crystallization communications

Table 1
Statistics of data collection and processing.

Values in parentheses are for the highest resolution shell.

A. suum QFR A. suum QFR with flutolanil

X-ray source | BL44XU (SPring-8) NWI12A (Photon Factory)
Wavelength (&) 0.900 1.000
Space group P2,242, P2;2,2,
Unit-cell parameters

a(A) 12375 12431

b (&) 129.08 131.63

c(A) 2112 22253
Resolution range (A) 50.0-2.8 (2.9-2.8) 50.0-3.20 (3.35-3.20)
No. of reflections 587189 207156

Unique reflections 75372 54964

Completeness (%) 89.2 (58.8) 93.9 (84.1)
Runerget (%) 105 (366) 11.5 (40.0)
Ta(l) 8.4 (35) 174 (1.6)

T Reneege = Dot 203 MiGhKIY — (T(RKDMS s 20 LKD),

of SQR from pig heart mitochondria (Sun et al., 2005; PDB code
1zoy). The sequence identities between the pig and A. suum enzymes
are 70.4, 68.3, 34.8 and 46.3% for the Fp, Ip, CybL and CybS subunits,
respectively. Using X-ray diffraction data in the resolution range
15.0-2.8 A collected from the flutolanil-free QFR crystal, a promising
solution with two molecules per asymmetric unit was obtained and an
R factor of 045 was achieved when the model was subsequently
subjected to rigid-body refinement. Starting from the molecular-
replacement solution, the structures of the flutolanil-free and fluto-
lanil-bound forms of the A. suum QFR are currently being refined
and electron density corresponding to bound flutolanil has been
identified. The structures of the A. suum QFR together with those of
the QFRs from Wolinella succinogenes (Lancaster et al., 1999) and
Escherichia coli (Iverson et al., 1999) and the SQRs from E. coli
(Yankovskaya et al., 2003), pig heart mitochondria (Sun e al., 2005)
and avian heart mitochondria (Huang et al., 2006) should help to
clarify the structure-function relationships in complex II. In addition,
the structure of the A. suim QFR complexed with flutolanil should
provide information for the structure-based design of anthelminthics.
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While most protist mitochondrial enzymes could be identified in database, the membrane anchor sub-
units of Complex I and F,F;-ATP synthase of malaria parasites are not annotated. Based on the presence
of structural fingerprints or proteomics data from other protists, here we present their candidates. In con-
trast to canonical subunits, Plasmodium Complex Il anchors have two transmembrane helices and may
coordinate heme b via Tyr in place of His. Transmembrane helix IV of ATP synthase subunit a lacks an
essential Arg residue. Membrane anchors of Plasmodium Complex I and ATP synthase are divergent from
orthologs and promising targets for new chemotherapeutics.

© 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Energy metabolism in the malaria parasites is quite different
from that of mammalian hosts. The erythrocytic stage cells of
Plasmodium falciparum cause mortality associated with malaria
and are considered to rely on the incomplete oxidation of glucose,
with the secretion of end products such as lactate and pyruvate
(Sherman, 1998). Diversity in parasite metabolism and enzyme
structures will facilitate the development of new antimalarials
with novel targets and mechanisms against the drug-resistant
strains of Plasmodium spp. (Hyde, 2005).

The Plasmodium mitochondrion of the erythrocytic stage para-
sites can oxidize NADH, glycerol-3-phosphate, succinate, dihydro-
orotate, and amino acids (Pro and Glu), but it is essentially acristate
and apparently lacks oxidative phosphorylation and a functional
tricarboxylic acid (TCA) cycle (Fry and Beesley, 1991; van Dooren
et al,, 2006). Pyruvate dehydrogenase is targeted to the apicoplast,
not to the mitochondrion (Foth et al., 2005), and thus a major car-
bon flow from the cytoplasm to the mitochondrion of most eukary-
otes is disconnected (Fig. 1). Fumarate inhibited the NADH-
dependent reduction of cytochrome ¢ and stimulated the oxidation
of NADH, indicating an NADH~fumarate reductase pathway for the

Abbreviations: FRD, furnarate reductase; SDH, succinate dehydrogenase; TCA,
tricarboxylic acid; TM, transmembrane helix.
* Corresponding authors. Tel.: +81 3 5841 3526; fax: +81 3 5841 3444,
E-mail addresses: tmogi@®m.u-tokyo.acjp (T. Mogi), kitak@m.u-tokyo.ac.jp
(K. Kita).

regeneration of NAD (Fry and Beesley, 1991). Recently, Painter
et al. (2007) claimed for the erythrocytic stage cells of P. falciparum
that the mitochondrial respiratory chain is required only for the
regeneration of an oxidized form of ubiquinone, which serves as
the electron acceptor for type 2 dihydroorotate dehydrogenase,
an essential enzyme for pyrimidine biosynthesis. Thus, it is widely
accepted that the majority of the erythrocytic stage parasite’s ATP
demand is met through glycolysis (Carlton et al,, 2002).

In the insect vector stages, malaria parasites need to adapt to
changes in available carbon sources from glucose in the mamma-
lian blood to amino acids (e.g., Pro, Glu, His, and Ala (Henn et al,,
1998)) in the mosquito hemolymph, which contains the disaccha-
ride trehalose as a dominant sugar species. As amino acids are non-
fermentable carbon sources, oxidative phosphorylation with the
functional TCA cycle must take place in the insect stages. Proteo-
mic profiling studies clearly demonstrated metabolic readjust-
ments from the glycolytic pathway in the asexual stages
trophozoites and schizonts to the TCA cycle in the salivary gland
sporozoites {Lasonder et al., 2008). Metabolomic studies on the
erythrocytic stage P. falciparum demonstrated that Gln was metab-
olized to 1-malate via two pathways, the reductive carboxylation
pathway through citrate yielding acetyl-CoA and the oxidative
pathway through succinate yielding ATP and a precursor of heme
biosynthesis (5-aminolevulinic acid) (Olszewski, Rabinowitz,
Llinds, personal communication) (Fig. 1). Thus, amino acids ac-
quired from the mosquito hemolymph or the food vacuole of the
erythrocytic stage parasites can be metabolized by entering the
TCA cycle as 2-oxoglutarate via a bifurcated mechanism using

1567-7249/$ - see front matter © 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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Fig. 1. Metabolic pathway in the human malaria parasite P. falciparum. Proton translocation machineries in the mitochondrion are FoF,-ATP synthase (ATPase), quinol-
cytochrome c reductase (QCR), cytochrome ¢ oxidase (COX), and NAD(P)-transhydrogenase (TH). Quinone reduction by alternative NADH dehydrogenase (NDH2), succinate
dehydrogenase (SDH), malate:quinone oxidoreductase (MQO), and dihydroorotate dehydrogenase (DHOD) do not generate the proton-motive force, NAD-dependent malate
dehydrogenase (MDH) and pyruvate dehydrogenase (PDH) are located in the cytoplasm and apicoplast, respectively, and do not participate in TCA cycle. Expression levels of
MDH and TCA cycle enzymes (fumarate hydratase, SDH1, succinyl-CoA synthase o subunit, aconitase, and citrate synthase), and o and B subunits of ATP synthase are
increased in salivary gland sporozoites while the expression levels of glycolysis pathway enzymes (hexokinase, phosphoglycerate kinase, pyruvate kinase and
6-phosphofructokinase) are increased in asexual blood-stage trophozoites and schizonts [Lasonder et al., 2008; Lasonder, Stunnenberg, personal communication]. A major
carbon flow in blood-stage parasites is shown in red and possible carbon and energy flow in mosquito stages is shown in blue. Pathways absent in B. bovis are indicated by
green. For the clarity, outer membranes of the mitochondrion and apicoplast are not shown, Abbreviations for metabolites are ALA (3-aminolevulinic acid), DHAP
(dihydroxyacetone phosphate), GA3P (glyceraldehyde-3-phosphate), and PEP {phosphoenolpyruvate).

the reductive and oxidative pathways. The resulting NADH and
quinols are reoxidized by the respiratory chain, which indirectly
drives ATP synthesis by the generation of proton-motive force.

In contrast to P. falciparum, the mitochondrion isolated from the
erythrocytic stage rodent malaria parasite is cristate and contains
more cytochromes (Fry and Beesley, 1991). Succinate respiration,
ATP synthesis, and the collapse of the mitochondrial membrane
potential by atovaquone (Srivastava et al., 1997), a potent inhibitor
of ubiquinol-cytochrome ¢ reductase (Complex 1), suggest the
presence of a functional oxidative phosphorylation system in the
erythrocytic rodent parasite mitochondria (Uyemura et al., 2000,
2004). Transcriptome analysis of the erythrocytic human parasites,
which have been isolated from infected patients, indicates that
canonical mitochondrial functions exist to some extent in the hu-
man parasites (Daily et al, 2007). In Plasmodium spp., nuclear
and mitochondrial genomes encode ubiquinol-cytochrome c¢
reductase (QCR, Complex III), cytochrome ¢ oxidase (COX, Complex
V), FoF;-ATP synthase (Complex V) and all the TCA cycle enzymes
including succinate dehydrogenase (SDH, succinate-ubiquinone

reductase, Complex II) (Carlton et al., 2002; Gardner et al., 2002).
H*-translocating NADH-ubiquinone reductase (NDH1, Complex I)
in the mitochondrial respiratory chain is substituted by alternative
NADH dehydrogenase (NDH2, a single-subunit NADH-ubiquinone
reductase) (Uyemura et al,, 2004; Biagini et al., 2006; Kawahara
et al,, 2009) (Fig. 1).

