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We previously reported a cytosolic pyruvate kinase (EC
2.7.1.40) from Toxoplasma gondii (TgPyKI) that differs from
most eukaryotic pyruvate kinases in being regulated by glucose
6-phosphate rather than fructose 1,6-diphosphate. Another
putative pyruvate kinase (TgPyKII) was identified from parasite
genome, which exhibits 32% amino acid sequence identity to
TgPyKI and retains pyruvate kinase signature motifs and amino
acids essential for substrate binding and catalysis. Whereas
TgPyKI is most closely related to plant/algal enzymes, phyloge-
netic analysis suggests a proteobacterial origin for TgPyKII.
Enzymatic characterization of recombinant TgPyKII shows a
high pH optimum at 8.5, and a preference for GDP as a phos-
phate recipient. Catalytic activity is independent of K�, and
no allosteric or regulatory effects were observed in the pres-
ence of fructose 1,6-diphosphate, fructose 2,6-diphosphate,
glucose 6-phosphate, ribose 5-phosphate, AMP, or ATP.
Unlike TgPyKI, native TgPyKII activity was exclusively asso-
ciated with the membranous fraction of a T. gondii tachyzoite
lysate. TgPyKII possesses a long N-terminal extension con-
taining five putative start codons before the conserved region
and localizes to both apicoplast andmitochondrion by immu-
nofluorescence assay using native antibody and fluorescent
protein fusion to the N-terminal extension. Further dele-
tional and site-directed mutagenesis suggests that a transla-
tion product from 1st Met is responsible for the localization
to the apicoplast, whereas one from 3rd Met is for the mito-
chondrion. This is the first study of a potential mitochondrial
pyruvate kinase in any system.

Toxoplasma gondii is an obligate intracellular protozoan
parasite of warm-blooded animals, including humans (1).
Although normally asymptomatic, toxoplasmosis is a signifi-
cant problem in pregnant women infected early during gesta-
tion, immunocompromised individuals, and livestock. This
parasite is a member of the phylum Apicomplexa, which
includes many other parasites such as Plasmodium species
responsible for malaria. Glucose is thought to be the main
source of energy for the rapidly multiplying forms of both Tox-
oplasma and Plasmodium, which use the Embden-Meyerhof
pathway for glycolytic phosphorylation (2).
Pyruvate kinase catalyzes the essentially irreversible

transphosphorylation from phosphoenolpyruvate (PEP)4 to
ADP-producing pyruvate (3). In most mammals and bacteria,
pyruvate kinase is allosterically regulated by fructose 1,6-
diphosphate (4) and thus plays a regulatory role in glycolysis.
The product pyruvate feeds into many metabolic pathways,
placing pyruvate kinase at a crucial metabolic intersection.
Many organisms express multiple pyruvate kinase isozymes
with different kinetic properties. For example, Escherichia coli
bears two isozymes, type I and II, both of which are homotropi-
cally activated by the substrate PEP. The type I isozyme is also
activated heterotropically by fructose 1,6-diphosphate and is
inhibited byATP (5), whereas the type II isozyme is activated by
AMPandmonophosphorylated sugars (6). Pyruvate kinases are
expressed in the cytosol in most organisms. Plants and algae
have additional isozymes in chloroplasts with markedly differ-
ent physical and kinetic/regulatory characteristics (7).
We have previously described the kinetic and regulatory

properties of the cytosolic T. gondii pyruvate kinase (TgPyKI).
Unlike T. gondii hexokinase (8) and phosphofructokinase (9)
that lack allosteric regulation, TgPyKI is allosterically regulated
by glucose 6-phosphate (10, 11), suggesting an important role
in the control of glycolysis. We recently identified a second,
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highly diverged isozyme in T. gondii EST and genome data
bases (12, 13). This study describes the molecular genetic char-
acterization, phylogeny, recombinant expression/purification,
kinetic characterization, and subcellular localization of this T.
gondii pyruvate kinase isozyme (TgPyKII).

EXPERIMENTAL PROCEDURES

Parasites, Host Cells, Chemicals, and Reagents—RH strain T.
gondii tachyzoites weremaintained by serial passage in primary
human foreskin fibroblasts (HFF) in Eagle’s minimum essential
media (Invitrogen) containing 1% heat-inactivated fetal bovine
serum (Ed1 media) (14) or in mouse peritoneal fluid (15). Con-
struction of parasites stably expressing ptubFNRL-yellow fluores-
cent protein (YFP)-HA (labeling the apicoplast) and ptubHSP60L-
RFP (labeling the mitochondrion) is described elsewhere (16).
PEP, phosphorylated sugars, nucleotides, potassium ferricyanide,
and amino acids were obtained from Sigma. Rabbit polyclonal
anti-acyl carrier protein (ACP) antibody was kindly provided by
Drs. G. I. McFadden and R. F. Waller (17). MitoTrackerRed
CMXRos (8-(4�-chloromethyl) phenyl-2,3,5,6,11,12,14,15-octa-
hydro-1H,4H,10H,13H-diquinolizino-8H-xanthylium chloride),
and Alexa Fluor Marina Blue/361 and 594-conjugated goat anti-
rabbit antibodies were obtained from Invitrogen.
Cloning and Sequencing of TgPyKII cDNA—The following

PCRprimerswere designed based onT. gondiiESTsCB030989,
CB030879, and BI921053 (8): 5�-TGCAGAAATCGTCGCG-
CCGCAGCG-3� (sense) and 5�-GCCGTGCTTGCCTTCTT-
TGG-3� (antisense). PCR amplification of a T. gondii RH
tachyzoite �ZAP-II cDNA library (kindly provided by Dr. J.
Ajioka, Cambridge University, UK) yielded a product with the
expected size of 371 bp, which was used as a probe for cDNA
library screening (8). Positive clones were sequenced on both
strands using a Genetic Analyzer model 310 and 3700 (Applied
Biosystems, Tokyo, Japan). The composite cDNA sequencewas
used for BLAST query against ToxoDB (18) to identify gene
model TgTigrScan_6611. To confirm the 5� end of the TgPyKII
cDNA, total RNA was extracted from RH strain of T. gondii
tachyzoites (RNAqueous, Ambion, TX), and cDNA was ampli-
fied using GeneRacer kit (Invitrogen). 5�-rapid amplification of
cDNA ends was performed using a gene-specific primer 5�-
CACGTAGACAGAGGTGACGCTTCGGGG-3�. The complete
cDNA sequence was analyzed by VectorNTI software (Infor-
Max, Bethesda). The protein domains, families, and functional
sites were analyzed using PROSITE (19). Signal properties were
analyzed using TargetP (20, 21), SignalP (21, 22), and ChloroP
(23) softwares. Hydrophobicity was examined using the Kyte
and Doolittle procedure (24).
Phylogenetic Analysis—Twenty nine pyruvate kinase

