG codons located in-frame with the downstream exons (Fig.
6A). The protein synthesis commencing at the second and third
start codons can encode 53- and 44-kDa enzymes, respectively,
both ofwhich contain a complete choline kinase domain aswell as
correspond to the observed His-tagged protein species in E. coli.
Based on this notion, we expressed GFP under the control of the
twovaryingexon1sequences inE. coliRosetta strain.ThepTgCK-

Ex1.1 consisted of a fragment until the thirdATG (1–729 bp), and
the pTgCK-Ex1.2 ended with the second ATG (1–492 bp). We
also included pertinent negative (GFP driven by pTgGRA2 in
E. coli) andpositive (parasites expressingGFPunder the control of
the pTgGRA2) controls for anti-GFP immuno-blot analysis (Fig.
6B). Indeed, the pTgCK-Ex1.1was sufficient in driving the expres-
sion of GFP in E. coli as judged by a 27-kDa band similar to the
positive control (pTgCK-Ex1.1-GFP/EcCFE and pTgGRA2-GFP/
TgCFE in Fig. 6B). In contrast, noGFP expressionwas detected by
pTgGRA2-GFP (negative control) or pTgCK-Ex1.2-GFP (1–492
bp) construct.
Further analysis of exon 1 by the BPROMprogram predicted

a prokaryotic-type promoter at position 726 (linear discrimi-

FIGURE 4. Conditional mutagenesis of TgCK gene. A, scheme of the pTgCK promoter displacement by a tetracycline-regulatable pTetO7Sag4 promoter in the
TaTi-�ku80 strain of T. gondii. The 2 kb of the promoter region and 1 kb following the initiating codon of TgCK were cloned into the pDT7S4 vector flanking the
pTetO7Sag4 and DHFR-TS resistance cassette (R. C.). B, construct-specific PCR (TgCK-PD-5�-UTR-F/DHFR-R and DHFR-F/TgCK-PD-35�-UTR-R) confirmed
expected bands in the plasmid and in the �tgcki gDNA, but not in the parental strain. The recombination PCR using TgCK-PD-5�Scr-F/DHFR-R and DHFR-F/
TgCK-PD-3�Scr-R primers, respectively, revealed 5�- and 3�-crossover in the �tgcki mutant but none with control construct or parental gDNA. C, the qPCR of the
TgCK transcript (exon 1) from the �tgcki mutant prior to or following 72 h culture in anhydrotetracycline. Values are means � S.E. for three experiments. D, TgCK
expression under the control of the native (TaTi-�ku80 strain) or conditional (�tgcki mutant) promoter. Intracellular tachyzoites were stained 29 days after
infection with anti-TgGap45 (red, inner membrane complex marker) and anti-TgCK (green) antibodies. E, anti-TgCK (1:500) immuno-blot of the extract from the
�tgcki and TaTi-�ku80 strains. The TgActin (1:1000) served as a loading control.
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nant function: 3.28) harboring a �10 box at position 711 bp
(GTTCAAACT), �35 box at 686 bp (TTGATG), and binding
for two transcription factors crp (TCAAACTT at position 713
bp) and rpoD17 (ACTTTTAG at position 717 bp) (Fig. 6A). To
investigate whether exon 1 can indeed function as a promoter
in T. gondii, leading to shorter transcripts with higher abun-
dance, we quantified two different expressed sequence tags
derived from separate exons of the TgCK gene in parental and
mutant strains. The first primer pair anneals in exon 1, and the
second set binds in exon 6 (Fig. 6A). In line with the observa-
tions from the bacterial expression, we quantified a 10-fold

higher amount of exon 6 when compared with exon 1 in both
strains (Fig. 6C). Taken together, these results show thatTgCK-
Exon1 is capable of functioning as a promoter in bacteria, which
has potential to express shorter transcripts with a higher abun-
dance in T. gondii.