It should be noted that the membrane anchor subunits of Com-
plex Il (SDH3 (CybL) and SDH4 (CybS)) and of ATP synthase (sub-
units a (ATP6) and b (ATP4)) are not annotated in the current
database (Carlton et al., 2002; Gardner et al., 2002), even though
they are essential for transfer of chemical energy to ubiquinone
and proton translocation, respectively (Fig. 2). Accordingly, the
complete ATP synthase is assumed to be absent in Plasmodium
spp. (Carlton et al, 2002; Gardner et al., 2002; Fry et al,, 1990;
Vaidya and Mather, 2005),

Recently, we characterized characterized Complex 1l of the
erythrocytic stage Plasmodium yoelii yoelii mitochondria and found
evidence for the presence of SDH3 and SDH4 (Kawahara et al.,
2009). Because of the low expression of TCA cycle enzymes in
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Fig. 2. Structure model for protist Complex Il and ATP synthase,

the erythrocytic stage cells (Lasonder et al,, 2008), sequence anal-
ysis of the anchor subunits was difficult in the Plasmodium mito-
chondria. Here we report candidates for the membrane anchor
subunits of the Plasmodium oxidative phosphorylation enzymes.
SDH3 and SDH4 of Complex Il were identified by using structural
fingerprints as probes while subunits a and b of ATP synthase were
identified by BLAST search with proteomics data from other pro-
tists. Assignment of the membrane anchors of Plasmodium Com-
plex I and ATP synthase will help our understanding of energy
metabolism and the development of new antimalarials.

2, Materials and methods
2.1. Analytical methods

The presence of structural fingerprints (i.e., the heme/quinone-
binding motifs) in ORFs shared by P. falciparum and P. y. yoelii gen-
omes in the TIGR Parasite Database (http://www.tigr.org/tdb/
e2k1/pyal/pyal-ortho.shtml/) was examined manually. Database
searches using protein sequences were performed with the BLAST
service at NCBI (http://fwww.ncbi.nlm.nih.gov/), GeneDB (http://
www.genedb.org/), PlasmoDB (http://plasmodb.org/plasmo/), and
TBestDB  (http://tbestdb.bcm.umontreal.ca/). Sequences were
aligned with ClustalX 2.0 (Larkin et al., 2007) and manual adjust-
ments were made if needed. Transmembrane regions were identi-
fied with TMHMM (http://www.cbs.dtu.dk/services/ TMHMM]/).

3. Results and discussion

3.1. Evidence for the presence of membrane anchors of Plasmodium
Complex Il

Mammalian Complex II belongs to type C Complex I (Higerhill,
1997) and consists of four subunits and is bound to the matrix side
of the inner mitochondrial membrane (Cecchini, 2003), A flavopro-
tein subunit (Fp, SDH1) and an iron-sulfur subunit (Ip, SDH2) form
a soluble heterodimer, which then binds to a membrane anchor
b-type cytochrome (SDH3/SDH4 heterodimer). SDH1 contains a
covalently bound FAD and transfers electrons from succinate to
the iron-sulfur clusters in SDH2. Electrons are then transferred
to ubiquinone within a binding pocket provided by SDH2 and the
SDH3/SDH4 heterodimer (Yankovskaya et al, 2003; Sun et al,
2005; Yang et al,, 1998; Horsefield et al, 2006). Bacterial and

mitochondrial SDH3 and SDH4 generally consist of three trans-
membrane helices (TM) each (I-III and IV-VI, respectively)
(Yankovskaya et al. 2003; Sun et al., 2005). The quinone/heme-
binding motifs, “RPx165%,HR” in TM-I and “HxoD” in TM-II of
SDH3 and “Hx;0DY" in TM-V of SDH4 can be identified by sequence
comparisons (Figs. 3 and 4). Arg31 (Escherichia coli Complex II
numbering) in the SDH3 Sx;HR motif and Asp82 in the SDH4
Hx40DY motif are in close proximity to ubiquinone and could inter-
act with Tyr83 (Yankovskaya et al., 2003). Ser27 in the SDH3 Sx;HR
motif has been shown to be essential for quinone binding (Yang
et al, 1998) and is a candidate for hydrogen bonding to the 04
atom of ubiquinone (Horsefield et al, 2006). Tyr83 in the SDH4
Hx10DY motif could hydrogen bond to the O, atom of ubiquinone
and contribute to the binding affinity (Yankovskaya et al., 2003;
Horsefield et al,, 2006). Examination of the E. coli Complex II struc-
ture (PDB 1NEK) suggests that the first arginine (Arg9 in E, coli
SDH3) in the RPx;65x3R motif is in the vicinity of Glu186 in
SDH1 and Asp106 in SDH2 and may play a structural role through
a hydrogen bond network. Histidines in helices I and V (His84 and
His 71 in E. coli SDH3 and SDH4, respectively) serve as the axial li-
gands for heme b (Yankovskaya et al, 2003; Sun et al, 2005)
(Fig. 4A) but are dispensable for assembly and quinone reduction
(Tran et al., 2007; Oyedotun et al., 2007).

Earlier, we have cloned and sequenced genes coding for the
P. falciparum SDH1 and SDH2 by homology probing (Takeo et al,,
2000). In contrast to these subunits, Plasmodium SDH3 and SDH4
appear to be highly divergent from their mitochondrial orthologs
and are not annotated in the current database at NCBI, GeneDB
and PlasmoDB. The P. falciparum Complex Il previously isolated
from whole cell lysates was found to be the SDH1/SDH2 heterodi-
mer with an apparent molecular weight of 90 kDa (Suraveratum
et al., 2000). The authors claimed that Plasmodium Complex II
has a much lower K, (3 uM) for succinate than mammalian en-
zymes and has the plumbagin-sensitive succinate-quinone reduc-
tase activity. However, the concentration (0.2%) of the non-ionic
detergent octyl glucoside used for the isolation of P. falciparum
Complex Il was insufficient to solubilize all membrane proteins
(i.e., the critical micelle concentration of octyl glucoside is 0.73%).
Octyl glucoside likely dissociates the SDH1/SDH2 dimer from the
membrane anchors and the aerobic isolation of the SDH1/SDH2
dimer would likely damage the iron-sulfur clusters in SDH2. Thus,
the enzyme activities of such preparations need to be carefully
examined. Recently, we identified P. y. yoelii Complex 1 as a
135-kDa band by native PAGE followed by activity staining
(Kawahara et al, 2009). 2D-PAGE analysis of the Complex 11
revealed the presence of two small subunits, candidates for Plas-
modium SDH3 and SDH4. The succinate-quinone reductase activity
of P. falciparum and P. y. yoelii mitochondria (Takashima et al.,
2001; Mi-Ichi et al,, 2005; Kawahara et al,, 2009) and succinate res-
piration in rodent malaria mitochondria (Uyemura et al.,, 2000,
2004) support the presence of membrane anchor subunits of Com-
plex II for transferring electron to ubiquinone molecule within the
inner mitochondrial membrane.

3.2. Identification of Plasmodium Complex II anchor subunits

Protist SDH3 and SDH4 are generally divergent from their
orthologs, so conventional BLAST programs using bacterial and
eukaryotic sequences as queries failed to identify Plasmodium sub-
units in the current genome database. Recently, we purified Com-
plex I from the parasitic protist Trypanosoma cruzi and identified
six each of hydrophilic and hydrophobic subunits by protein
sequencing (Morales et al, 2009). Supernumerary non-catalytic
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Fig. 3. Sequence alignment of SDH3 (A) and SDH4 (B) of Plasmodium Complex Il. SDH3 and SDH4 sequences (GenBank accession Nos.) used are P. falciparum (XP_966100,
XP_001347385), P. knowlesi (PKH_113810, PKH_080980), P. vivax (XP_001616129, XP_001614414), P. y. yoelii (XP_731082, XP_726783), P. berghei (XP_678526, not availabie),
P. chabaudi (XP_742786, XP.738723), Leishmania major (XP.848167, XP_001685874), Dictyostelium discoideurn (XP_643757, XP_642171), Reclinomonas americana
(NP_044796, NP_044797), Cyanidioschyzon merolae (NP_059349, NP_059380), Nicotiana tabacum (YP_173376, YP_173457), S. cerevisiae S288C (NP_012781, NP_010463)
Candida glabrata (not used, XP_446226), Sus scrofa (1ZOY_C, 1Z0Y_D), and E. coli (NP_415249, NP_415250). Amino acid residues proposed for binding of ubiquinone and
protoheme IX are shown in red and transmembrane regions predicted by TMHMM are in blue. Residue numbers refer to the E. coli SDH3 (SdhC) and SDH4 (SdhD) sequences.
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Transmembrane helices found in porcine Complex If (PDB 1Z0OY) and E. coli Complex Il (PDB 1NEK) are boxed.

subunits in T. cruzi Complex Il may have evolved by complemen-
tary degeneration of dispersed duplicates (Hurles, 2004) in the
Euglenozoa. Among six transmembrane subunits, we identified T.

dates (Morales et al., 2009).
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cruzi SDH3 and SDH4 on the basis of the presence of the qui-
nonef/heme-binding motifs, that are only conserved in these candi-
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(A) E. coli SDH3 and SDH4

(B) P. falciparum SDH3 and SDH4
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(C) E. coli subunit a

(D) P. falciparum subunit a
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Fig. 4. Proposed structures for SDH3 and SDH4 of Complex Il and subunits a from E. coli and P. falciparum,

Unlike T. cruzi mitochondria, the yield of Plasmodium mitochon-
dria and the specific activity of Complex Il were very low (Takashima
etal,, 2001; Mi-Ichi et al., 2005; Kawaharaet al., 2009). Therefore, we
took an alternative strategy for the identification of Plasmodium
SDH3 and SDH4. We reexamined manually the sequences of Plasmo-
dium membrane proteins for the presence of the quinone/heme-
binding motifs of SDH3 and SDH4. Among 3310 ORFs' conserved
in both P. falciparum and P. y. yoelii at the TIGR Parasite Database,
15.5% are membrane proteins with putative transmembrane seg-
ments, and 2.5% are shorter than 200 amino acid residues, as are the
mitochondrial SDH3 and SDH4. From screening based on the number
of TMs (1-3), spacing between TMs, conservation in Plasmodium spp.,
and the sequence motifs in transmembrane helices, we identified can-
didates for P. falciparum SDH3 (83 residues, GenBank accession No.
XP_966100) and SDH4 (118 residues, XP_001347385) with two puta-
tive transmembrane helices (Figs. 3 and 4B, Table 1), which lack heli-
ces Il and VI, respectively. Sequence identities of P. falciparum SDH3
and SDH4 against counterparts in E. coli and Homo sapiens are 15.7%
and 14.3%, respectively, and 23.1% and 21.7%, respectively. An alterna-
tive candidate for PfSDH4 (XP_001349911 with one TM) contains the
“YHxoDY” motif but TMHMM predicts that this motifis in the C-termi-
nal hydrophilic tail. Orthologs of PSDH3 and PfSDH4 are present in
human malaria parasites Plasmodium vivax and Plasmodium knowlesi
and rodent malaria parasites P. y. yoelii, Plasmodium berghei and Plas-
modium chabaudi in the current database?. Phylogenetic analysis of
amino acid sequences showed that a clade for the membrane anchors