sequences from 20 taxa were extracted from GenBankTM and
the OrthoMCL data base (25, 26) (see Fig. 2 legend for Gen-
BankTM accession number), and aligned using ClustalX 1.83
(27), with manual curation. Regions of uncertain alignment
were omitted, leaving 333 amino acid positions for analysis.
Maximum likelihood trees were constructed using PROML
from the PHYLIP 3.6a3 package (28), with 100 replicates, global
rearrangement, and randomized input order options in con-
junction with estimated parameter � and the proportion of
invariable sites obtained fromTREE-PUZZLE5.1 (29). Bayesian

analysis (30, 31) was carried out usingMrBayes 3.0with the JTT
amino acid substitutionmodel and 200,000 search generations.
Expression and Purification of Recombinant TgPyKII—An

open reading frame predicted to encode the conserved region
(from amino acid 293 to 988) of TgPyKII was amplified using
primers 5�-TACGGATCCCTCTCTGCTGCGTCGCCC-3�
(sense) and 5�-TCGGGATCCCTATCGCCCTGACTCGAG-
AGT-3� (antisense), and cloned into the BamHI site of vector
pGEX-6p-1 (Amersham Biosciences). Expression of the gluta-
thione S-transferase-TgPyKII-(293–988) fusion protein in E.
coli BL21 was induced with 0.5 mM isopropyl �-thiogalactoside
for 2.5 h, and purification of recombinant TgPyKII was carried
out by affinity chromatography on glutathione-Sepharose 4B
(Amersham Biosciences), followed by treatment with Pre-
Scission Protease (Amersham Biosciences). The protein was
applied to a DEAE-Toyo Pearl 650s column (TOSOH, Tokyo,
Japan) equilibrated with 10 mM Tris-Cl, pH 8.0, containing 1
mM EDTA. Peak fractions eluted with a linear 0–500 mM gra-
dient of KCl were pooled, concentrated, assayed for purity and
concentration, and stored in 30% glycerol (w/v) at �80 °C. The
protein concentration was determined by the dye-binding pro-
cedure described by Bradford (32) using bovine serum albumin
as a standard. The purity of recombinant pyruvate kinase was
analyzed by electrophoresis on 5–10% acrylamide gel. The pro-
tein was detected by Coomassie Brilliant Blue R-250 staining.
Enzyme Assays—Pyruvate kinase activity was determined by

lactate dehydrogenase-coupled spectrophotometric assay (32),
whereas monitoring oxidation of NADH due to pyruvate
reduction at 340 nm was by using a UV-1600 spectrophotom-
eter equipped with a TCC-240A temperature-controlled cell
(ShimazuCo, Kyoto, Japan). 1-ml standard reactionmixture for
assaying TgPyKII activity contained 1 mM PEP, 0.5 mM GDP,
25.5 mM MgCl2, 0.2 mM NADH, 20 units of rabbit muscle lac-
tate dehydrogenase type II (Sigma), 100mMTris-Cl, pH8.5, and
10–20 ng of the test enzyme. For substrate specificity studies,
MgCl2 was added in 25 mM excess of NDP to ensure formation
of the MgNDP2� complex. All reactions were initiated by the
addition of the substrate NDP. For determining optimal pH of
recombinant TgPyKII, MES, Tris-Cl, or CHES/NaOH buffers
were used to generate a pH range from 6.0 to 10.0. Activities of
TgPyKI and succinate dehydrogenase were assayed as
described previously (10, 11). All assays were carried out in
triplicate at 37 °C. Reactions weremonitored for 5min, and the
initial velocity was calculated from a tangent fitted to the
reaction curve. Kinetic data were calculated using a nonlin-
ear curve fitting algorithm (SigmaPlot 2000 software; SPSS
Inc., Chicago).
Subcellular Fractionation of T. gondii Tachyzoites—1010

tachyzoites were washed twice and resuspended in TES
homogenization buffer (250 mM sucrose, 1 mM EDTA, 5 mM
triethanolamine-HCl, pH 7.5) and disrupted by French press
at 35 kg/cm2. After sedimentation of unbroken cells (�10%)
at 2250 � g for 10 min, the supernatant was centrifuged for
20 min at 20,000 � g to yield a cytosolic (supernatant) and
membranous (pellet) fractions. The pellet was washed once,
resuspended in 1% Triton X-100 in TES buffer, and mechan-
ically homogenized using a polychlorotrifluoroethylene
homogenizer.
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Native Antibody Production and Immunoblotting—Recom-
binant TgPyKII-(293–988) purified from E. coli was used to
immunize New Zealand White rabbits. Following three 50-�g
injections at 2-week intervals, whole IgG was isolated from
serum, and anti-TgPyKII IgGwas affinity-purified using CNBr-
activated Sepharose 4B (Amersham Biosciences), which cou-
ples recombinant TgPyKII-(293–988) as described previously
(33). To check the cross-reactivity of anti-TgPyKII to TgPyKI, 3
ng of recombinant TgPyKI (11) and recombinant TgPyKII were
loaded on 8% gradient polyacrylamide gel, which was then
transferred to a Nitrocellulose Hybond-C extra membrane
(Amersham Biosciences) using a semidry blotting apparatus.
The membrane was blocked for 20 min with 2% skimmed milk
in phosphate-buffered saline (PBS) containing 0.2% Tween 20
and incubated for 1 h with anti-TgPyKII antibody (1:25 in
blocking solution). Following washes in PBS with 0.2% Tween
20, the membrane was incubated with alkaline phosphatase
goat anti-rabbit IgG (1:3000) (Vector Laboratories) for 1 h, fol-
lowing detection with a 5-bromo-4-chloro-3-indolyl phos-
phate-nitro blue tetrazolium system (Roche Applied Science).
The molecular sizes of protein bands were determined with
reference to pre-stained SDS-gel electrophoresis standards
(Bio-Rad). To detect endogenous TgPyKII expressed in T. gon-
dii, 108 RH tachyzoites released from HFF monolayer were fil-
tered through 3-�m pore-size Nuclepore polycarbonate filters
(Whatman) and pelleted by centrifugation at 900 � g for 12
min. Parasites were lysed in PBS, containing NuPAGE LDS
sample buffer (Invitrogen) and 0.5 M dithiothreitol. After dena-
turation at 70 °C for 10 min, parasite lysates were loaded on
bis-Tris, 4–12% polyacrylamide gels (Invitrogen), and protein
gel electrophoresis was performed using NuPAGE system with
MOPS/SDS running buffer (Invitrogen). Proteins were trans-
ferred to nitrocellulose membrane using a Trans-Blot SemiDry
apparatus (Bio-Rad), which was then blocked with 5% nonfat
dry milk and 3% fetal bovine serum in PBS. Themembrane was
incubated for 1 h with a rabbit anti-TgPyKII Ab (1:25 dilution)
in blocking solution containing 0.2% Tween 20 (Sigma). Fol-
lowing washes in PBS with 0.2% Tween 20, the membrane was
incubated for 1 h with a horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody (Bio-Rad) (1:2500 dilution)
in blocking solution containing 0.2%Tween 20. Chemilumines-
cence reaction was performed using ECL Western blotting
detection reagents (Amersham Biosciences), and blots were
exposed on Kodak BioMax film.
Plasmid Construction—N-terminal 357 amino acids of

