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The human malaria parasite (Plasmodium falciparum) possesses a plastid-derived
organelle called the apicoplast, which is believed to employ metabolisms crucial for
the parasite’s survival. We cloned and studied the biochemical properties of
plant-type ferredoxin (Fd) and Fd-NADP' reductase (FNR), a redox system that
potentially supplies reducing power to Fd-dependent metabolic pathways in malaria
parasite apicoplasts. The recombinant P. falciparum Fd and FNR proteins were
produced by synthetic genes with altered codon usages preferred in Escherichia coli.
The redox potential of the Fd was shown to be considerably more positive than those
of leaf-type and root-type Fds from plants, which is favourable for a presumed
direction of electron flow from catabolically generated NADPH to Fd in the
apicoplast. The backbone structure of P. falciparum Fd, as solved by X-ray
crystallography, closely resembles those of Fds from plants, and the surface-charge
distribution shows several acidic regions in common with plant Fds and some basic
regions unique to this Fd. P. falciparum FNR was able to transfer electrons
selectively to P. falciparum Fd in a reconstituted system of NADPH-dependent
cytochrome ¢ reduction. These results indicate that an NADPH-FNR-Fd cascade is
operative in the apicoplast of human malaria parasites.
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Protozoan parasites of the phylum Apicomplexa, includ-
ing Plasmodium sp. (the causative agent of malaria) and
Toxoplasma sp., contain a non-photosynthetic plastid
organelle called the apicoplast (). The apicoplast is
considered to have been acquired by secondary endosym-
biosis of algae (2), and is essential for the parasite’s
survival (3, 4). The vital function of the apicoplast
remains unclear, but it is thought to employ metabolisms
common to those performed in the plastid of
non-photosynthetic tissues, such as roots, in higher
plants (5). Biosynthesis of fatty acids, isoprenoids, Fe-S
clusters and hemes are proposed as such candidates (6).
Because the apicoplast is non-photosynthetic, energy
and reducing power as well as substrates (particularly
carbon) for anabolic biosynthesis need to be delivered
from outside of the organella. Triose phosphates such as
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phosphoenolpyruvate and dihydroxyacetone phosphate
are suggested to be imported from the cytosol as
a carbon source by analogy to non-photosynthetic plastid
in plants (6). However, the mechanism by which the
apicoplast satisfies its energy requirements remains
unclear without the discovery of the components for
the glycolytic pathway, pentose phosphate pathway,
nor ATP/ADP antiporter. One possibility is supply
of NAD(P)H through an electron shuttle created by
dihydroxyacetone phosphate.

Recently, genes encoding proteins homologous to plant
ferredoxin (Fd) and Fd-NADP" reductase (FNR) were
found in the genomes of Plasmodium falciparum (human
malaria parasite) (5) and Toxoplasma gondii (7). They
are both single-copy genes and contain putative
N-terminal apicoplast-targeting signals. FNR, an
FAD-containing enzyme, is responsible for the electron
transfer between NADPH and Fd, a small 2Fe-2S
protein. Fd in photosynthetic plastids (chloroplasts)
receives electrons from photosystem I, and a large
portion of this reduced Fd is utilized by FNR for the
conversion of NADP' to NADPH, needed in the Calvin
cycle (8). In non-photosynthetic plastids, on the other
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hand, FNR catalyses the reverse direction of electron
transfer from NADPH to Fd, which then acts as a major
reductant for various reactions in this organelle such
as reduction of nitrite (9) and sulphite, and biosynthesis
of unsaturated fatty acids.

Fd and FNR are each present as distinct isoproteins in
photosynthetic and non-photosynthetic plant tissues, and
the electron transfer cascade of NADPH-FNR-Fd in
the direction opposite to that occurring in the photo-
synthetic process is facilitated by a combination of
non-photosynthetic isoproteins of Fd and FNR (10, 11).
By analogy, a redox cascade of NADPH-FNR-Fd in the
apicoplasts is predicted to provide reducing power, which
drives putative, possibly crucial, Fd-dependent metabo-
lisms (5). The involvement of apicoplast Fd is indicated
by the recent discovery of an Fe-S cluster assembly
pathway (12), fatty acid desaturase (5) and isoprenoid
biosynthesis pathway (13). Because this plant-type redox
system is not present in the mammalian host, it would
represent a promising drug target to combat malaria,
for instance, by developing substances that inhibit the
interaction between Fd and FNR.