DISCUSSION

Our results demonstrate an exceptional metabolic plasticity
in T. gondii that allows the parasite to offset the stress imposed
upon its membrane biogenesis. The first interesting and unex-
pected finding implies that the parasite harbors multiple iso-

FIGURE 5. The parasite growth and CDP-choline pathway are not impaired despite a major knockdown of TgCK in �tgcki mutant. A, plaques formed by
the �tgcki and parental strain with or without ATc. Confluent HFF monolayers were infected with 200 parasites and stained with crystal violet after 7 days of
infection. B, choline kinase activity was measured in the protein extract using [14C]choline (0.1 �Ci, 10 �M, 30 min, 37 °C). Statistical significance (**, p 	 0.0031)
was estimated by one-way analysis of variance group t test. C and D, choline labeling of the parasite phospholipids. The parasitized (multiplicity of infection �
3) monolayers of human foreskin fibroblasts were cultured for 40 h in medium containing [14C]choline (0.1 �Ci/ml). Parasites were washed with PBS, and lipids
were extracted. [14C]Choline labeling into phospholipids was visualized by x-ray exposure of the TLC plate for 48 h (C) or quantified by scintillation counting (D).
Statistical significance (*, p 	 0.014) was estimated by one-way analysis of variance group t test. Values are means � S.E. for three experiments. E, inhibition of
the �tgcki mutant by DME. Confluent HFF monolayers infected with the mutant parasites (200 tachyzoites) were cultured for 7 days, with or without DME, and
stained with crystal violet. F, iodine-stained TLC-resolved phospholipids from the �tgcki and parental strains. Lipids were extracted from an equal number of
parasites (108), separated by TLC, and then visualized by iodine vapors in a closed glass tank. The ATc (0.5 �M) treatment was performed for 2–3 passages in
culture prior to setting up the pertinent assays.
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forms of choline kinase encoded by a single gene with two pro-
moters. Secondly, T. gondii displays a compositional flexibility
of the parasite membranes that helps in sustaining a normative
growth despite about 35% decline in PtdCho content. Finally,
unlike P. falciparum (22) and its mammalian host (8), Toxo-
plasma lacks the enzyme activity (7) or the gene annotation for
a functional serine decarboxylase and phosphoethanolamine or
PtdEtn methyltransferase to make PtdCho from serine and/or
ethanolamine (supplemental Fig. S1). Conversely, choline
kinase can phosphorylate ethanolamine, and thus, has potential
to counteract the loss of ethanolamine kinase and to sustain de
novo synthesis of PtdEtn in T. gondii. The parasite also harbors

a PtdSer decarboxylase route to produce PtdEtn from PtdSer
(supplemental Fig. S1). The parasite resilience to a perturbation
of choline kinase, compositional flexibility of its membranes,
and likely redundant routes of PtdEtn synthesis can confer an
adjustable membrane biogenesis to T. gondii in dissimilar
nutrient environments or host cells. The observed metabolic
plasticity might allow T. gondii to fine-tune membrane biogen-
esis according to the intracellular niche and contribute to its
evolution as a promiscuous pathogen.
As an intracellular parasite replicating in the nutrient-rich

host cell, T. gondii has potential access to host-derived phos-
pholipids and their intermediates to satisfy membrane biogen-

FIGURE 6. Exon 1 of TgCK gene contains a cryptic promoter. A, schematic representation of the TgCK gene, exon structure, possible initiating codons in exon
1, and putative isoforms. The primer sets used to test the abundance of exon 1 and exon 6 are highlighted. The exon 1 sequence was analyzed by the BPROM
algorithm for potential transcription start positions of bacterial genes regulated by �70 (major E. coli promoter class). Linear discriminant function combines the
characteristics describing functional motifs and oligonucleotide composition of these sites. BPROM has about 80% accuracy for recognition of E. coli promot-
ers. B, immuno-blot of the cell-free extract (CFE) prepared from E. coli (Rosetta) and T. gondii tachyzoites using ant-GFP (1:10000) and anti-Ec�Gal (1:10000)
antibodies. The TgCK-Ex1.1 consisted of a fragment until the third ATG (1–729 bp) and the TgCK-Ex1.2 ended with the second ATG (1– 492 bp). Parasites
expressing GFP (pTgGRA2-GFP/TgCFE) and bacteria harboring pTgGRA2-GFP plasmid (pTgGRA2-GFP/EcCFE) served as positive and negative controls, respec-
tively. The E. coli �-galactosidase was included as a loading control. C, real-time PCR of exon 1 and exon 6 of TgCK transcript. The �ct was determined for
expressed sequence tags in both parasite strains by normalizing with their respective TgElf1� transcript (housekeeping gene). The -fold change (i.e. ��ct) of
exon 6 was calculated with respect to exon 1 for each strain. Values are means � S.E. for three experiments.
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esis. The parasite recruits host endoplasmic reticulum and
mitochondria in proximity to the parasite vacuole (23), and
these organelles, harboring PtdCho and PtdEtn synthesis in
host cells (8), may donate these lipids to T. gondii. The recruit-
ment of low-density lipoprotein (LDL) by T. gondii can supply
cholesterol to the parasite (24), and being rich in PtdCho (25),
the host derived LDL offers a second route to obtain this lipid.
The analog-inhibition assays and a reduced PtdCho content
of the conditional mutant, however, advocate against the sal-
vage of host PtdCho in sufficient amounts to bypass the CDP-
choline pathway in T. gondii. In agreement, our results on
transport of 12-(N-methyl-N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl))-conjugated lipid analogs do not show any significant
import of PtdCho by free tachyzoites.3 Our results reveal a
quantitative concordance between the enzyme activity andPtd-
Cho synthesis, implying a likely dependence of the parasite on
the de novoCDP-choline route to realize its membrane biogen-
esis. Besides, the results indicate that the previous (7) and here-
by-reported antiparasitic effect of DME is likely not caused by
decline in PtdCho. Instead, it might be a consequence of
accrued PtdDME that is not methylated to PtdCho due to lack
of a functional PtdEtn methyltransferase in T. gondii.