TgPyKII (unconserved region containing five possible start
codons) from 1st Met were amplified from a T. gondii RH
cDNAusing primers (note that restriction enzyme site is under-
lined and start codon is boldface) 5�-CATCGCAGATCTATGG-
ACGATGGTGGAGCAGAGT-3� (sense) and 5�-CGTCACAC-
TAGTCGGTCCGATGGTTGC-3� (antisense) and subcloned
into BglII/AvrII sites of the T. gondii expression vector ptub or
pminPTF-YFP-HA (16)5 to produce ptub/pminTgPyKII1stM-(1–
357)-YFP-HA. DNA fragments from each downstream four start
codons were generated using ptub/pminTgPyKII1stM-(1–357)-

YFP-HAas a template, the above antisenseprimer, and the follow-
ing sense primers: 5�-CATCGCAGATCTATGAACTTTCCAA-
CTTGT-3� (from 2ndMet); 5�-CATCGCAGATCTATGGCGC-
CTCTCCGACCC-3� (from 3rd Met); 5�-CATCGCAGATCTA-
TGGATTTTCCACGGGTG-3� (from4thMet); or 5�-CATCGC-
AGATCTATGCTCTCTGCTGCGTCG-3� (from 5th Met).
Plasmids ptub/pminTgPyKII2ndM-(19–357)-YFP-HA, ptub/
pminTgPyKII3rdM-(93–357)-YFP-HA, ptub/pminTgPyKII4th-
M-(122–357)-YFP-HA, and ptub/pminTgPyKII5thM-(293-
357)-YFP-HAwere constructedusing abovedescribed subcloning
method. To introduce a pointmutation,methionine to alanine, at
2nd or 3rd Met, site-directed mutagenesis was performed using
QuikChange site-directed mutagenesis kit (Stratagene, CA). The
plasmid ptub/pminPyKII1stM-(1–357)-YFP-HA was used as a
template in the PCR by utilizing the following sets of primers
(mutated amino acids are lowercase): 5�-GCTAATGGTTTTGC-
CAGCgcGAACTTTCCAACTTGTGG-3� and 5�-CCACAAGT-
TGGAAAGTTCgcGCTGGCAAAACCATTAGC-3� to produce
ptub/minPyKII[2ndM19A]-YFP-HA, and 5�-CTCCTTCTCT-
CCGCGgcGGCGCCTCTCCGACC-3� and 5�-GGTCGGAG-
AGGCGCCgcCGCGGAGAGAAGGAG-3� to produce ptub/
minPyKII[3rdM93A]-YFP-HA.
Parasite Transfection, Immunofluorescence Assay, and Fluo-

rescent Microscopy—Parasite transfection was performed by
electroporation as described previously (14). Parasites were
inoculated onto glass coverslips (22 mm in diameter) with a
confluentmonolayer ofHFF cells and incubated in a humidified
37 °C incubator for 24 h. Following a wash with PBS, coverslips
were fixed with 3.7% paraformaldehyde in PBS, pH 7.0, for 5
min, permeabilizedwith 0.25%TritonX-100 in PBS, pH 7.0, for
10 min, and blocked for 30 min in a blocking solution (3%
bovine serum albumin (fraction V, Fisher) and 5% fetal bovine
serum in PBS, pH 7.0). For MitoTracker labeling, coverslips
were incubated with 150 nM MitoTrackerRed CMXRos
(Invitrogen) for 30 min and washed twice with Ed1 media
before fixation. For immunofluorescence assay (IFA), cover-
slips were incubated with primary antibodies (anti-TgPyKII Ab
at 1:25 dilution or anti-ACP Ab at a 1:2000 dilution in blocking
solution) for 1 h. Coverslips were washed three times with
0.25% Triton X-100 in PBS, and primary antibodies were
detected either with Alexa Fluor Marina Blue/361-conjugated
(1:500 dilution) or 594-conjugated goat anti-rabbit antibodies
(1:4000 dilution) (Invitrogen) in the blocking solution for 1 h.
After two washes with 0.25% Triton X-100 in PBS and a wash
with PBS, the coverslips were mounted on glass slides using
Fluoromount-G (SouthernBiotech, AL). To find out the local-
ization of endogenous TgPyKII, parasites stably expressing
FNRL-YFP-HA were labeled with MitoTracker Red CMXRos
and subjected to IFA using anti-TgPyKII and Alexa Fluor
Marina Blue/361-conjugated goat anti-rabbit antibodies
(Invitrogen). For examination of deletional constructs, wild
type RH parasites were transfected, labeled with MitoTracker
Red CMXRos, and subjected to IFA with anti-ACP and Alexa
Fluor Marina Blue/361-conjugated goat anti-rabbit antibodies.
Point mutational constructs were transfected either to wild
type RH parasites that are subsequently labeled with anti-ACP
and Alexa Fluor 594-conjugated goat anti-rabbit antibodies
(Invitrogen) or to parasites stably expressing ptubHSP60L-RFP.5 M. Nishi, C. He, O. Harb, J. Murray, and D. Roos, manuscript in preparation.
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Stacked images were collected using anOlympus IX70 inverted
microscope equipped with a 100-watt Hg-vapor lamp with
appropriate barrier/emission filters. Imageswere capturedwith
a CoolSNAP Hi Res CCD camera (Photometrics, AZ) and
DeltaVision softWoRx software (Applied Precision, WA). All
images were subjected to three-dimensional rendering using
DeltaVision softWoRx.