* Re-examination of the annotation of the P. y. yoelii genome on the basis of a
detailed analysis of a comprehensive set of ¢cDNA sequences and the liver stage
proteome identified a further 510 genes which have orthologs in the P. falciparum
genome (Vaughan et al, 2008). Analysis of these sequences did not yield any
candidates for Complex Il SDH3 and SDH4 and ATP synthase subunits a and b,

2 The PbSDH3 sequence seems incomplete and the PbSDH4 sequence has not been
identified yet at GeneDB, At NCBI, PfSDH3 was identified in Toxoplasma gondiii and the
alternative PfSDH4 was found in other Plasmodium species, T. gondii, Babesia bovis,
and Theileria parva,

of Plasmodium and Euglenozoa Complex Il is an outgroup of bacterial
and mitochondrial SDH3 and SDH4 (Fig. 5).

Table 1
Oxidative phosphorylation systems in P, falciparum.

Enzyme Subunits GenBank accession no.
NDH, XP_001352022
Succinate—-quinone SDH1 XP_001347618
reductase SDH2 XP_001350535
SDH3 XP_966100
SDH4 XP_001347385
Ubiquinol:cytochrome Cyth NP_059668*
¢ oxidoreductase Rieske FeS XP_001348547
Cytcq XP_001348771
Hinge (QCR6) XP_001348422
Mmpp XP_001351788,
XP_001352201
Cytochrome ¢ Cycl XP_001348211
Cytochrome ¢ oxidase COX1 NP_059667 XP_001350328
coxHt (2n)°, XP_001348462 (20)°
COX I NP_0596662
COXV XP_001352148
COoX Vi XP_001352150
coxXvi CAX64384
COX VIt XP_001351632
ATP synthase ATP1 {(a) XP_001349675
ATP2 (B) XP_001350751
ATP3 () XP_001349841

ATP5 (0OSCP, 8) XP_001349828
ATP16 (85, 8) XP_001348152
ATP15 (&) XP_001349058
ATP7 (d, p18) XP_001348820

ATP6 (a) XP_001347344

ATP4 (b) XP_001348969

ATP9 () MAL7P1.340
Dihydroorotate dehydrogenase XP_966023

NAD(P)-transhydrogenase XP_001348682

? Heterodimeric COX Il consist of two degenerated subunits, which retains the N-
or C-terminal functional domain,
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Fig. 5. Unrooted phylogenetic trees for SDH3 and SDH4 of Complex Il. SDH3 and SDH4 sequences (GenBank accession Nos.) used are H. sapiens (NP_002992, NP_002993),
Caenorhabditis elegans (NP_499283, NP_496369), Cryptococcus neoformans (XP_566692, XP_569088), T. brucei (XP_845531, XP_823384), Phytomonas serpens {C0723838,

(A) Complex i SDH3
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(B) Complex Il SDH4
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C€0723900), Euglena gracilis (EC671331, EC610072), and Rickettsia prowazekii (NP_220518, NP_220519). All other sequences are described in the legend to Fig. 3.

3.3. Heme and quinone binding sites of Plasmodium Complex Il

In Plasmodium, SDH3 contains an “RXy3.14SX2HY(F)” motif in the
N-terminal region of helix I and a “YYx,,DY"” motif in the C-terminal

Protists

Protists

Protists

Fig. 6. Sequence alignment of subunit d (ATP7) of protist ATP synthase. Sequences used (GenBank accession No.) are P, falciparum (XP_001348820), P. vivax (PVX_117075), P.
c. chabaudi (PCAS_133570), P. berghei (PB001416.02.0), E. gracilis (EC671747), Leishmania tarentolae (Q25423; p18), T. brucei (XP_844845; p18), S. cerevisiae (NP_012909),
Arabidopsis thaliana (NP_190798), Drosophila melanogaster (NP_524402), Nematostella vectensis (XP_001626831), Xenopus laevis (NP_001084746), and H. sapiens (NP_006347).
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C. merolae subunit d sequence (CMK178C) was obtained at Cyanidioschyzon merolae Genome Project.
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region of helix I, in place of “RPx;sSx;HR" and “YHx,¢D" motifs in
otherorganisms (Figs. 3 and 4). Plasmodium SDH4 contains a “Yx,¢G”
motifin helix V in place of the canonical “Hx;DY" motif (Figs. 3 and
4). Sequence alignments indicate that the tyrosines may substitute



for Arg in the SDH3 “Sx,HR" motif and histidines as heme ligands in
SDH3 and SDH4 (Yankovskaya et al., 2003; Sun et al., 2005). It has
been suggested that the role of a heme ligand in helix Il (His84 in
E. coli SDH3) could be replaced by a nearby histidine in the

Protists

Protists

Protists

Protists

Fig. 7. Sequence alignment of subunit b (ATP4) of protist ATP synthase, Sequences used
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Dimerization

IKKEID-MERLEREDTEETLVHLMEEALDKIGIPLA~ == o m o e o s e
IKKEID-NVRK~~ -
IKMEID-KERLEREDTEETLVHLMEETLDKIGMPYA ——
IKMEID-KERLEREDTEETLVHLMEETLDKIGMPYA
VKVELD-QEXKTREQSEEHLLSLLEDTCNKLSTAANL -
RQPHQS-TRADDADCGLAKLREEY YAUREKLDMLHQDASM = = e ot se ot e e
TNTIVM-NSILENISGPTGEALKN-TSFEEGIRILEEGAISLODKEEANS - ——mm—m e
FVSKLS~-NVKTKLRNKIFQKSFVS~-KQSKVKTKSRNKKN
T e e e e e e e e et e e e
MVSSATSKVRGRVOKGDKTLKDRRFKHALDILGNAKMDD TKEDDVAALFTKELRAYA
IKLLLEIQLENILKQFLNVNNKVLSSFINHEKIMLV.
LAKSVI-SRVQOSELGNPKFQEKVLQQOS ISEIEQLLSKLK ~ = mm e e s o e
IVICFR-ETVCDEFRFSKLRKHQS~KLVQQOSHVLL == ~KDGVPK = mmmmmm o e o
LVTKFY-TLVGKQFAYSCISKAERVEFIRESLVVLRMVRGGVFSm e mm s mm e
MVNWIT-INVLASIS-PQOEKETLNKCIADLSALALRVKSA = —mm e e e
I1IDWVE-KEVIKSIT-POORKESISQCTIRDLKAMAV ~ = o oo e e o e
MINWVE-KHVVQS IS~TQQEKETIAKCIADLKLLAKKAQAQPVM - mm e mm e e
AAVOAA~STILSQSVKGQVADDLLAKS ISEVROKLN= e <o oe e e e e
LAVAGA—EKIIERSVDEAANSDIVDKLVAFL

OSCP binding -
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quinone-binding motif “Sx,HR” in helix I (Maklashina et al., 2001 ).
In SDH4 from Saccharomyces cerevisige strain S288C (NP_010463)
and rice (NP_001045324), the heme ligand His is substituted by
Tyr and GIn, respectively. In catalase (Fita and Rossmann, 1985)

(GenBank accession No.) are P. falciparum (XP_001349752), P. vivax (XP_001613405),

P. berghei (XP_680022), P. c. chabaudi (XP_743670), Paramecium tetraurelia (XP_001429993), T. brucei (XP_844845), R. americana (NP_044805), Hemiselmis andersenii

(YP_001874763), D. discoideum (YP_001604088), Phytophthora brassicae (ES285372), C. merolae (N

P_059355), S. cerevisiae (NP_015247), Marchantia polymorpha (NP_054459),

A. thaliana (NP_085524), D. melanogaster (Q94516), N. vectensis (XP_001635800), H. sapiens {NP_001 679), Bradyrhizobium japonicum (NP_767825), and E, coli (NP_418192).

