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ABSTRACT

The intraerythrocytic protozoan parasite Plasmodium falciparum is responsible for more than 500 million
clinical cases of tropical malaria annually. Although exposed to high fluxes of reactive oxygen species, Plas-
modium lacks the antioxidant enzymes catalase and glutathione peroxidase. Thus, the parasite depends on the
antioxidant capacity of its host cell and its own peroxidases. These are fuelled by the thioredoxin system and
are considered to represent the major defense line against peroxides. Five peroxidases that act in different
compartments have been described in P. falciparum. They include two typical 2-Cys peroxiredoxins (Prx), a
1-Cys Prx, the so-called antioxidant protein (AOP), which is a further Prx acting on the basis of a 1-Cys mech-
anism, and a glutathione peroxidase-like thioredoxin peroxidase. Because of their central function in redox
regulation and antioxidant defense, some of these proteins might represent highly interesting targets for
structure-based drug development. In this article we summarize the present knowledge on the thioredoxin
and peroxiredoxin metabolism in malaria parasitized red blood cells. We furthermore report novel data on
the biochemical and kinetic characterization of different thioredoxins, of AOP, and of the classic 1-Cys perox-

iredoxin of P. falciparum. 4ntioxid. Redox Signal. 8, 1227-1239.

REDOX NETWORKS IN NONINFECTED
RED BLOOD CELLS

As THE MAIN FUNCTION OF THE RED BLOOD CELL (RBC) is
the transport of molecular oxygen and carbon dioxide,
it is constantly exposed to potential sources of reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS).
RBCs therefore need to rely on an effective antioxidative sys-
tem to protect enzymes, lipids, and other biomolecules from
oxidative damage. Circulating red cells furthermore represent
mobile free radical scavengers for the whole organism (74).
To serve these needs, the RBC is well equipped with nonen-
zymatic [e.g., glutathione (GSH), ascorbic acid, vitamin E]
and enzymatic antioxidants (8, 9, 74). Most of the enzymatic
antioxidant capacity of whole blood is actually localized in
the erythrocytes. Compared with other cell types, RBCs dis-
play high activities of superoxide dismutase (SOD), thiore-
doxin peroxidase 1 (PrxIl, TPx1), glutathione peroxidase

(GPx), and glutathione reductase (GR), reflecting the need of
RBCs for an efficient detoxification machinery (74).

The glutathione system in erythrocytes

Because mature red cells lack mitochondria for oxida-
tive phosphorylation, they generate adenosine triphosphate
(ATP) through glycolysis. Besides ATP, the erythrocyte
produces NADPH in the pentose phosphate pathway (PPP)
and NADH for the reduction of continuously produced
methemoglobin (MetHb). Part of the NADPH is used for
the reduction of MetHb by NADH- and NADPH-dependent
MetHb reductase (cytochrome b5 reductase) and, most im-
portantly, for the reduction of the erythrocyte glutathione
pool. The antioxidant glutathione is the metabolically most
important thiol, with cellular concentrations ranging be-
tween 2 and 10 mM (79). GSH plays a pivotal role in the
antioxidant defense of cells through the maintenance of the
redox state of protein—SH moieties, the reduction of the hy-
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drogen and lipid peroxides, and the extrusion of toxic com-
pounds. It serves as a detoxifying or antioxidant substrate
for enzymes such as glutathione transferases (GSTs) and
the selenium-containing GPx. Oxidized glutathione (GSSG)
is reduced to GSH by NADPH through the flavoenzyme
glutathione reductase (19, 76; for reviews, 22). A further
component of the proteinaceous redox system of RBCs is
glutaredoxin (Grx), which is a specific glutathionyl disul-
fide oxidoreductase (47, 60). Monothial glutaredoxins are
able to reduce specifically mixed disulfides with glu-
tathione via a monothiol mechanism in which only an N-
terminal low-pK, Cys residue is required. Glutaredoxins
catalyze glutathionylation reactions (formation of mixed
disulfides), which is an important redox regulatory mecha-
nism in sensing cellular redox potential in mammalian cells
under oxidative stress (23).