RESULTS

Gene Organization, Functional Motifs, and Phylogenetic
Analysis of TgPyKII—We cloned a second pyruvate kinase
isozyme gene from T. gondii, TgPyKII, using EST data bases,
cDNA library screening, and rapid amplification of cDNAends.
A BLAST search of the cDNA sequence in ToxoDB (18) iden-
tified the gene model TgTigrScan_6611 in chromosome III,
consisting of two exons (1092 and 1871 bp) and an intron (764
bp) that encodes 988 amino acids with a calculated molecular
mass of 106,837 Da and a pI of 8.77. BLASTP search shows that
TgPyKII is highly homologous to pyruvate kinases from �-pro-
teobacteria with �40% identity and �50% similarity. Multiple
sequence alignmentswith crystallized pyruvate kinases (35–37)
show that TgPyKII has a long N-terminal extension before the
conserved region beginning at aa 345 (Fig. 1).
Compared with the pyruvate kinase domain structure con-

sisting of A1, A2, B, and C domains, three unique insertions in
themiddle of domainB,A2, andC (37), are present (Fig. 1). Both
TgPyKI and TgPyKII contain a pyruvate kinase signature
(PROSITE; PS00110) (Fig. 1, line) as well as consensus motifs
for pyruvate kinase, including binding sites of ADP, PEP, and
divalent cations (Fig. 1, a, p, d, respectively). TgPyKI possesses
all the conservedmonovalent cation-binding sites (Fig. 1,m). In
contrast, in TgPyKII, two binding sites Thr113 and Glu117 in
Felis catus pyruvate kinase are substituted by Leu412 and Lys416,
respectively. These substitutions are a common feature of
monovalent cation-independent pyruvate kinases (38–40).
Furthermore, the presence of Glu868 in TgPyKII, conserved
among enzymes that are insensitive to the pyruvate kinase acti-
vator, fructose 1,6-diphosphate (39), suggests that TgPyKII is
not activated by fructose 1,6-diphosphate.
TgPyKII has overall amino acid sequence identity of 32% to

TgPyKI.UnlikeTgPyKII,TgPyKI shows high homology to pyru-
vate kinases in other apicomplexan parasites and plants. Phylo-
genetic tree indicates that TgPyKI is closely related to plant
cytosolic pyruvate kinases along with pyruvate kinases from
apicomplexan parasites such as Cryptosporidium parvum
(EAK88569), Plasmodium falciparum (CAG25081), and Thei-
leria parva (529.m04777) (Fig. 2). In contrast, TgPyKII clusters
with proteobacteria pyruvate kinases, along with two isozymes
from apicomplexan parasites P. falciparum (AAG35560) andT.
parva (529.m04771) (Fig. 2). These results suggest a different
evolutionary origin of the two isozymes in T. gondii, a probable

plant/algal origin ofTgPyKI and a probably proteobacterial ori-
gin of TgPyKII.
Enzymatic Activity of Recombinant and Native TgPyKII

Proteins—Conserved region of TgPyKII (TgPyKII-(293–988))
was expressed in E. coli as a fusion protein with glutathione
S-transferase, which was removed by PreScission protease
(Amersham Biosciences) digestion. SDS-PAGE detected the
predicted size of 77 kDa for purified recombinant protein (Fig.
3A). The purified recombinant protein is shown to catalyze the
pyruvate kinase reaction. The pH optimum of TgPyKII activity
is at pH 8.5, and more than 80% of the maximal activity is
observed between pH 8.0 and pH 9.5 (data not shown). At pH
7.0, the optimal pH of TgPyKI (11), the activity of TgPyKII is
50% of the maximal activity. The enzyme was stable when
stored in buffer containing 20 mM Tris-Cl, pH 7.0, and 30%
glycerol for 1 week at 4 °C. The enzyme activity remained stable
after one freeze-thaw cycle.
Most pyruvate kinases require monovalent cations, show

allosteric properties for PEP binding, and are regulated by
phosphorylated sugars. Interestingly, amino acid sequence (Fig.
1) suggests that monovalent cations are not required for
TgPyKII activity, which was confirmed by biochemical assay.
Also, the saturation curve is hyperbolic with the substrate PEP.
The Km value for PEP is 0.116 � 0.011 mM. Although most
pyruvate kinases prefer ADP as a phosphate recipient, the
kcat/Km values for GDP and IDP are 337- and 114-fold higher,
respectively, than that for ADP (Table 1). Moreover, the sub-
strates GDP and IDP exert inhibitory activities (Table 1). The
specific activity at 0.5 mMCDP andUDPwas less than 10% that
at 0.5 mM GDP. These data indicate that GDP is a preferred
substrate for TgPyKII. Other possible effectors were tested at
sub-saturating concentrations of PEP andGDP (0.2 and 0.1mM,
respectively). None of the following compounds influence
TgPyKII activity: fructose 1,6-diphosphate, glucose 6-phos-
phate, fructose 6-phosphate, glucose 1-phosphate, ribose
5-phosphate, ATP, ITP, AMP,His, Ser, Ala, Glu, Gln, Thr,Met,
Gly, Ile, Asn, Cys, Pro, Arg, Lys, Phe, Trp, Leu, Asp, Val (1 mM

each), Tyr (0.5 mM), 0.1 mM acetyl-CoA. Only 0.1 mM GTP
reduces the Vmax by 10 � 1%.