Domain structures shown are those proposed for E. coli AtpF (Dunn et al., 2000). Transmembrane

are shown in red,

- 331 -

helices predicted by TMHMM are indicated in blue and conserved residues



450

and other hemoproteins Tyr can coordinate the heme and the His-to-
Tyr mutant of the yeast SDH3 “YHx,,D"” motif retained half of the
enzyme activity and heme content (Oyedotun and Lemire, 1999),
In contrast to rhodoquinol-fumarate reductase (type C FRD) from

T. Mogi, K. Kita/Mitochondrion 9 (2008) 443453

to catalyze both succinate oxidation and fumarate reduction despite
Plasmodium mitochondria do not have low potential quinones. The
presence or absence of the bound protoheme IX in Plasmodium Com-
plex Il and its enzymatic properties must be tested in future studies

parasitic nematodes (Saruta et al, 1995), menaquinol-fumarate

using the purified enzyme.

reductase (type D FRD) from E. colilacks heme b although membrane

anchor subunits FrdC and FrdD have His and Cys, respectively, at the

3.4. Membrane anchor subunits of Plasmodium ATP synthase

equivalent position of His84 and His71 of E. coli SdhC and SdhD,

respectively (Hagerhall, 1997; Cecchini, 2003). Depending on host
environments, like E. coli FRD, Plasmodium Complex Il may be able

H.sapiens
S.cerevisiae
E.coli

P.falciparum | —~=eseeomamm——— MSDN-YQFLQFYNVYKDN=-~--RNKWGKKINKLNFNLDHYKSSRTKIFLY TLWYSIIFTYLHDFFF
P.knowlesi - ~~MNDNNEHLLLFYDAYKDN~~-~-RNKWGIGLNKLNIHIDNYKTNRTKLFLYVLWNILIFIYMLEFFV
P.vivax - e MNDNNAHLLOFYDVYKDN~ ~ « ~RTKWGIGLNKLNIHIENYKSNRTKLFLYVLWNILIFIYMLEFFV
P.berghei - ~~~MPDN-LELLHFYNVYNDR----RNKWKIGINKLNFNIESYKNMKTKTFLYVLWSILLFIYIFELLL
2|P.chabaudi | ————————o———un HPDN~-LELLHFYNIYNDR~-~~RNRKWKIGINKLNFNIENYKNIKTKIFLYVLWSILLFIYFFELLL
,2 T.brucei HFLFFFCDLFWLR. LLLCMYYCVWSRLCFIVYFNCLH
@Q|L.tarentolae HFVFFVCDLVIMR-- ILLCFCYSVWSRIIFVLFYN-VF
o.jC.mexrolae | cmmmme— HSLLSKRIILSPLEQFEFTTLIPLN-~-IYKYNLS ITNATLFLLIILITFLFIALFSLKGKLLVPNRWQLVIE
R.americana | ---—-—————- ~MRLVVPLSPFEQFEINPIFSI == NTSFAFTNSSLFALIAVLSLVFFFYLATYKSSIVPNAWQSALE
H.andersenii | ~=e-mcm=~- === eeMFYSPLEQFEITPILES == ~~VLPSKLIITNSTFFLCLTLVITILFFTFILSNSTLIPNRWQSITE
P.ramorum e e s e et et M P S PLEQEE ILP TFQ Lo m on e o e PEFVFTNASLILVIG~=-FVYLYIFTCIKPKFIPTRFQQIFE
A.parasiticum| ~—————mmeemmm MIIGSPLEQFIINPLISIS--~HIGVDLSITNSSLTNIIAIVLIITAYKLSIERGYIVPTRIQSVVE
H.sapieng ~--eeceeecee—e— MNENLFASFIAPTILGLP AAVLIILFPPLLIPTSKYLINNRLITTQQ
S.cerevisiae ~————-- MFNLLNTYITSPLDQFEIRTLFGLOSSFIDLSCLNLTTFSLYTIIVLLVITSLYTLTNNNNKIIGSRWLISQE
E.coli MASENMTPQDYIGHHLNNLQLDLRTFSLVDPQNPPATHRT INIDSHFFSVVLGLLF LV LFRSVARKKATSGVPGKFQTATE
M-l
P.falciparum | NLLFFFLYMPYTNIISKTI-FFLSILDCIFVIILTCRSFPYAYSYDKS=mmmmmmmmmmm e - ~KSLHTLVKLFFALSVHC

P.knowlesi N-LFFLLSHSHGNLISKSI-LSFSLLDS ILVILLTSQCLHAYSKDKS IELHKCAQYFHVLSIWC
P.vivax N-LFFLLCISHGNLVSTSI-LSFSLLDSILVILLTSQGVHAYSKDKS IELHKCAKYFHVLSIWC
P.berghei N-LLEVIYIQNINIIIKII-FIFSISEFITVILLTTOSIYGYSYDSS PILOKSSQSFFILSVWC
®1P.chabaudi N-LLFVIYIQNINIIVKTI-FIFSIFEIITVILLTSQSIYGYSYDSS~~ --IILOQKSSQSFFILSIWC
BIT.brucei LIFDFLLFCLEDLY ~m = LFVGLCLPLLLWFMLENLYSLILY YC L m e v e o e o e ot s o TYLNLYLLFCIVFLLYI
@lL.tarentolae | YICTELMFCIFDVY wmwmmu LEVGLCHF ICLWFVLFNFYGLIVY YOI w e m e mm e e e e m PYLNVY ILFCIVFHY Y
0.1C.merolae ITYDFVIIIILDNLGHKGE-RYFPIIFTIFTILLHCNLLGLIPYSFTmmmm e mmm e e VISHICFTFGLAPAIFI
R.americana SVYEFISGMVYGQIGSKGY~KYLPLIFITFTF ILACNMLGHVRPYSFT -~ ~~VPSHLVITLGLAMSIFI
H.andersenii | HTYEFVONMLYEALKERGN-YFFPIIFTUFTPFVFACNLLGHVPFTF T~ --VISHIIFTFSLGHIIFV
P, ramorum HIFNITIELTYSSIGKAGK~HFVSLIFVVFFFILLCNLIGHVPYSFT~~ ~-VISHLIITFTLALTIYL
A.parasiticum| ILYETVYGLIKDNIGEKGN-AYFPFIFTLFTYIVVLNLMGHVPYVFS—— --ATAHISVALALSFGIWF

WLIKLTSKQMMAMHNTKGR~-THSLELVSLI IF IATTNLLGLLPHSF P m e e PTTQLSMNLAMAIPLWA
AIYDTIMNMTKGQIGGKNWGLYFPHIFTLFMFIFIANLISHIPYSKFA LSABLVFIISLSIVIWL
LVIGFVNGSVKDMYHGKSK-LIAPTATLTIFVUVFLMNLHDLLPIDLIPYTABHVLGIPALRVVPSADVNVILSHALGVE L

- TM-Hi
T™-il E167
P.falciparum | FIKLLIYVPHTIICFAFISNQK=m=mmmm—— HNYNGLFFPYTPKNIYFNYFHEFPIIPINIVKSVLTLFTGRKIQYILSCIR
P.knowlesi SVKLLLYIFVAVLSFAILPTEK—— oo LNH-LFYFYGTKGVYFNYFIEIVITPNVIKSVLTFPTGQKIQYIFSCIR
P.vivax SVKLLLYVFVAILSFALLPSEK~wmmm e LNR-LFYFYGTRGLYFNYFIEIVITVNVVKAVLTFFTGQKVQYIFSCIR
P.bexghei PLEKLLEFYIILPILLSVFLNSNI o e oo PEFNTQLIYFSNKTLYFNYIMKLIITITAVKFVLTFFTGQKINYVFSCIR
0|P.chabaudi FFKLLEYTILTILLSVFSNSNI »~-ecmm——m TLNTQFIYFSNKTLYFNSLMRKILITITAVKFVLTRPFIGQRINYVFSCIR
,g T.brucei AFLFLFCFLCDFPFLFNNLLVGDSFMDVFFPIRFLLCFLECFSLLCRCLSTFLRLFCRLLSSHPLLLMPFDFFYFPIFVEFRFY
QO|L.tarentolae | AFLFCFCFLLDFILFGSLLVGDAFMDVFFLRYLLCVLECFSLLCRCISTFLRMFCNLLSSHFLMLMFCDFVYFFIIFFLF
a.{C.mexrolae GINIIGIREHGFHFFAIFLPKG-~~APLATLPLLVLIEFVSYIVRKVFTLAIRLFANITSGHTLLKI IAGFANTLLTLGGF
R.americana GVNIIAANQHGLHFFSFFLPQG~~~ISLALAPFILVLIEIISYLFRVVSLAVRLF ANMMSGHAL LK ILAGFSWTMSSKGGT
H.,andersenii | GLNIIGLKQHGLHFFSLFLPPG---SPLMLALLLVPIELISYVFRVVALSVRLFANMHAGHTLLKILATFAWKMLTIGGT
P.ramorum GFNLIGIKKHRLNFLNLLLPSG-—--ASIALVPILVPIELVSYIFRVISLPVRLFANHMAGHTLLEVIAGFAWTHLNVNSF
A.parasiticum| GVTLRGFSLHGINFLSMFKPQG-~~-APMALAPLLVHIELVSYSARAISLGVRLAANISAGHLLLAILSGFTWTHLAAGGT
H.sapiens GAVIMGFRSKIKNALAHFLPQG-~-TPTPLIPHLVIIETISLLIQPHMALAVRLTANI TAGHLLUHL IGSATLAMSTING~
S.cerevisiae GNTILGLYKHGWVFFSLFVPAG---TPLPLVPLLVIIETLSYIARAISLGLRIGSNILAGHLLMVILAGLTFNFULINLE
E.coli

zﬂLFYSIKMKGIGGFTKELTLQP—FNHW"lPVNLILEGVSLLSKPVSLGLRLFGNMYAGELIFILIAE!LPWWSQWELN

. E209 TM-IV_R210 E219
P.falciparum | ——w—emmwe oo TSTILKEKIRKDLEKQSFLFDDYTYC TFLND
P.knowlesi e et e o e e TSTILKSKIRKDLERQSFLFEDYTYG+~~~~TFITDFRE-——~—
P.vivax = | e TSTITLKSKIRKDLEKQSFLFEDHTYG-—-—-~TFMTDLRE~~———~
P.berghei | —-r—mercmm—mee PTSITLKNKIKKDLEKKSFLFDDQTYG~~~~TFTMDFNA~~—mm