In order to obtain detailed information about the
biochemical properties of Fd and FNR in human malaria
parasites (P. falciparum), we recombinantly expressed,
purified and functionally characterized these proteins.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant Proteins—DNA sequences
encoding P. falciparum Fd (PfFd) and FNR (PfFNR) were
identified by a TBLASTN screen with previously
reported amino-acid sequences from maize (Zea
mays L.) root and T. gondii (5, 7) against the Malaria
Plasmodium database (Plasmo DB) (available at http:/
plasmodb.org/) in combination with a BLAST search of
the malaria genome in the NCBI database. The deduced
amino-acid sequences of putative mature PfFd and
PfFNR (Plasmo DB accession code PFF1115w) starting
from Leu97 and Leu38 of Fd and FNR precursor
proteins, respectively, based on the mature sequences
of plant Fds and FNRs, were back-translated into the
codon usage of Escherichia coli because it was considered
that the original AT-rich P. falciparum sequences would
not be efficiently expressed in E. coli (14, 15). First Leu
of both proteins was replaced by Ala for the purpose of
efficient expression in E. coli. The A/T ratio of 60 bp from
the 5 end was raised to increase expression level in
E. coli (16). The complete synthetic genes were obtained
according to the procedure described previously (11) and
cloned into the pTrc99A vector (Amersham bioscience).
The nucleotide sequences of the chemically synthesized
genes for PfFd and PfFNR are shown in supplemental
data (supplementary Fig. 1). PfFd protein was expressed
and purified from bacteria (JM105) harbouring the above
construct, according to the methods described previously
(16). PfFNR protein was expressed and purified from
bacteria (TG1) basically according to the previously
described protocol (10) except that IPTG concentration
was lowered to 20 uM and that Fd-affinity chromatogra-
phy using PfFd-immobilized Sepharose was applied.
At the final step of purification, Phenyl-Superose
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column (Pharmacia) chromatography was performed
with a linear gradient of ammonium sulphate (3-0M) in
50mM Tris—HC1 (pH 7.5).

Physical Analysis—Spectra were measured on a
UV-2500PC spectrophotometer (Shimazu, Tokyo). Redox
potential was calculated as the midpoint of cyclic
voltammetric measurements made at 25°C versus a
Ag/AgCl electrode at pH 7.5 essentially as described
by Taniguchi et al. (17).

Crystallization and Structure Determination—Crystals
of PfFd were obtained at 4°C from equal volumes of
the concentrated protein (20 mg/ml in 50 mM Tris—HCI,
pH 7.5) and reservoir solution [30% (w/v) PEG8000,
200mM sodium acetate trihydrate and 100 mM sodium
cacodylate, pH 6.5] by the hanging-drop vapour diffusion
method. X-ray intensity data were collected with
a R-AXIS IV imaging plate system (Rigaku) using
CuKa radiation. Crystal data and refinement statistics
are given in Table 1. Diffraction data were collected with
the program d*TREK (18). The structure was determined
by molecular replacement method using the maize root
Fd (FdIII) structure (shown in Fig. 3) as a search model
with the program CNS (19). Two Fd molecules in the
asymmetric unit were refined using the program CNS.

Western Blot and Indirect Immunofluorescence Assay—
P. falciparum cells (strain Honduras-1) at trophozoite
and schizont stages were prepared as previously
described (20). The parasite cells were disrupted by
repeated freezing and thawing, and sonication, and
passed through the magnetic purification system
of vario MACS column (Miltenyi Biotec) for removal of
hemozoin. The resulting cell extract was applied to a
DE-52 ion-exchange column for the partial purification of
PfFd and used for western blot analysis. Proteins
were separated by SDS-PAGE and transferred to
PVDF membrane (Immobilon, Millipore) followed by
immunodetection essentially according to the methods

Table 1. Crystallographic data.