To examine native TgPyKII activity, we performed subcellu-
lar fractions of T. gondii tachyzoite cells. TgPyKI and -II activ-
ities were distinguished based on their pH optimum (7.0 versus
8.5, respectively), requirement for the monovalent cation, and
phosphate recipient specificity (ADP versusGDP) (Table 2). As
TgPyKI requires K� for the activity, TgPyKI does not show any
activity in the standard assay condition forTgPyKII lacking K�.
In the standard assay condition for TgPyKI, TgPyKII shows less
than 1/100 of its TgPyKII activity. Although TgPyKI activity is
detected only in cytosolic fractions as reported previously (10),
TgPyKII activity is exclusively associated with membranous

FIGURE 1. Amino acid sequence alignment of T. gondii pyruvate kinase II with four pyruvate kinases from other species. Accession numbers for the
sequence data shown are as follow: Tg2, T. gondii isozyme II (this study; AB118155); Pf2, P. falciparum isozymes II (AAN35560); Tp2, T. parva isozyme II
(529.m04771); Tg1, T. gondii isozymes I (BAB47171); FsM1, F. catus isozyme M1 (P11979). Identical residues are highlighted in black. Vertical lines indicate the
dividing line of four three-dimensional domains (N, A1, A2, B, C) of pyruvate kinase as described previously (37). A horizontal line indicates the pyruvate kinase
signature sequence (PROSITE, PS00110; p indicates PEP-binding sites; a indicates ADP-binding sites; d indicates divalent cation-binding sites; m indicates
monovalent cation-binding sites; dashes indicates gaps in the alignment.
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fraction, the purity ofwhich is confirmed bymitochondrial suc-
cinate dehydrogenase activity. The procedure of solubilization
of membranous fraction did not have any detrimental impact
on the activity of recombinant TgPyKII. Thus, TgPyKII is local-
ized to membrane-bound compartments.
Localization of TgPyKII and Analysis of Its Subcellular Local-

ization Signals—Anti-TgPyKII antibody was generated to
detect endogenous TgPyKII protein in T. gondii tachyzoite
cells. Western blot analysis shows that anti-TgPyKII antibody
specifically detects the recombinant TgPyKII protein (Fig. 3B,
lane 1), not the recombinant TgPyKI protein (Fig. 3B, lane 2)
and the host cell (data not shown). A single band of �75 kDa
was detected by this antibody in whole lysate of tachyzoite cells

(Fig. 3C). To analyze the localization of native TgPyKII protein
in tachyzoite cells, FNRL-YFP-HAparasites (labeling the apico-
plast) were labeled with MitoTracker Red (labeling the mito-
chondrion) and TgPyKII antibody (Fig. 4). Endogenous
TgPyKII (Fig. 4, blue) localizes to the apicoplast (Fig. 4, green)
and the mitochondrion (Fig. 4, red) along with apical side of
endoplasmic reticulum (ER) (Fig. 4, arrowheads), which was
confirmed with a co-localization experiment using ER marker
(data not shown).
Multiple sequence alignments of pyruvate kinases (Fig. 1)

show that TgPyKII has a long N-terminal unconserved exten-
sion containing five possible start codons (Fig. 5A, red bold),
which may acts as subcellular localization signal(s). TargetP,
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FIGURE 2. Phylogenetic tree of pyruvate kinase constructed based on the deduced amino acid sequences of pyruvate kinase genes of 20 taxa. Only
evolutionarily conserved alignment regions (�230 amino acid characters) were used for phylogenetic inference by the Bayesian inference and maximum
likelihood methods. The tree shown is the consensus tree estimated by Bayesian analysis with the JTT matrix. Maximum likelihood distance tree was also carried
out. Numbers at branches are bootstrap values for the maximum likelihood protein distance analysis (100 replicates, �50 were indicated) and Bayesian
posterior probabilities (�0.5 were indicated). Bar indicates the substitution. The accession numbers in GenBankTM for all pyruvate kinase sequences used for
phylogenetic analysis are as follows: Drosophila melanogaster (AAC16244); Homo sapiens R/L (AAA60104);Saccharomyces cerevisiae (CAA32573); Trypanosoma
brucei brucei (P30615); C. parvum (EAK88569); P. falciparum (I, CAG25081; II, AAN35560); T. gondii (I, BAB47171; II, in this article); T. parva (I, 529.m04777; II,
529.m04771); A. thaliana (cytosol, BAB10006); Nicotiana tabacum (cytosol, CAA82628; plastid A, CAA82222; plastid G, CAA82223); Streptomyces avermitilis (a,
BAC70536; b, BAC73928);Synechocystis sp. (1, BAA10621; 2, BAA17574); Nostoc sp. PCC7120 (BAB74263); Bacillus subtilis (P80885); E. coli (type I, AAA24392; type
II, AAA24473); Pseudomonas aeruginosa (I, NP_250189; II, NP_253019); Bradyrhizobium japonicum (NP_773778); Ralstonia metallidurans (ZP_00275735); Cau-
lobacter crescentus (NP_420856); and Agrobacterium vitis (Q44473).
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SignalP, and ChloroP were used to predict the presence of sig-
nals in N-terminal 357 amino acids (Fig. 5). SignalP 3.0 (21)
with 100 truncation max residues was used to predict the pres-
ence of canonical secretory signal peptide (SP) or anchor (SA)
in translation products from five possible start codons (Fig. 5,
ocher). Although SignalP-NN, the neural networks based algo-
rithm, predicted a weak SP cleavage site between aa 92 and 93
for the 1stMet protein product, SignalP-HMM(41), the hidden
Markov model algorithm, highly favors SA (p � 0.995). The
same prediction was observed for the 2ndMet product. The
Kyte-Doolittle hydrophobicity profile showed the presence of a

strong hydrophobic stretch between aa �75 and 92 corre-
sponding the prediction of SignalP (Fig. 5B). ChloroP (23)
predicted possible plastid transit peptides (pTPs) for trans-
lation products from the 1st, 3rd, and 5th Met (Fig. 5, green).
The predicted pTP cleavage sites for the 1st, 3rd, and 5th
Met products are between aa 69 and 70, aa 159 and 160, and
aa 309 and 310, respectively (note that amino acid positions
are counted from the position of 1st Met). TargetP (20) pre-
dicted the presence of mitochondrial targeting peptides
(mTPs) for translation products from 3rd, 4th, and 5th Met
(Fig. 5, magenta). The predicted mTP cleavage sites are
between aa 140 and 141 for the 3rd and 4thMet products and
aa 316 to 317 for the 5th Met product. Summary of the pos-
sible signal sequences for various protein products is shown
in Fig. 5C.
To determinewhether theN-terminal unconserved region of