“21P.chabaudi | ~=wmemmeccea—a =~=TSTILKSKIRKDLEKKSFLFEDQTYGm===TFTMDFNA~w=mm
:9 T.brucei GVFC~-=YWFILFIFVFCFCLLFYVFLYLLDLFAAILQLFIFCNMILQLIMDFLLFLLFV
OlL.tarentolae | FIMCDFIYFIIFTPAMLFCIIFYLFLYALDMFCALLQIFIFCNMINQLINDFLLLLSPH
ajC.merolae | ———me—m—eaow LSLLHIFPLLILFVLIGLEMGIAPLQAYVIALLVCIYLNDVIEFH -~~~
R.americana | —=—w-—mea—e- IAVASTIPLAIVFALTGLELAIAFLOAYVFAILVCIYLNDAIHLH-~~
H.andersenii | ~m——mmmm——— FLIIQLFPLMITIAITGLELAIAFT.QAYVWTITLICLYLSDALNLH—w-—
P.ramorum | ===== e = TPMAHFIPLIT IVLLVGLE IAVALIQAYVFTILTCHY INDALNLHw
A.parasitiocum| —m—mem—eama LSLASVLPALVIFAMSGLELAVAVIQAYVFILLTCIYINDAIHLH--~
H.sapiens —-—-ec—cecceeee PSTLIIFTILILLTILEIAVALIQAYVFTLLVSLYLHDNT - —~ e
S.cerevigsiae ————————a TLVFGFVPLANILAIMILEFAIGIIQSYVWTIILTASYLKDTLYLH~w
E.coli VPWATFHILIITLOAFIFMVLL LV YIPMASEER~~~
Ho45  Qes52 TM-V

For a long time, it has been assumed that Plasmodium mito-
chondria cannot carry out oxidative phosphorylation (Fry and

Fig. 8. Sequence alignment of subunit a (ATP6) of protist ATP synthase. Sequences used {GenBank accession No.) are P. faiciparum (XP_001347344), P. knowlesi (CAQ39459), P.
vivax (XP_001614365), P. berghei (XP_676120), P. chabaudi (XP_745940), T. brucei (AAA97428), L. tarentolae (AAA96695), C. merolae (NP_059364), R. americana (NP_044804),
H. andersenii (YP_001874775), D. discoideum (NP_050086), Phytophthora ramorum (YP_001165346), Amoebidium parasiticum (AAN04079), H. sapiens (NP_536848), S. cerevisiae
(CAA24054), and E. coli (NP_418194). Transmembrane helices (TM) predicted by TMHMM are indicated in blue and those proposed for E. coli AtpB (Moore et al., 2008) are

boxed. Conserved amino acid residues in TM-IV and -V are shown in red.
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Beesley, 1991) because of the apparent lack of transmembrane
subunits a and b of the H'-translocating F,F,-ATP synthase (Carl-
ton et al, 2002; Gardner et al.,, 2002). However, oxidative phos-
phorylation in rodent malaria mitochondria (Uyemura et al,
2000, 2004) supports the presence of subunits a an b of the F,
subcomplex, which serve as the stator in the rotary mechanism
(Noji et al., 1997; Fillingame et al,, 2000) (Fig. 2), in Plasmodium
ATP synthase.

Subunits @ and b of protist ATP synthase are also highly diver-
gent from bacterial and eukaryotic counterparts and are frequently
not anotated in the database (Seeber et al.,, 2008). In mitochondrial
genomes of land plants and certain protists, ORFs ymf19 (orfB) and
ymf39 are conserved. Based on the sequence similarity and of mass
spectrometric analysis, YmfI9/OrfB was assigned as subunit ATP8
(A6L) of the sunflower ATP synthase (Sabar et al., 2003). By protein
sequencing and mass spectrometric analysis, Ymf39 was assigned
as subunit b (ATP4 in mitochondria, AtpF in bacteria) in the jakobid
Seculamonas ecuadoriensis (Burger et al,, 2003), and the kinetop-
lastids Crithidia fasciculata (Speijer et al.,, 1997) and Leishmania tar-
entolae (Nelson et al., 2004). Based on peptide sequences of the C.
Jasciculate ATP synthase subunits, Allen et al. (2004) identified se-
ven subunits of Trypanosoma brucei ATP synthase. By using these
protist sequences as queries, we identified candidates for 10 sub-
units of Plasmodium ATP synthase with the current database (Table
1). In the mitochondrial ATP synthase, subunits b and ¢ of bacterial
enzymes are split to subunits b and d and subunits §,, and &,
respectively. We noticed that ATP16 (e, 6,,) was mislabeled as
ATP15 (&) in T. brucei ATP synthase (Allen et al., 2004). Trypano-
somatid p18 has been assigned as subunit b in previous studies
(Nelson et al, 2004; Zikova et al,, 2009). It is a hydrophilic nuclear
gene product and our sequence analysis indicates that trypanoso-
matid and euglenid p18s are more closely related to subunit d
(ATP7) (Devenish et al, 2000) (Fig. 6). As discussed by Burger
et al. (2003), subunit b is rather featureless except for the locations
of its transmembrane helices in the N-terminal region (Dunn et al.,
2000) and there is no strictly conserved residue throughout species
(Fig. 7).

Since the C fasciculate band 3 homolog has four putative trans-
membrane helices, we tentatively assigned band 3 as subunit a
(ATP6, AtpB) among four unassigned subunits of T. brucei ATP syn-
thase (Allen et al., 2004). Using the T. brucei sequence as a query,
we identified Plasmodium subunit a (Fig. 8). The sequence identi-

(A) ATP synthase subunit a

Apicomplexa
P.vivax
PR P.ramorum
D.discoideum P.falciparum
A Clt_;v;/lgarls
.thaliana .
R.americana P.c.chabaudi

P.berghei

Trypanosomatidae
T.brucei

C.reinhardtif L.tarentolae
H.sapiens
C.elegans
D.melanogaster elega
N.menigitidis
S.purpuratus E ool g
B.subtilis 02
=

D.discoideum
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ties of P. falciparum subunit a with the E. coli AtpB (Fig. 4C) and
H. sapiens ATP6 are 12.9% and 18.8%, respectively. TM-I of Plasmo-
dium and Trypanosoma spp. showed a high sequence similarity and
TM-IV and TM-V are conserved throughout species. Arg210 in
transmembrane helix IV (E. coli AtpB numbering), which is essen-
tial for the proton translocation through the F, subcomplex
(Valiyaveetil and Fillingame, 1977; Fillingame et al., 2000; Moore
et al., 2008), is substituted by Glu and Lys in human and rodent
malaria parasites, respectively (Figs. 4D and 8). In E. coli, second
site suppressor mutations of Arg210GIn in TM-IV have been iden-
tified as GIn252Arg and GIn252Lys in TM-V (Hatch et al., 1995;
Ishmukhametov et al,, 2008), indicating close proximity of these
conserved residues. Notably, a pair of residues at positions 219
and 245 of E. coli subunit a are interchanged in mitochondria and
the E. coli double mutant Glu219His/His245GIu was a slightly func-
tional (Cain and Simoni, 1988). In the malaria parasites, GIn252 is
replaced by Asp or Glu and Glu219 and His245 by Lys and Gluy,
respectively. Despite a lack of Arg210, a set of amino acid substitu-
tions would make the Plasmodium subunit a functional.

In conclusion, here we identified candidates for six F; subunits
[ot, B, 7, & (ATP5, OSCP), 5, and &) and four F, subunits (a-d) in
Plasmodium spp (Table 1). Thus, the Plasmodium ATP synthase con-
tains all eight subunits of the E. coli ATP synthase (ot3B3y1616-
(=0m plus enhab(=b plus d)ic107) and could carry out a rotary
mechanism for ATP synthesis (Noji et al., 1997; Fillingame et al,,
2000). Phylogenetic analysis showed that, in contrast to soluble
catalytic subunit g (not shown), all three membrane anchor sub-
units, q, b (Fig. 9) and ¢ (not shown), of Plasmodium and Trypano-
soma spp. are divergent from their mitochondrial orthologs.
Diversity in membrane anchors of parasitic protist mitochondrial
ATP synthase suggests the plasticity in their structures even though
they are essential for oxidative phosphorylation. Such variations
may modulate or attenuate the function in host environments.

4. Conclusion and perspectives

We identified candidates for the membrane anchors of Plasmo-
dium Complex Il based on the presence of the structural finger-
prints and showed sequence divergence from the eukaryotic
orthologs. ATPase subunits a and b of Plasmodium were identified
based on proteomics data of other protists, and again we found
high sequence divergence in the membrane anchors. Our studies

(B) ATP synthase subunit b

Trypanosomatidae
T.brucei

Apicomplexa
P.c.chabaudj
P.berghei

E.coli
N.menigitidis
B.subtilis

R.prowazekii
D.melanogaster

H.sapiens

P.brassicae N.vectensis
A.caslellanii S.cerevisiae
C.merolae
R.americana C.elegans

H.andersenii A.thaliana

C.vulgaris

Fig. 9. Unrooted phylogenetic trees for subunit a (A) and b (B} of F-type ATP synthase. Subunits a and b sequences (GenBank accession Nos.) used are D. melanogaster
(NP_008281, Q94516), C. elegans (NP_006956, NP_497938), Strongylocentrotus purpuratus (NP_006971, not available), A. thaliana (NP_085569, NP_085524), Chara vulgaris
(NP.943689, NP_943702), Chlamydomonas reinhardtii (XP_001689492, not available), L. major (not available, XP_001686628), Acanthamoeba castellanii (not available,
NP_042558), R. prowazekii (NP_220417, NP_220414), Neisseria meningiditis (NP_274934, NP_274932), and Bacillus subtilis (NP_391568, NP_391566). All other sequences were
described in the legends to Figs. 7 and 8. The mitochondrial genomes encode eukaryotic subunits a except C. reinhardtii and Plasmodium spp. and subunit b of plants and some

protists (D. discoideum, C. merolae, R. americana, and H. andersenii),
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suggest that Plasmodium mitochondria possess all catalytic sub-
units for Complex Il and ATP synthase (Table 1) and are fully capa-
ble of oxidative phosphorylation. Our approach is applicable to
other membrane proteins although it is rather low throughput.
Our assignments should help in understanding parasite energy
metabolism.