Conditional mutagenesis of the choline kinase promoter
identified yet another protein activity in T. gondii tachyzoite
that was refractory to regulation. Although not precluded, per-
sistent enzyme activity is likely not encoded by a different gene
because we did not detect expression of an unrelated choline
kinase inT. gondii. Ectopic expression of an active protein from
the promoter displacement construct is also unlikely because
the 3�-crossover fragment (the first exon) would encode, if any,
a truncated protein of 258 amino acids (27 kDa) lacking a cata-
lytic domain. Being under a conditional promoter, it must be
regulatable (no activity in the off state), which is not the case.
Further, no band corresponding to a 27-kDa product was
detectable by anti-TgCK immuno-blot (not shown). Our work
suggests a functional promoter within the first exon of choline
kinase that can direct expression through two start codons at
position 730 and 493 bp located in-frame with downstream
exons. The use of these codons can yield 53- and 44-kDa iso-
forms, each containing a kinase domain and catalytic motifs. In
accord, we occasionally detected the two variants of similar
sizes by anti-TgCK blot (supplemental Fig. S5C). Our attempts
to express the isoforms inE. colihave been futile, yielding inclu-
sions and inactive protein. The unequivocal identification,
characterization, and regulation of the variants, therefore,
require further research.
The expression of GFP under the control of exon 1 and of

shorter protein isoforms shows that exon 1 is also functional as
a promoter in E. coli. These findings resonate with a previous
study showing the presence of a promoter in the first exon of
the SPG4 gene, which can govern the synthesis of a short spas-
tin isoform (26). The exon 1 promoter is likely active in T. gon-
dii, as shown by higher abundance of exon 6. Our futile
attempts to express GFP under the sole control of the pTgCK-
Ex1 entail that a cis-acting element may be necessary for func-

tion of this cryptic promoter in the parasite. Further research is
required to examine the functional relevance of TgCK-Ex1 in
T. gondii.
Quite notably, the Km of full-length choline kinase encoded

byTgCK (0.77mM) for choline is manyfold higher than parasite
(PfCK, 0.14 mM (27); TbCK, 0.032 mM (28)) and nonparasite
(HsCK�1, 0.2 mM (29); ScCK 0.27 mM (30)) peers. In addition,
TgCK protein harbors a hydrophobic sequence at the N termi-
nus that is nonessential for catalysis but appears to be required
for its clustering in the cytosol. The deletion of the N-terminal
peptide presumably changes the conformation of TgCK and
increases the protein affinity by 3-fold (0.26 mM), which is in
range of other choline kinases.Hence, it is plausible that shorter
isoforms have a similarly higher affinity for choline and allow
the parasite to sustain a low choline milieu or the absence of
full-length isoform. It is known that the three isoforms of the
mouse enzyme can exist as hetero-/homo-oligomers, which are
suggested to regulate the catalysis (31). The significance of cho-
line kinase isoforms and of whether the enzyme clusters are
catalytically more efficient in T. gondii requires further studies.
Irrespective of the mechanism, disruption of PtdCho synthesis
by pharmacological inhibition of CDP-choline route remains
an effective strategy to arrest the membrane biogenesis and
growth of T. gondii.
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