Space group P2,
a (A) 49.0
b (A 50.6
¢ (A 52.5
b () 115.5
Completeness (%)* 96.9 (83.5)
Rerge (%)*° 8.3 (14.5)
Resolution (A) 1.7
Number of measured reflections 89,521
Number of unique reflections 24,928
Resolution limits (A) 47.0-1.7
Rcryst (%)C 18.4
Rpree (%)° 22.1
Number of water molecules 507
R.M.S. deviations
Bond lengths (A) 0.004
Bond angles (%) 1.3

“Values for the highest resolution bins (1.76-1.70 A) are shown in
arentheses.

"Rierge = S| — <I>|/S1,  where

<[I>=average intensity.

“Reryst = S| F(obs) — F(calc)| /S F(obs).
R Was calculated against 5% of the total reflections omitted from

the refinement.

I=observed intensity  and
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of Onda et al. (10). Primary rabbit antibody raised
against PfFd was used at 1:1,000 antisera dilution.
The antigen—antibody complex was visualized by reaction
with alkaline phosphatase conjugated with goat anti-
bodies against rabbit IgG (Bio-Rad).

For subcellular localization of proteins, an
indirect immunofluorescence assay was carried out
according to the methods described previously (20).
The antibody was purified using an immobilized PfFd
filter, and the antigen—antibody complex was visualized
by fluorescence of Cy3 conjugated with sheep antibodies
against rabbit IgG (Sigma) for PfFd, and fluorescein
isothiocyanate conjugated with sheep antibodies against
mouse IgG (Sigma) for iron—-sulphur protein subunit
of mitochondria complex II (succinate—ubiquinone
reductase) from P. falciparum (21).

Enzymatic Analysis—NADPH-dependent Fd reduction
by FNR was measured as described by Onda et al. (10)
except that the concentration of cytochrome ¢ (cyt ¢) was
lowered to 45uM and light-path was increased to 1cm
when PfFNR was used.

RESULTS

Physical Properties of PfFd and PfFNR—Recombinant
PfFd and PfFNR proteins were produced using synthetic
genes (supplementary Fig. 1) with altered codon usages
optimized for expression in E. coli (14, 15). The purified
PfFd and PfFNR proteins show typical spectra of 2Fe-2S
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Fig. 1. Absorption spectra of the recombinant PfFd
and PfFNR. The purified PfFd (210pM, light path 2mm)
showed the typical spectrum of a 2Fe-2S Fd, with peaks at 277,
332, 424 and 464nm (dashed line). Maximal absorbance
in the UV region was at 277nm, and a value of 1.75 for the
Ag77/A44 ratio was determined as the index of purity. The
purified PfFNR (14.8 pM, light path 10 mm) showed the typical
spectrum of a flavoprotein, with peaks at 393 and 452nm
(solid line). Maximal absorbance in the UV region was
at 275nm, and a value of 7.0 for the As;s/Asse ratio was
calculated from the spectrum.
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Fd and flavin-containing enzymes, respectively (Fig. 1),
and migrate in SDS-PAGE as homogeneous bands (data
not shown).