Recently, diarylquinoline, a new tuberculosis-specific agent, has
been shown to bind subunit ¢ of ATP synthase (Andries et al.,
2005). Plasmodium Complex Il and ATP synthase could be patho-
gen-specific targets for new antimalarial agents, because of se-
quence divergence in membrane anchor subunits. In addition,
alternative respiratory enzymes like NDH2 and malate:quinone
oxidoreductase (MQO) are absent in mammalian mitochondria
and are also promising targets. Since inhibitors for NDH2 are rare
and mostly nonspecific (Kerscher, 2000), we screened natural anti-
biotics and identified gramicidin S and scopafungin as new inhibi-
tors (Mogi et al., 2009), (Saleh et al., 2007) found that 1-hydroxy-2-
dodecyl-4(1H)quinolone (HDQ), a potent inhibitor for yeast NDH2
(Eschemann et al., 2005), can act as an antimalarial. Even though
our compounds were less effective on the Plasmodium enzyme
than on bacterial enzymes, they may still serve as antimalarials.
Such continuing efforts on the screening of natural and synthetic
compounds could identify novel and potent drugs against malaria.
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Crystallization and preliminary X-ray analysis of

aspartate transcarbamoylase from the parasitic
protist Trypanosoma cruzi

Aspartate transcarbamoylase (ATCase), the second enzyme of the de novo
pyrimidine-biosynthetic pathway, catalyzes the production of carbamoyl
aspartate from carbamoyl phosphate and L-aspartate. In contrast to Escherichia
coli ATCase and eukaryotic CAD multifunctional fusion enzymes, Trypano-
soma cruzi ATCase lacks regulatory subunits and is not part of the
multifunctional fusion enzyme. Recombinant T. cruzi ATCase expressed in
E. coli was purified and crystallized in a ligand-free form and in a complex with
carbamoyl phosphate at 277 K by the sitting-drop vapour-diffusion technique
using polyethylene glycol 3350 as a precipitant. Ligand-free crystals (space
group P1, unit-cell parameters a = 78.42, b = 79. 28 c=902A, « =69 56,
B = 8290, y = 63.25°) diffracted X-rays to 28A resolution, while those
cocrystallized with carbamoyl phosphate (space group P2, umt-cell parameters
a=88.41,b=158.38,c=89.00 A, B=119.66°) diffracted to 1.6 A resolution. The
presence of two homotrimers in the asymmetric unit (38 kDa x 6) gives Viy
values of 2.3 and 2.5 A* Da™ for the P1 and P2, crystal forms, respectively.

1. Introduction

Chagas disease is a serious tropical disease that is endemic in Central
and South America, affecting approximately 16-18 million people in
these areas. The causative agent is a flagellate parasitic protist,
Trypanosoma cruzi, which is transmitted by blood-feeding reduviid
bugs. Manifestations of Chagas disease include severe cardio-
myopathy, digestive injuries and neural disorders resulting from
gradual tissue destruction caused by the parasite. Because nifurtimox
and benznidazole, which are the currently used drugs for the treat-
ment of Chagas disease, are toxic and ineffective in the chronic phase,
the development of new chemotherapeutic drugs is urgently required
(Urbina, 2002).

Pyrimidine biosynthesis is indispensable to all organisms and is
achieved via the de novo and/or salvage pathways. T. cruzi possesses
both pathways and their balance varies at different developmental
stages of the parasite. Since the amastigote stage essentially relies on
the de novo pathway (Gutteridge & Gaborak, 1979), in which uridine
5'-monophosphate is produced through a series of six enzymatic
reactions, the enzymes of the de novo pathway therefore provide a
greater potential as the primary targets of chemotherapy (Urbina &
Docampo, 2003).

Aspartate transcarbamoylase (ATCase; EC 2.1.3.2), the second
enzyme of the de novo pyrimidine-biosynthetic pathway, catalyzes
the production of carbamoyl aspartate from carbamoyl phosphate
(CP) and tr-aspartate. Escherichia coli ATCase is a well known
allosteric enzyme and is comprised of catalytic and regulatory
subunits, the latter of which carries the binding site of the feedback
inhibitor cytidine 5'-triphosphate (CTP; Gerhart & Pardee, 1964;
Gerhart & Schachman, 1965; Shepherdson & Pardee, 1960). X-ray
structural analysis of the E. coli enzyme demonstrated that the
enzyme is composed of two trimers of the catalytic subunit (c) and
three dimers of the regulatory subumit (r) to form a (c3)y(r2)s
quaternary structure (Krause et al., 1985; Wiley et al,, 1972; Wiley &
Lipscomb, 1968). ATCases from different strains of Yersinia entero-
colitica and Y. enterocolitica-like organisms also exhibit the (c3),(t2)3
structure but are sensitive to feedback inhibition by different
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pyrimidine nucleotides (Foltermann et al., 1981). Bacillus subtilis
ATCase lacks the regulatory subunits (Stevens et al,, 1991) and in the
hyperthermophile Aquifex aeolicus six ATCase chains noncovalently
associate with six molecules of dihydroorotase (DHO), the third
enzyme of the pyrimidine-biosynthetic pathway, to form a dodecamer
(Zhang et al., 2009).

On the other hand, eukaryotic ATCases from animals, fungi and
Amoebozoa fuse with carbamoyl-phosphate synthetase II (CPS II;
the first enzyme of the de novo pathway) and DHO to form a
multifunctional fusion protein called CAD (Coleman et al., 1977;
Freund & Jarry, 1987; Simmer et al,, 1989; Souciet ef al., 1987), whose
feedback inhibitor (CTP) binding site is located in the CPS II domain
(Liu et al., 1994). In contrast, T. cruzi ATCase (TcATCase), together
with the ATCases from plants and other protists, is not part of the
CAD multifunctional enzyme and is virtually insensitive to feedback
inhibition by pyrimidine nucleotides (Aoki & Oya, 1987) since the
enzyme lacks the regulatory subunit (El-Sayed et al., 2005; Gao et al.,
1999). In addition, N-(phosphonoacetyl)-L-aspartate (PALA), a
specific inhibitor of bacterial and mammalian ATCases (Aoki, 1994),
only weakly inhibits TcATCase. Thus, structure determination of
TcATCase, as well as of the other de novo pyrimidine-biosynthetic
enzymes of T. cruzi, is considered to be crucial for the rational design
of chemotherapeutic agents against Chagas disease.

Currently, the crystal structures of bacterial ATCases from
Escherichia coli (Honzatko et al., 1982), Bacillus subtilis (Stevens et
al., 1991), Pyrococcus abyssi (Van Boxstael et al., 2003), Sulfolobus
acidocaldarius, Moritella profunda (De Vos et al., 2004, 2007) and
Methanococcus jannaschii (Vitali & Colaneri, 2008), and of the
A. aeolicus ATCase-DHO complex (Zhang et al., 2009) have been
reported. In the present study, we report the expression, purification,
crystallization and preliminary X-ray analysis of TcATCase. This is
the first crystallization report of an eukaryotic ATCase.

2. Materials and methods
2.1. Preparation of T. cruzi ATCase

The T. cruzi ATCase genes were previously cloned by screening
the total DNA library of T. cruzi Tulahuen strain (Nara et al., 2003).
T. cruzi Tulahuen possesses three copies of the ATCase gene (fcactl,
tcact2 and tcact3, with GenBank accession Nos. AB074138, AB074139
and AB074140, respectively) and fcact2 was selected for expression.
The open reading frame of fcact2 was amplified by PCR using
§'-CGGGATCCATGTTGGAACTGCCGCCAG-3' and 5-CGGG-
ATCCTCACGCCAAAACGCTCCAC-3 as the forward and reverse
primers, respectively, and then subcloned into the bacterial expres-
sion vector pET14b (Novagen, EMD Biosciences Inc., Madison,
Wisconsin, USA). The recombinant plasmid was introduced into
E. coli BL21 (DE3) pLysS (Novagen). The transformant was grown in
1000 ml Luria-Bertani medium containing 50 pg ml™! carbenicillin at
310K until the absorbance at 600 nm (Agy) reached about 0.6.
Expression of the recombinant Hisg-tagged TcATCase was induced
with 1 mM isopropyl B-p-1-thiogalactopyranoside at 310 K for 2 h.
The cells were harvested by centrifugation at 5000g for 10 min and
suspended in 20 ml lysis buffer (20 mM Tris—HCI pH 8.0, 0.5 M NaCl,
40 mM imidazole). After disruption of the cells by sonication, the
lysate was centrifuged at 15 000g at 277 K for 20 min. The super-
natant containing the Hiss-tagged TcATCase was filtrated with a
0.22 pm pore-size filter and loaded onto a His-Trap FF column (1 ml
bed volume; GE Healthcare) pre-equilibrated with lysis buffer. The
column was then washed with 20 ml lysis buffer and the bound Hisg-
tagged TcATCase was eluted from the column with lysis buffer

containing 500 mM imidazole. The fractions containing TcATCase
were pooled and the buffer was exchanged to 20 mM Tris-HCl pH 7.4
using a PD-10 desalting column (GE Healthcare); they were then
concentrated to 10 mgml™" with a centrifugal concentrator tube
(Amicon Ultra-4 Ultracel-10K).

The ATCase activity was assayed by monitoring the production of
carbamoyl aspartate from CP and r-aspartate by Ceriotti’s colori-
metric method (Prescott & Jones, 1969) with minor modifications.
Briefly, 0.5 ml of a reaction mixture containing 200 mdM Tris-HCI pH
7.9, 30 mM L-aspartate and purified ATCase was pre-incubated in a
1.5 ml quartz cuvette at 310 K for 5 min and the enzymatic reaction
was then started by adding CP to a final concentration of 1.3 mM. CP
was dissolved in ice-cold distilled water just before measurement.
After standing for 15 min at 310 K, the reaction was stopped and
0.5 ml of a 1:1 mixture of 0.5% antipyrine in 50% sulfonic acid and
0.8% diacetylmonoxime in 5% acetic acid was added. Colorimetric
development of the diazine produced from the carbamoyl aspartate
and diacetylmonoxime was performed at 333 K for 2 h in the dark
and the A was measured. The concentration of the carbamoyl
aspartate produced was estimated from the A,q values of standard
solutions containing carbamoyl aspartate at known concentrations.
The typical specific activity of the purified TcATCase was
9 umol min™! mg_1 and the K, values for CP and r-aspartate were
estimated to be 0.03 and 29.4 mM, respectively.