TgPyKII can function as a dual targeting signal to themitochon-
drion and the apicoplast, YFP-HA was fused to the N-terminal
357 aa of TgPyKII (TgPyKII1stM-(1–357)-YFP-HA) and
expressed in tachyzoites (Fig. 6A). YFP labeling co-localizes to
both the apicoplast (Fig. 5A, blue) and the mitochondrion (Fig.
5A, red), suggesting that this region is responsible for proper
localization of TgPyKII. Because this N-terminal extension
contains five possible start codons, the dual targeting of
TgPyKII1stM-(1–357)-YFP-HA could result from one protein
targeted to both organelles or two proteins targeted to each
individual organelle. To answer this, we fused YFP-HA to
N-terminal unconserved regions starting from downstream
possible start codons (at aa positions 19 for 2ndMet, 93 for 3rd
Met, 122 for 4th Met, and 293 for 5th Met) and expressed in
tachyzoites. YFP labeling of TgPyKII2ndM-(19–357)-YFP-HA
(Fig. 6B) and TgPyKII3rdM-(93–357)-YFP-HA (Fig. 6C) is
localized only to the mitochondrion, whereas that of
TgPyKII4thM-(122–357)-YFP-HA and TgPyKII5thM-(293–
357)-YFP-HA is localized to cytosol (data not shown). These
results suggest that the dual targeting of TgPyKII-1stM-(1–
357)-YFP-HA could result from one protein product (i.e. 1st
Met product targeted to both organelles) or two protein prod-
ucts (i.e. 1st Met product targeted to the apicoplast and either
2nd Met or 3rd Met product targeted to the mitochondrion).
To determine whether there are one or two products respon-
sible for the dual targeting, we performed site-directed
mutagenesis changing 2nd Met or 3rd Met to Ala in
TgPyKII1stM-(1–357)-YFP-HA construct and expressed
them in tachyzoites. Although TgPyKII[2ndM19A]-YFP-HA
targets YFP-HA to the apicoplast and the mitochondrion
(Fig. 7A), TgPyKII[3rdM93A]-YFP-HA targeted only to the
apicoplast (Fig. 7B). These results suggest that two protein
products are responsible for dual targeting, 1st Met product
for the apicoplast and the 3rd Met product for the
mitochondrion.

DISCUSSION

We characterized a novel pyruvate kinase isozyme in T. gon-
dii, TgPyKII, with unique enzymatic properties. pH optimum
forTgPyKII activity is at 8.5, andmore than 80% of themaximal
activity was observed even at pH9.0,more alkalinic than the pH
optima reported for any other pyruvate kinases (5.5–8.0) (42,

FIGURE 3. Recombinant protein expression and native antibody of
TgPyKII. A, SDS-PAGE of 3 �g of purified recombinant TgPyKII with the N-ter-
minal extension truncated. Electrophoresis was carried out on 5–10% gradi-
ent polyacrylamide gel. The protein was detected by Coomassie Brilliant Blue
R-250 staining. B and C, specificity of anti-TgPyKII IgG shown by Western blot
analysis. B, 3 ng of recombinant TgPyKII (lane 1) and TgPyKI (lane 2). C, 1 � 108

T. gondii tachyzoite whole cell lysate. Molecular mass is expressed in kDa.

TABLE 1
Kinetic parameters of T. gondii pyruvate kinase I and II for nucleoside
diphosphates

Substrate Enzyme Km Ki
a kcatb kcat/Km

mM mM s�1 mM�1 s�1

ADP TgPyKIc 0.180 � 0.110 174 966
TgPyKIId 7.99 � 0.44 47.6 � 1.4 6

GDPe TgPyKII 0.0544 � 0.0061 1.68 � 0.18 110 � 4 2020
IDPf TgPyKII 0.193 � 0.014 4.89 � 0.49 131 � 4 681

a GDP and IDP exhibited substrate inhibition.
b kcat values were calculated as Vmax divided by molar enzyme concentration.
c Cited and calculated from data in Maeda et al. (11).
d ADP concentration assayed was 1 to 10 mM.
e GDP concentration assayed was 0.025 to 2 mM.
f IDP concentration assayed was 0.05 to 4 mM.

TABLE 2
Total activity of enzymes in subcellular fractions of T. gondii
tachyzoites

Fraction

Total activitya
(units/1010 tachyzoite cells)

Pyruvate kinase activity
SDHd

TgPyKIb TgPyKIIc

Cytosolic fraction 153 � 7 	0.01 	0.005
Membranous fraction 	0.01 0.920 � 0.190 0.854 � 0.088

a All valueswere determined by three independent experiments.Oneunit of enzyme
activity is defined as the amount of enzyme resulting in the consumption of 1�mol
of NADH/min (pyruvate kinase) or 2 �mol of ferricyanide/min (succinate
dehydrogenase).

b Shown is the activity under optimal conditions and substrate forT. gondii pyruvate
kinase I (1 mM PEP, 1 mM ADP,10 mM MgSO4, 100 mM KCl2, pH 7.0).

c Shown is the activity under optimal conditions and substrate forT. gondii pyruvate
kinase II (1 mM PEP, 0.5 mM GDP, 25.5 mM MgCl2, pH 8.5).

d SDH means succinate dehydrogenase.
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43). Although the actual physiological pH value of the apico-
plast or themitochondrion inT. gondii is still unknown, several
enzymes localized in the apicoplast in P. falciparum (44), plas-
tid in barley roots (45), or mitochondrion in yeast (46) and