Redox potential of PfFd was measured together
with leaf-type and root-type of Arabidopsis Fds
by cyclic voltammetry (Fig. 2). Low redox potential
(=310~ —450mV) is characteristic to classical plant-type
2Fe—2S Fds. As shown in Fig. 2, the redox potential of
root-type Fd is more positive than that of leaf-type Fd,
thus favouring the direction of electron flow
from NADPH to Fd in non-photosynthetic tissue while
the lower redox potential of leaf-type Fd supports a
higher photosynthetic activity, with electron flow in the
opposite direction (11). The redox potential of PfFd
(=266 mV) is even more positive than those of root Fds
(Fig. 2A and B). This value is similar to that
of mitochondrial adrenodoxin [-250mV according to
ref. (22)], another protein containing a 2Fe-2S cluster,
which functions as an electron carrier for cytochrome
Pys0s. As the redox potential of the FAD moiety
of T. gondii FNR is more positive than those of plant
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Fig. 2. Redox potential. (A) Cyclic voltammograms were taken
in 100uM solutions of P. falciparum Fd (PfFd), Arabidopsis
leaf-type Fd2 (AtFd2) and Arabidopsis root-type Fd3 (AtFd3),
versus a standard hydrogen electrode. Results are typical
of at least three independent measurements. SD was <56 mV in
all cases. Calculated redox potentials of AtFd2, AtFd3 and PfFd
are —433, —337 and —266 mV, respectively. The greater current
seen with AtFd2 may be due to its more negative surface charge
allowing  increased interaction with  the electrode,
which is coated with positively charged poly-L-Lys, as
described in (11). (B) Comparison of calculated potentials with
known measurements of NADPH and maize and 7. gondii
proteins: maize leaf Fd (16); maize root Fd (29); leaf FNR and
root FNR (30); T. gondii FNR (7).
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FNRs [about —290mV according to ref. (7)] (Fig. 2B), the
higher redox potential appears to be a characteristic
feature of the Fd/FNR couple in apicoplasts.

The amino-acid sequence of the mature region of PfFd
shares about 50% homology with plant Fds, but contains
several basic residues that are not found in plant
Fds (5, 7). PfFd was crystallized, and its structure
was solved at a 1.7A resolution by X-ray diffraction
(Fig. 3A, Table 1). The backbone structures of PfFd,
maize root Fd and spinach leaf Fd are very similar
(except for the C-terminus), with the region surrounding
the 2Fe-2S cluster most closely matched (Fig. 3B). While
the surface charge distribution around the 2Fe-2S
cluster of PfFd is similar to that of plant Fds with
most of the surface negatively charged (Fig. 3C upper
panels), the opposite surface area of PfFd is more
positively charged due to the additional basic residues
of Arg at position 8 and Lys at positions 14, 15, 70, 71
and 72 as compared to plant Fds (Fig. 3C lower panels).
These basic residues are well conserved among Fds of
Plasmodium sp. (P. falciparum, P. yoelli and P. knowlesi)
and partly conserved with T. gondii Fd (Lysl4, Lys70
and Lys71), indicative of a parasite-specific character.

Detection and Subcellular Localization of PfFd—Using
an antibody against recombinant PfFd, presence of the
authentic Fd was confirmed in a DE-52 bound fraction
of P. falciparum cell extract by western blot (Fig. 4A,
lane 4) and its subcellular localization was observed in a
discrete area (Fig. 4B, red spots) at the intra-erythrocytic
stage of P. falciparum cells by indirect immunofluores-
cence assay. In Fig. 4B, the fluorescent Fd spot was
detected in an area adjacent to the nucleus in the early
stages (ring and early trophozoite stages in upper
panels). This was positioned at an area different from
the mitochondria marker signal of succinate—ubiquinone
reductase (21) (green spot in middle panels). The number
of red spots increased later in the trophozoite stage, and
they were associated with the divided nuclei at the
schizont stage (upper right and lower panels), which
agrees with the notion that apicomplexan parasites
contain one apicoplast per cell and replication of the
organelle precedes cell division (23). These observations,
together with the presence of its putative N-terminal
apicoplast-targeting signal (7), strongly indicate that Fd
is present in the apicoplast.

Electron Transfer Activity of PfFd and PfFNR—
The amino-acid sequence of PfFNR shows unique
features, with large insertions and deletions as compared
to plant FNRs (24). A large insertion of 28 amino acids
(with regard to maize root FNR) at position 90 are
common to 7. gondii FNR (5, 24), but other insertions
and deletions vary between the two apicomplexan
FNRs. Experimental evidence that the N-terminal
150-amino-acid (putative apicoplast-targeting) sequence
as well as the whole FNR sequence was able to target
a genetically fused reporter protein into the apicoplast
of T. gondii (25) supports the localization of FNR in the
apicoplast.