TcATCase was purified to apparent homogeneity as shown by
SDS-PAGE (Fig. 1), with a yield of about 2 mg from a 1000 ml
culture. Gel-filtration chromatography with TSK-gel G3000SWXL
(7.8 x 300 mm, Tosoh) and dynamic light-scattering analysis using
DynaPro Titan (Wyatt Technology) both indicated that the purified
enzyme existed as a homotrimer in solution.

2.2, Crystallization and X-ray data collection

All crystallization experiments were performed by the sitting-drop
vapour-diffusion technique in 96-well Corning CrystalEX micro-

1 2
975
66.2
45.0
310 S,

Figure 1

12.5% SDS-PAGE gel stained with Coomassie Brilliant Blue R-250 showing the
apparent homogeneity of the purified TcATCase. Lane 1, molecular-weight
markers (kDa); Jane 2, TcATCase purified using a His-Trap FF column.
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Table 1

Statistics of data collection and processing.

Values in parentheses are for the highest resolution shell.

Ligand-free TcAT Case

TcATCase-CP complex

‘Wavelength (A)
Space group .
Unit-cell parameters (A, °)

Solvent content} (%)
Frame number A
Resolution range (A)
No. of reflections
Unique reflections
Mosaicity
Redundancy
Completeness (%)
Rorget (%)

Mean lo(I)

0.900 (SPring-8 BLA4XU)
P1
a=7842, b=7928,
¢ =92.02, « = 69.56,
B=8290, y=6325
48
222
50.0-2.8 (2.90-2.80)
103124
44850
0.90
23(23)
97.7 (98.4)
74 (38.9)
158 (44)

1.000 (SPring-8 BL41XU)
1

a=28841, b=15838,
c=89.00, B=119.66

st
180

50.0-1.60 (1.66-1.60)
946629

277190

021

34 (34)

953 (91.4)

6.5 (39.9)

117 (39)

t Assuming the presence of six molecules in the asymmetric unit. Roerge =
ot 2o \L (KD — (TKD) S Y s 3 L(hKI), where L{(hKI) is the intensity of the ith
observation of reflection hkl.

plates with a conical flat bottom (Hampton Research). In the initial
screening for crystallization conditions, a 0.5 pl droplet containing
around 10 mg mI™! TcATCase dissolved in 20 mM Tris-HCl pH 74
was mixed with an equal volume of reservoir solution and the droplet
was allowed to equilibrate against 100 ul reservoir solution at 277
and 293 K. Commercially available screening kits purchased from
Hampton Research (Crystal Screen, Crystal Screen 2, Crystal Screen
Lite and SaltRx) and Emerald BioStructures (Wizard I, Wizard 11,
Cryo I and Cryo II) were used as reservoir solutions. Of the 434
conditions screened, condition No. 10 from Crystal Screen Lite
[15%(w/v) PEG 4000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium
acetate] gave tiny plate-shaped crystals at 277 K. The condition was
then optimized using 154 conditions by varying the PEG concentra-
tion (4-16%), the buffer pH (3.6-5.6) and the temperature (277 and
293 K) using PEG 3350, which is a monodisperse and high-purity
polyethylene glycol obtained from Hampton Research, as a precipi-
tant. For the best condition found, the effects of 72 additives on
crystallization were examined using Additive Screen kits (Hampton
Research) according to the manufacturer’s instruction. Cobalt
chloride and glycerol improved the size of the crystals; moreover, the
addition of both additives gave thicker crystals. Currently, crystals
larger than 0.2 x 0.1 x 0.01 mm can be grown at 277 K from reservoir
solution containing 8-10%(w/v) PEG 3350, 0.1 M acetate buffer
pH 4.6, 0.2 M ammonium acetate, 0.01 M cobalt chloride and 3%
glycerol. For cocrystallization with CP, a freshly prepared 100 mM CP
solution was added to the TcATCase solution to give a final con-
centration of 5mM and crystallization was conducted as described
above, Crystals of similar shape and size were obtained.

X-ray diffraction experiments were performed on the BL44XU
beamline (A = 0.900 A; equipped with a Bruker DIP-6040 detector
system) and the BL41XU beamline (A = 1.000 A; equipped with a
Rayonix CCD MX225HE detector) at SPring-8 (Harima, Japan) and
on the BL17A beamline (A = 1.000 A; equipped with an ADSC
Quantum 270 detector) at Photon Factory (Tsukuba, Japan). A
crystal mounted in a nylon loop was transferred and soaked briefly in
reservoir solution supplemented with 20%(w/v) glycerol and then
flash-cooled by rapidly submerging it in liquid nitrogen. Diffraction
data were collected under cryocooled conditions at 100 K. Tmages
were recorded with an oscillation angle of 1°, an exposure time of 1 s
per frame and a crystal-to-detector distance of 150 mm and were
processed with the HKL-2000 software package (Otwinowski &
Minor, 1997).

3. Results and discussion

Hise-tagged TcATCase (38 kDa) could be purified to homogeneity by
one-step purification using His-Trap FF column chromatography
(Fig. 1). The molecular weight of the purified enzyme estimated by
gelfiltration chromatography (134 kDa) and dynamic light scattering
(102 kDa; Ry = 4.3 nm, polydispersity = 13.9%, mass = 100%) indi-
cated that the enzyme probably exists as a homotrimer in solution.
Crystals of ligand-free TcATCase were obtained at 277 K from
reservoir solution containing 8-10%(w/v) PEG 3350, 0.1 M acetate
buffer pH 4.6, 0.2 M ammonium acetate, 0.01 M cobalt chloride and
3% glycerol and reached maximum dimensions within two weeks
(Fig. 2a). TcATCase complexed with CP was also crystallized by the
cocrystallization method under the same conditions within 2 d
(Fig. 2b). Analyses of the symmetry and systematic absences in the
recorded diffraction patterns indicated that the crystals of ligand-free
TcATCase belonged to the triclinic space group P1, with unit-cell
parameters a = 78.42, b = 79.28, ¢ = 92.02 A, o = 69.56, B8 = 82.90,
¥ = 63.25°, whereas those of TcATCase complexed with CP belonged
to the monoclinic space group P2,, with unit-cell parameters a = 88.41,
b = 15838, ¢ = 89.00 A, B =119.66°. Assuming the presence of two
Hisg-tagged TcATCase trimers (6 x 38 kDa) in the asymmetric unit,
the Vi values are 2.3 and 2.5 A® Da~" for the triclinic and monoclinic

®

Crystals of (a) ligand-free TcATCase and (b) TcATCase complexed with
carbamoyl phosphate obtained by the sitting-drop vapour-diffusion method using
PEG 3350 as a precipitant.

Figure 2
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Figure 3

The 2F, — F. electron-density map around the bound CP in the TcATCase~CP
complex structure contoured at 2¢. The structure is currently refined to R = 0.151
(1.6 A resolution).

crystal forms, respectively; these values are within the range
commonly observed for protein crystals (Matthews, 1968). A data set
to 2.8 A resolution (44 850 unique reflections) was obtained for
ligand-free TcATCase after merging 103 124 reflections recorded on
222 images, while 277 190 unique reflections to 1.6 A resolution were
produced from 946 629 measured reflections on 180 images for
TcATCase complexed with CP. Statistics of data collection and
processing are shown in Table 1.

Attempts to solve the structures of both crystal forms by the
molecular-replacement method with the MOLREP program (Vagin
& Teplyakov, 1997) as implemented within the CCP4 package
(Collaborative Computational Project, Number 4, 1994) were carried
out using the homotrimeric structure of the catalytic subunit of
P. abyssi ATCase (PDB code 1ml4; 40.1% amino-acid sequence
identity with TcATCase), which showed a higher identity to TcAT-
Case than to the ATCases from E. coli (PDB code 2atc; 36.5%
identity), B. subtilis (PDB code 2at2; 32.5% identity), S. acido-
caldarius (PDB code 2be9; 36.8% identity), Moritella profunda (PDB
code 2be7; 37.7% identity), Methanococcus jannaschii (PDB code
2rgw; 38.6% identity) and A. aeolicus (PDB code 3d6n; 21.2%
identity). A promising solution with two homotrimers per asymmetric
unit was obtained for both the ligand-free TcATCase (correlation
coefficient and R factor of 0.551 and 49.0%, respectively) and the
TcATCase—-CP complex (correlation coefficient and R factor of 0.615
and 50.9%, respectively). The models were subsequently subjected to
rigid-body refinement and gave R factors of 44.8% and 44.4% for
ligand-free TcATCase and the TcATCase—~CP complex, respectively.
Refinement of the structures is currently in the final stages. Clear
electron densities for the entire protein part and the bound CP were
observed for the TcATCase-CP complex (Fig. 3), but the loop of the
CP-binding site (Cys85-Thr95) was disordered in the ligand-free
TcATCase. The suppression of the flexibility of the loop by the bound
CP may lead to the different crystal form and the enhanced X-ray
diffraction of the crystals of the TcATCase—CP complex. We are now
trying to prepare crystals of TcATCase complexed with potential
inhibitors found in the Chemical Library of the Chemical Biology

Research Initiative, University of Tokyo by in silico screening. Since
the enzymes of the de novo pyrimidine-biosynthetic pathway have
great potential as primary targets of chemotherapy (Urbina &
Docampo, 2003), the detailed structures of TcATCase complexed
with these compounds will help in structure-based drug design aimed
at Chagas disease.