Arabidopsis thaliana (47) have alka-
line pH optima like TgPyKII. It is
also possible, however, the maximal
activity of TgPyKII may not be nec-
essary in parasite survival.
Although ADP is generally con-

sidered as the phosphate recipient
of pyruvate kinase in glycolysis,
pyruvate kinase activity is relatively
nonspecific in its utilization of
purine and pyrimidine nucleotide
substrates (48). Some bacterial
pyruvate kinases prefer GDP over
ADP (5, 49, 50), but their kcat/Km (or
Vmax/Km) ratio for GDP is only
10–20-fold higher than that for
ADP. However, in case of TgPyKII,
GDP is preferred over ADP as a
phosphate recipient with 377-fold
higher kcat/Km (or Vmax/Km) ratio,
suggesting GDP as a sole phosphate
recipient.
Pyruvate kinases are generally

activated by sugar phosphates and
bind PEP allosterically (51). Albeit
fructose 1,6-diphosphate is a typical
allosteric activator, some pyruvate
kinases use other activators such as
fructose 2,6-diphosphate (52) in
trypanosomatid protozoans and
glucose 6-phosphate in Eimeria
tenella (53), Mycobacterium smeg-
matis (54), Strepotcoccus mutans
(49), and TgPyKI (11). Our study
shows that TgPyKII is not activated
by fructose 1,6-diphosphate and
other known activators for pyruvate
kinase such as sugar phosphates,
and consistently, it does not show
allosteric binding to PEP. Thus
TgPyKII does not seem to have reg-
ulatory properties like as TgPyKI.
Pyruvate kinase can be classified

by the requirement for a monova-
lent cation. Structural analysis (55),
pointmutation analysis (38, 39), and
phylogenetic analysis (40) suggest
that (Thr113 and Glu117) and (Leu/
Ile113 and Ser/Lys117) (numbers in
F. catus pyruvate kinase) are
responsible for monovalent cation
dependence and independence,
respectively. Monovalent cation-in-
dependent isozymes (type II) exist

in prokaryotes like actinobacteria, cyanobacteria, and pro-
teobacteria, whereas monovalent cation-dependent isozymes
(type I) exist in mammals, plants, and fungi (Fig. 2). In pro-
karyotes, Clostridium perfringens, Leptospira interrogans,

FIGURE 4. Apicoplast and mitochondrial localization of native TgPyKII in T. gondii tachyzoite. Parasites
stably expressing ptubFNRL-YFP-HA (labeling apicoplast, green) were stained with MitoTracker Red CMXRos
(red) and anti-TgPyKII antibody (blue). Note that in addition to apicoplast and mitochondrion, TgPyKII antibody
localizes to apical ER (arrowheads) that may indicate a possible exit site of TgPyKII from ER. Scale bar, 5 �m. DIC,
differential interference contrast.

FIGURE 5. Signal prediction of the N-terminal extension of TgPyKII in T. gondii. A, N-terminal 357 amino
acid sequence of TgPyKII. Methionines are highlighted in red. Colored underlines are location of predicted
signals (see below for color codes). B, Kyte-Doolittle hydrophobicity plot of the N-terminal extension of TgPyKII
showing a strong hydrophobic stretch between aa 75 and 92. Color-shaded regions are location of predicted
signals (see below for color codes). Colors are hatched in regions where signals are overlapped. C, summary of
predicted signals. Inverted black triangles indicate the location of each methionine with amino acid position
listed above. The numbers above the tick mark indicate the amino acid position before the predicted signal
cleavage sites. Colored boxes are location of predicted signals. Predicted SA/SP, ocher; predicted plastid transit
peptide (pTP), green; predicted mitochondrion targeting peptide (mTP), magenta; CS, cleavage site.
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E. coli, Vibrio cholerae, and Salmonella typhimurium possess
both types. In eukaryotes, so far only apicomplexan parasites,T.
gondii (in this study), P. falciparum (56), Theileria annulata
(contig 1823 and contig13), and T. parva (529.m04777 and
529.m0471) possess both types. Phylogenetic analysis shows
that Apicomplexan type I pyruvate kinase clusters with plants
and apicomplexan type II pyruvate kinase with proteobacteria
(Fig. 2), suggesting that monovalent cation-independent

isozymes (type II) in apicomplexan
parasites are of proteobacterial ori-
gin and obtained by horizontal gene
transfer (Fig. 2). Neospora caninum
possibly contains the proteobacte-
ria-like pyruvate kinase isozyme
(contig5134), but the full sequence
has not been determined. The pro-
teobacteria-like pyruvate kinase
isozyme is not found in the com-
plete genome sequence data base of
C. parvum, which possesses a
reduced mitochondria (mitome)
but lacks the apicoplast. Genome
sequencing of Eimeria tenella has
not been completed at this time.
Another striking feature of

TgPyKII is its dual localization to
the apicoplast and mitochondrion
as there is no documented evidence
of a pyruvate kinase present in the
mitochondrion in any other orga-
nism. In plants, although proteins
are normally transported to chloro-
plasts or mitochondria from cyto-
plasm using organelle-specific
N-terminal targeting signals, pTPor
mTP, respectively, proteins can be
dually targeted to both organelles
by two types of signals as follows:
(i) a twin presequence from alter-
native transcription start, alterna-
tive translation start, or alternative
exons results in two proteins, one
targeted to the chloroplast and the
other to the mitochondrion; and (ii)
an ambiguous presequence results
in one protein targeted to both
organelles (57). In T. gondii,
although mitochondrial proteins
use a classicalmTP, proteins are tar-
geted to the apicoplast, a secondary
endosymbiotic plastid, using a
unique N-terminal bipartite signal
consisting of a secretory signal pep-
tide (SP) followed by pTP (17, 58).
Yet recently, a superoxide dis-
mutase (TgSOD2) having a typical
apicoplast bipartite signal is
reported to localize to both apico-

plast and mitochondrion as a single gene product (59). In this
study, we showed that TgPyKII possesses an N-terminal exten-
sion, which contains five possible start codons and probable
SA/SP, pTP, andmTP (Fig. 5). Using fluorescent reporter fused
to N-terminal 357 aa from the 1st Met (TgPyKII1stM-(1–357)-
YFP-HA), we prove that this region is responsible for localiza-
tion to the apicoplast and the mitochondrion. Fluorescent
fusions from 2nd and 3rdMet result in localization to themito-