Electron transfer activity from PfFNR to PfFd was
analysed in a reconstituted system of NADPH-dependent
cyt ¢ reduction, using leaf-type and root-type Fd and
FNR isoproteins from higher plants as controls (Fig. 5).

Y. Kimata-Ariga et al.

PfFd maize root Fd spinach leaf Fd

(Glug2Lys)

+

Fig. 3. Structure of PfFd and comparison with those
of higher-plant Fds. (A) The ribbon diagram of PfFd.
The 2Fe-2S cluster is shown as red balls. ‘N’ and ‘C’ stand
for the N-terminal and C-terminal ends, respectively.
(B) Superimposed stereo views of the backbone structures of
PfFd (cyan), maize (Zea mays) root Fd (magenta) (PDB, under
submission, protein accession number; P27788) and spinach
(Spinacia oleracea) leaf Fd Glu92Lys mutant (yellow) (PDB code
1A70). The 2Fe-2S cluster is shown as a ball-and-stick model.
‘N’ and ‘C’ stand for the N-terminal and C-terminal ends,
respectively. For spinach leaf Fd, only the crystal structure of a
Glu92Lys mutant is available. (C) Surface-charge distribution of
PfFd (Left), maize root Fd (Middle) and spinach leaf Fd
Glu92Lys mutant (Right), viewed from the side of the 2Fe-2S
cluster (upper), and from the opposite side of the 2Fe-2S cluster
(lower). The residue at 92 of spinach leaf Fd [asterisk (*) in
upper right panel] is an acidic residue (Glu) in wild-type Fd
instead of the basic residue (Lys) in the mutant Fd shown in
this figure. In lower panels, the residues with basic charges on
the molecular surface are numbered. The figure was produced
with GRASP. The bar shown in the right represents the surface-
charge gradient from negative (red) to positive (blue).
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Fig. 4. Identification and subcellular localization of PfFd
in the parasite. (A) Extract of washed cell cultures of
trophozoite and schizont stages of P. falciparum (10® parasites)
was applied to a DE-52 column for the partial purification of Fd,
and the resulting unbound fraction (lane 2), washed fraction
(lane 3) and eluted fraction (lane 4) were subjected to SDS-PAGE
and analysed by western blot together with the purified
recombinant PfFd (rPfFd) (10ng, lane 1) using rabbit antiserum
directed against purified rPfFd. The band detected at
about 18kDa (arrow) corresponds to Fd. (B) Ring, early
and late trophozoite and schizont stages of P. falciparum
parasites were subjected to immunofluorescence staining using
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rabbit antiserum directed against the recombinant PfFd
(rPfFd) (red colour). Nuclear DNA was counterstained with
4’,6'-diamino-2-phenylindole (DAPI) (blue colour). Early tropho-
zoite (middle panels) and schizont (lower panels) stages
of parasites were also subjected to immunofluorescence staining
using mouse antiserum directed against the recombinant
P. falciparum iron—sulphur protein subunit of mitochondria
complex II [succinate-ubiquinone reductase, ref. (21)] (rPflp)
(green colour), as a mitochondrial marker. Colour images
of DAPI, rPfFd and rPflp were obtained independently and
overlaid (merge). Dark spots in bright field (left panels) represent
the hemozoin pigment.
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Fig. 5. Electron transfer activity between Fd and FNR
from P. falciparum and higher plants. Electron transfer
activity from FNR to Fd was assayed in a reconstituted
cascade of NADPH-FNR-Fd—cyt ¢ by measuring the rate of
cyt ¢ reduction. Reactions were performed with combinations
of FNR from P. falciparum (A), maize root (B) or maize leaf (C)
and Fd from P. falciparum (PfFd), maize root (R-Fd) or spinach
leaf (L-Fd). Recombinant Fd and FNR isoproteins from maize
and spinach were purified as reported previously (10, 16).
Basically the same results were obtained when maize leaf
Fd was used in place of spinach leaf Fd. Typical results of three
independent experiments are presented. Note that PfFNR
selectively transfers electrons to PfFd (A), maize root FNR