We thank all staff members of beamlines BI41XU and BL44XU at
SPring-8 and BL17A at Photon Factory for their help with the X-ray
diffraction experiments. This work was supported by a grant from the
Targeted Proteins Research Program (TPRP) and was supported in
part by a grant-in-aid for Creative Scientific Research (18GS0314 to
KK) from the Japan Society for the Promotion of Science and a grant-
in-aid for Scientific Research on Priority Areas (18073004) from the
Japanese Ministry of Education, Science, Culture, Sports and Tech-
nology.
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The nuclear genome of the human malaria parasite Plasmodium falciparum encodes a homolog of
the bacterial HU protein (PfHU). In this study, we characterised PfHU'’s physiological function. PfHU,
which is targeted exclusively to the parasite’s plastid, bound its natural target - the plastid DNA -
sequence-independently and complemented lack of HU in Escherichia coli. The HU gene could not
be knocked-out from the genome of Plasmodium berghei, implying that HU is important for the par-
asite’s survival. As the human cell lacks the HU homolog, PfHU is a potential target for drugs to con-

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.,

1. Introduction

Apicomplexan parasites such as the human malaria parasite
Plasmodium falciparum have a vestigial secondary plastid that is of-
ten called the apicoplast [1]. Despite being non-photosynthetic, the
apicomplexan plastid is indispensable for the parasite because the
organelle is involved in essential metabolism such as isoprenoid
biosynthesis [2]. The P. falciparum plastid contains its own genomic
DNA which is 35 kb in size and extremely rich in A+ T (86%) [1].
Almost all proteins encoded by the plastid DNA (ptDNA) are in-
volved in either transcription or translation. Nevertheless, the plas-
tid genome encodes at least one gene whose expression is critical
for the parasite’s survival, and drugs affecting bacterial type gene
expression often cause the delayed death phenotype of the parasite
[3].

Abbreviations: BHL, bacterial histone-like DNA binding protein; ptDNA, plastid
DNA
* Corresponding author, Fax: +44 20 8816 2730.
E-mail address: ssato@nimr.mrc.ac.uk (S. Sato).

In the plastid, genomic DNA is assembled into a compact, highly
organised structure, the nucleoid [4], like in bacteria from which
the plastid has evolved. Bacterial nucleoid formation depends on
a group of bacterial histone-like DNA binding proteins (BHLs).
The HU protein, which binds DNA in a sequence non-specific man-
ner and bends the bound DNA, is the most abundant BHL in the
bacterial cell [5]. Escherichia coli HU is a heterodimer of two highly
homologous subunits HUe and HUB, which are encoded by hupA
and hupB, respectively [6]. HU is ubiquitously distributed among
bacteria and this suggests that the protein is critical in bacterial
nucleoid formation. In addition to an architectural role, HU is also
involved in other cellular functions such as initiation of replication
[7], transcriptional regulation [8] and DNA recombination [9] in
E. coli.

Although the plastids of the photosynthetic eukaryotes are
descendents of bacteria, their original, bacterial components have
been gradually replaced to eukaryotic factors of equivalent func-
tion during the course of evolution. Today, the plastid HU homolog
is only found in some algal species and apicomplexans [4]. The al-
gal HUs such as those of Cyanidioschyzon merolae [10] and Guillar-
dia theta {11] are capable of rescuing bacterial HU null mutants

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies, Published by Elsevier B.V. All rights reserved.
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from its abnormal phenotype. The HU of G. theta bends DNA to
which it binds [11], suggesting that this protein is critical in the
formation of the nucleoid in this alga’s plastid.

Recently, Ram et al. reported that the nuclear genome of P. fal-
ciparum encodes a HU homolog (PfHU) that is probably involved in
DNA compaction in the plastid [12]. They found PfHU doesn’t exhi-
bit the DNA-bending activity in vitro and attributed this to the fact
that the protein lacks the highly conserved proline residue at the
position corresponding to P63 of E, coli HUoL.

In this study, we investigated how PfHU binds the plastid DNA,
whether the protein complements lack of HU in an E. coli null mu-
tant, and whether HU protein is essential in the related rodent ma-
laria parasite P. berghei, in order to characterise the physiological
function of PfHU.

2. Materials and methods
2.1. DNA-mobility shift assay

The Recombinant PfHUs, PfHU53-189 and PfHU53-148 were
prepared as described in Supplementary material. DNA fragments
A1280, A1838, B1624 and B1880 were PCR-amplified from the par-
asite’s ptDNA with a set of synthetic primers described by Singh et
al. {13]; AB1677 was amplified with 5-CTTTATATGGAGCTCGTCCT-
3’ and 5'-CTGATTTATTACCTGTTGGT-3'. Fifty nanograms of each
DNA fragment was incubated with each recombinant protein (0,
50, 100, 200, 400, and 800 ng) in the reaction buffer (20 mM
Tris-HCl, pH 7.5, 0.4 mM EDTA, 20 mM NaCl, 0.4 mM DTT) for
3 h at room temperature before application to a 1% agarose gel
and electrophoresis, then the gel was stained with ethidium
bromide.

2.2. Complementation test

The hupB::Km" locus of the HUB™ E. coli strain JR1671 was trans-
duced to the HUor strain JR1670 carrying hupA::Cm" to generate a
hupAhupB double mutant by P1 transduction [14]. A pQE50 (Qia-
gen)-base expression plasmid encoding PfHU53-189 without an
affinity tag was constructed and the hupAhupB double mutant
was transformed with a plasmid expressing the recombinant pro-
tein. The transformant was grown on LB supplemented with 50 pg/
ml kanamycin and 50 pg/ml ampicillin. Neither chloramphenicol
nor IPTG was added to the growth medium because the double
mutant was sensitive to chroramphenicol [14] and the excess
induction of PfHU53-189 was harmful for growth of the bacteria
(data not shown).

2.3. Knock-out of the nuclear gene of Plasmodium berghei

To disrupt the HU gene of P. berghei (PB000792.02.0) through
double-crossover homologous recombination, the plasmid
pPbHU-KO was constructed from pBS-DHFR [15] following the
method used to construct another targeting plasmid pPbGCS1-
KO, which was successfully used to knock-out the GCS1 gene of
the parasite [16] (details in Supplementary material). P. berghei
ANKA clone 2.34 was separately transfected with pPbGCS1-KO or
pPbHU-KO by electroporation, and recombinant parasites were se-
lected with pyrimethamine.

3. Results
3.1. PfHU binds the plastid DNA sequence-independently

Ram and colleagues reported that PfHU exhibits the DNA bind-
ing activity that is predictable from the presence of a complete BHL

domain in the protein [12]. They also reported that PfHU is local-
ised to the plastid [12]. We confirmed the plastid-specific location
of the protein by immuno-fluorescence microscopy using the anti-
PfHU antibody (Supplementary Fig. S1). Therefore, the organellar
genomic DNA in the plastid is the only natural target of the binding
of PfHU. Ram and colleagues carried out chromatin immuno-pre-
cipitation (ChlP) assays and suggested that PfHU binds at least part
of the organellar DNA [12], but no further analysis has been done.
Thus, in order to characterise the physiological function of PfHU in
detail, we analysed the protein's binding to different parts of the
ptDNA by DNA-mobility shift assay using the recombinant protein.

Transfection experiments using yellow fluorescent protein
(YFP) fused to Met1-Met82 of PfHU (PfHU-YFP) showed that the
N-terminal sequence functions as the plastid targeting sequence
(Supplementary Fig. S2). We prepared two differently truncated
forms of the recombinant PfHU, PfHU53-189 and PfHUS53-148:;
PfHU53-189 lacks the N-terminal unconserved sequence (M1-
152) whereas PfHU53-148 contains only the BHL domain
(Fig. 1A). The apparent molecular mass of PfHU53-189 determined
by Western blotting is almost the same as the natural PfHU present
in the parasite (Supplementary Fig. S3). This suggests that the
unconserved N-terminal sequence is removed from the mature
form of PfHU, which is almost the same as PfHU53-189, when
the protein is targeted to the plastid.

For this analysis, we selected five different regions of the ptDNA
(Fig. 1B). Four of them -~ A1838, A1820, B1624 and B1880 - were
chosen from those described in the previous report by Singh et al
[13], as they are in close proximity of the DNA replication initiation
sites (A1820), protein coding regions with tRNA genes’ cluster
(B1624 and B1880) and a part of a protein coding gene (A1838),
respectively. In addition, another region AB1677, which contains
the ends of both the two gene clusters, was selected as it is sup-
posed to be important in termination of transcription.

A PCR fragment of each region was incubated with PfHU53-189
and separated by agarose gel electrophoresis (Fig. 1C). The result
clearly showed that the protein affected the mobility of all the five
fragments, Shift of the band was apparent even at a protein/DNA
mass ratio=1 but it was much more prominent when the ratio
was higher. The protein added at the same mass ratio affected
the mobility of each fragment equally. This indicates that
PfHU53-189 binds these five DNA fragments regardless of their
size and nucleotide sequence. This suggests that PfHU binds the
ptDNA sequence without specificity.

Another experiment with PfHU53-148, which consists of only
the BHL domain of PfHU, showed that this shorter form also binds
the ptDNA sequence-independently, though the protein’s affinity
for each fragment seemed to be lower than that of PfHU53-189
(Fig. 1D). This implies that the BHL domain is sufficient for PfHU
to bind the DNA and the unique C-terminal sequence stabilises
the DNA-protein complex.

3.2. PfHU complements the HU-deficient E. coli mutant

Although neither of the two genes (hupA and hupB) encoding
the two subunits of HU is essential for the survival of E. coli on
LB at 37 °C, hupAhupB double mutants exhibit characteristic phe-
notypes such as filamentous morphology and sensitivity to the
cold [17]. To characterise the function of PfHU further, a hupAhupB
double mutant strain was transformed with the expression plas-
mid for PfHU53-189 and the effect of the expressed recombinant
protein on the mutant’s phenotypes investigated.

Unlike the HU* parent strain JR1669 that is short and homo-
geneous in size, the hupAhupB double mutant exhibits a character-
istic filamentous phenotype (Fig. 2A). On the LB plate, the mutant
forms visible colonies at 37 °C, but no visible colony is formed
at 25°C (Fig. 2B). By contrast, the transformants expressing
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Fig. 1. PfHU binds the plastid DNA sequence-independently. (A) PIHU and its two recombinant forms. The BHL domain cor
Map of the plastid DNA of P. falciparum. The position of each DNA fragment used in the DNA-mobility shift assa
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