FIGURE 6. Localization of TgPyKII1stM-(1–357)-YFP-HA, TgPyKII2ndM-(19 –357)-YFP-HA, and
TgPyKII3rdM-(93–357)-YFP-HA. Parasites were transfected with TgPyKII1stM-(1–357)-YFP-HA (A),
TgPyKII2ndM-(19 –357)-YFP-HA (B), or TgPyKII3rdM-(93–357)-YFP-HA (C) under tubulin (in these panels) or
dihydrofolate reductase (not shown) promoters and labeled with MitoTracker Red CMXRos (labeling mito-
chondrion, red) and anti-ACP antibody (labeling apicoplast, blue). The same phenotype was observed for
different promoters. Scale bar, 5 �m. DIC, differential interference contrast.
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chondrion only, suggesting that 1st Met product is responsible
for apicoplast localization. TgPyKII was predicted to have an
SA/SP (with higher probability for SA) from aa 1 to 92 (Fig. 5,
ocher) because of an unusual hydrophobic region rich in
leucine and phenylalanine between aa 75 and 92. However,
TgPyKII2ndM-(19–357)-YFP-HA, despite containing this
hydrophobic region, does not localize to the apicoplast, sug-
gesting that 18 aa between the 1st and 2ndMet is necessary for
proper translocation into the ER and thus the apicoplast. Site-
directed mutagenesis analysis showed that 3rd Met translation
product, not 2ndMet, in theN-terminal extension ofTgPyKII is
responsible for the localization to the mitochondrion, consist-
ent with the presence of mTP from 3rd Met (Fig. 5, magenta).
Thus, unlikeTgSOD2, two translation products are responsible
for dual localization of TgPyKII, 1st Met product for the apico-
plast and 3rd Met product for the mitochondrion. Further
characterization of signals and signal cleavage sites has cur-
rently been carried out.
Type I monovalent cation-dependent isozymes in the api-

complexa lack an N-terminal extension, suggesting that, as in
TgPyKI, they localize in the cytosol. On the other hand, type II
monovalent cation-independent isozymeswith proteobacterial

origin found in P. falciparum, T.
annulata, and T. parva possess an
N-terminal extension containing a
typical bipartite apicoplast target-
ing signal. P. falciparum PyKII
(AAN35560) does not have any
internal methionines and was
shown to localize only to the api-
coplast by immunostaining using
native antibody.6 T. parva PyKII
(529.m04771) has internal methi-
onines and could be dual-localized
like as TgPyKII.
Although plant isozyme in plas-

tids (60, 61) is a noncytosolic pyru-
vate kinase that functions in the gly-
colysis (62), noncytosolic pyruvate
kinase found in the apicomplexan
parasites may be involved in a
unique metabolic pathway other
than glycolysis, in which cytosolic
pyruvate kinase plays a regulatory
role. A plastidic sugar phosphate
transporter was shown to localize to
the apicoplast of T. gondii (16),
which may suggest that triose sug-
ars such as PEP could be trans-
ported from the cytosol to the api-
coplast. Pyruvate dehydrogenase
complex (59, 63, 64), enzymes in
type II fatty acid synthesis (65, 66),
and 1-deoxy-D-xylulose 5-phos-
phate synthesis (67) are localized in
the apicoplast in T. gondii. Thus, in
the apicoplast, TgPyKII may func-
tion in supplying acetyl Co-A in

cooperation with pyruvate dehydrogenase complex for fatty
acid as well as 1-deoxy-D-xylulose 5-phosphate syntheses, as
suggested in P. falciparum (68). Although T. parva does not
possess FAS pathway in the apicoplast, PyKII in T. parva may
contribute to the 1-deoxy-D-xylulose 5-phosphate pathway
(69). The uniqueGTP supply role ofTgPyKIImay contribute to
provide an energy source for protein synthesis and a substrate
for RNA synthesis in the apicoplast that has its own DNA (70).
To date, pyruvate kinase has not been identified in the mito-

chondria of any organism.As the substrate PEP can be provided
from gluconeogenesis pathway through mitochondrial PEP
carboxykinase (NCBI ID BAC02911), this unusual “short cut”
might contribute to the rapid switching from gluconeogenesis
to the oxidative phosphorylation.However, the fate of the prod-
uct pyruvate is currently unknown, as pyruvate dehydrogenase
complex does not localize in the mitochondrion (59, 64),
whereas T. gondii tricarboxylic acid cycle is functional in the
tachyzoite stage (71–73). The metabolic pathway connecting
pyruvate with tricarboxylic acid cycle in the mitochondria in

6 T. Maeda, T. Saito, O. Harb, D. S. Roos, A. Takeo, H. Suzuki, T. Tsuboi, T. Takeu-
chi, and T. Asai, unpublished data.

FIGURE 7. Localization of TgPyKII[2ndM19A]-YFP-HA and TgPyKII[3rdM93A]-YFP-HA. A, localization of
TgPyKII[2ndM19A]-YFP-HA. Top panels, wild type RH parasites transfected with pminTgPyKII[2ndM19A]-YFP-
HA (green) and labeled with anti-ACP antibody (labeling apicoplast, red). Bottom panels, RH parasites stably
expressing HSP60L-RFP (labeling mitochondrion, red) transfected with pminTgPyKII[2ndM19A]-YFP-HA
(green). B, localization of TgPyKII[3rdM93A]-YFP-HA. Top panels, wild type RH parasites transfected with
pminTgPyKII[3rdM93A]-YFP-HA (green) and labeled with anti-ACP antibody (labeling apicoplast, red). Bottom
panels, RH parasites stably expressing HSP60L-RFP (labeling mitochondrion, red) transfected with
pminTgPyKII[3rdM93A]-YFP-HA (green). The same phenotype was observed for constructs under tubulin pro-
moter. Scale bar, 5 �m. DIC, differential interference contrast.
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the apicomplexan parasites has been the unsolved question (34,
59, 63, 64). Although currently available data from biochemical
and bioinformatics analyses do not provide explicit explanation
for the role of TgPyKII in the T. gondii mitochondrion, as the
dual targeting to the apicoplast and mitochondrion can occur
in previously unpredictable mechanisms in T. gondii (59 and in
this study), further studies on experimental protein targeting
may reconstruct metabolic pathways, and detailed information
about the intraorganelle milieu will elucidate the physiological
role of TgPyKII in the mitochondrion.
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