Y. Kimata-Ariga et al.

PfFNR transfers electrons to PfFd most effectively
among the three Fds tested (Fig. 5A), suggesting an
advantageous combination of PfFNR and PfFd. On the
other hand, plant FNRs transfer electrons to PfFd at
an equal or slightly higher efficiency than to plant Fds.
The k..t value of PIFNR was found to be considerably
lower than those of plant FNRs (10) (Fig. 5) and
T. gondii FNR (7). This is due to inherently
lower activity (k.s;) of NADPH oxidation as measured
by diaphorase activity (about one-fifth of root-type FNR,
Kimata-Ariga, Y. and Hase, T., unpublished observa-
tions). The rate of NADH oxidation by the FNR was
found to be still lower than that with NADPH (Kimata-
Ariga, Y. and Hase, T., unpublished observations). These
results indicate that an NADPH-FNR-Fd cascade is
operative in the apicoplast.

DISCUSSION

In this study, we have structurally and biochemicaly
characterized Fd and FNR of P. falciparum and provided
clear evidence that the functional NADPH/FNR/Fd redox
cascade is present in the apicoplast of malaria parasites.
The X-ray crystal structure of PfFd showed a remarkable
similarity with those of the plant counterparts.
The higher redox potential of PfFd is apparently
favourable for electron flow from catabolically generated
NADPH to Fd in the apicoplast, and electron transfer
from PfFNR to PfFd is specific, although the rate is slow
relative to higher plant FNR:Fd reactions.

The difference in redox potential between 2Fe—2S
cluster proteins is thought to be due to electrostatic
interactions between the polypeptide environment and
the active site cluster (26). However, the primary
sequence and 3D structures of leaf, root and apicoplast
Fds around the active site region are very similar except
for Thr/Ser at position 46 (PfFd nomenclature), which
has distinct conservation in root (& apicoplast)/leaf-type
Fds and determines a small change in redox potential in
cyanobacterium Anabaena Fd (27). Our recent study (28)
using recombinant chimeras of leaf and root Fds suggests
that residue changes far from the redox centre have the
potential to affect the microenvironment of the 2Fe-2S
cluster through long-distance effects, resulting in
relatively large changes in the redox potential. It is
therefore possible that residues distant from the 2Fe-2S
cluster may be the cause of the higher redox potential
of PfFd than leaf and root Fds. Apicoplast Fd-specific
basic residues such as Lysl4 and Lys70-71 (shown in
Fig. 3C) may be responsible for the higher redox
potential.

The slower electron transfer rate of PfFNR/PfFd
is likely to be related to the character of the redox
proteins that receive electrons from Fd in the apicoplast.
In fact, major Fd-dependent reactions in the apicoplast
appear to be restricted to lipid metabolism, and the

transfers electrons more efficiently to PfF'd and root Fd than to
leaf Fd (B), and in the case of maize leaf FNR, a similar profile
is seen with all the three Fds (C). The results of the combina-
tions of leaf and root Fd/FNR (B and C) are consistent with our
previous reports (10, 11).
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maximal specific activity (k..;) of a recently reported
Fd-dependent enzyme (LytB protein) involved in isopren-
oid biosynthesis in P. falciparum apicoplast was
calculated to be as low as ~1.3/s (13).

The structural basis for specific recognition of PfFd by
PfFNR has been analysed in the present study. Selective
electron transfer from PfFNR to PfFd (Fig. 5A) may be
partly explained by the differences in the redox potential.
The redox potential of PfFd is —266 mV (Fig. 2), and we
assume that the potential of PfFNR is similar to that of
T. gondii FNR, estimated to be around —290mV (7).
These values are much more positive than those of plant
counterparts (Fig. 2B), which may be one reason for the
lower efficiency of electron transfer from PfFNR to plant
Fds than to PfFd (Fig. 5A). Detailed analyses of
molecular interaction between PfFd and PfFNR are
now in progress.

Supplementary data are available at JB online.
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