The thioredoxin system in erythrocytes

Besides GSH, the second important redox regulator in
RBCs is thioredoxin (Trx). Thioredoxins are members of
an evolutionarily conserved family of redox-active pro-
teins containing a conserved active-site dithiol motif
(WC32GPC33K in hTrx1) with molecular masses of ~12 kDa.
Additionally, human Trx1 contains three other cysteine
residues, Cys62, 69, and 73. Of these, Cys73 is involved in
Trx dimerization (82). Thioredoxins are present at micromo-
lar or submicromolar concentrations and play a major role in
reducing protein disulfides by using their specific dithiol/
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FIG. 1. General scheme of the thioredoxin reductase reac-
tion. In human TrxR, the C-terminal redox center that is
shown in this diagram is represented by a Sec-Cys pair (as in-
dicated), in Plasmodium, it is represented by a Cys-Cys pair.
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disulfide active site (2). Figure 1 summarizes the basic reac-
tion catalyzed by the thioredoxin system. Trx is reduced
from its inactive form containing a disulfide (S-S) bond to
the active dithiol form by NADPH through the se-
lenoflavoenzyme thioredoxin reductase (TrxR). In brief, the
oxidized TrxR binds NADPH and then transfers the electrons
to its active site where the disulfides are reduced. Then the
C-terminally located Cys-Sec takes over the electrons and
moves into a more solvent-accessible position where Trx and
other substrates are reduced (3, 5, 46, 83). The dithiol form
of Trx in turn is reoxidized while providing reducing equiva-
lents to target molecules. Through this reaction, Trx serves
as electron donor for enzymes such as ribonucleotide reduc-
tases, Trx-dependent peroxidases, ASK1 (involved in apop-
totic regulation), methionine sulfoxide reductases, and vari-
ous transcription factors (51). Moreover, Trx has been
assigned a role in various cellular functions, including
antioxidant defense, redox-sensitive signal transduction,
transcriptional activation of stress-response genes, ribonu-
cleotide reduction in synthesis of deoxyribonucleotides for
DNA repair, postinjury cell proliferation, tumor resistance to
anticancer drugs, and apoptosis (81).

Erythrocytes contain a functional Trx system compris-
ing Trx reductase, Trx (11, 31, 45), and at least three per-
oxiredoxins. The Trx-dependent peroxiredoxin 1 (PrxI,
TPx2) is highly expressed in erythrocytes, believed to play
a protective role against ROS—mediated damage, and was
found to bind to integral membrane proteins or cell mem-
branes via its C-terminal region (12). Furthermore, the
Trx-dependent peroxiredoxin 2 (PrxII, TPx1) has been
shown to exist in red blood cells (44), as well as a 1-Cys
Prx (PrxVI, AOP2), which acts via a 1-Cys mechanism
(see 30, 85 for review). AOP2 has been suggested to prefer
GSH as reducing substrate and to require glutathionylation
for activation (45, 77).

The major source for ROS in the RBC is the autoxidation
of oxyhemoglobin, leading to the production of the superox-
ide anion, which dismutates to hydrogen peroxide (48). The
main antioxidant defense lines in RBCs were thought to be
predominantly the superoxide dismutase, the heme-depen-
dent catalase, and the selenoprotein glutathione peroxidase
as enzyme systems. Glutathione is NADPH-dependently re-
generated and serves as indirect and direct ROS scavenger
(16, 26, 28, 53, 55). Nagababu et al. (53) suggested that the
unique role for GPx might be the ability to react with hydro-
gen peroxide “generated in the close proximity to the RBC
membrane in conjunction with the autoxidation of mem-
brane bound hemoglobin.” Recently the importance of the
Trx system in detoxification of ROS in RBCs was demon-
strated as loss of the peroxiredoxin 1 (PrxI; thioredoxin per-
oxidase 2, TPx2) causes severe fatal hemolytic anemia in
aging mice (56). Another study by Lee et al. (43) showed
that mice deficient in peroxiredoxin 2 (PrxII; thioredoxin
peroxidase 1, TPx1) contained markedly higher levels of
ROS in dense RBC fractions and developed nonfatal he-
molytic anemia, which also pinpoints the pivotal role for
Trx-dependent mechanisms in ROS defense of RBCs (43).
Some general aspects of these antioxidant players as well as
details concerning the Plasmodium falciparum Trx network
are presented below.
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REDOX NETWORKS IN INFECTED
RED BLOOD CELLS

A close connection between the host redox system and
Plasmodium falciparum, the causative agent of tropical
malaria, which multiplies in RBCs, has been demonstrated by
experimenta naturae. Host glucose 6-phosphate dehydroge-
nase deficiency as well as various hemoglobinopathies like
sickle cell anemia and thalassemias, which have been shown
to affect the redox equilibrium of the host RBC, confer a se-
lective advantage by reducing mortality of human malaria.
The detoxification of ROS and RNS is a challenge for eryth-
rocytes infected with Plasmodium. Large quantities of toxic
redox-active products are generated as a result of the high
metabolic rate of the rapidly growing and multiplying para-
site, the host immune response to the infection, and the
degradation of hemoglobin by the parasite, which leads to
the release of the free toxic heme (see 9 for review). However,
the parasite possesses enzymes for glutathione biosynthesis
and a whole range of enzymatic antioxidant defense mecha-
nisms (8). Furthermore, it supplies antioxidant moieties like
GSH to the host (4).

A complete glutathione system comprising NADPH,
highly active glutathione reductase, glutathione, Grx, and dif-
ferent Grx-like proteins as well as a functional glutathione-
dependent glyoxalase system and a glutathione S-transferase
with peroxidase activity have been described for Plasmodium
(see 7-9 for reviews). In addition, a functional Trx system
(see later), two functional superoxide dismutases (20, 75), as
well as two lipoamide dehydrogenase-like proteins, which
belong to the same disulfide reductase family as GR and
TrxR, have been identified (54). A stunning feature of the
malarial parasite’s redox network is the absence of two genes
that code for enzymes involved in ROS detoxification in non-
infected erythrocytes (see earlier): catalase (detoxifying hy-
drogen peroxide) and glutathione peroxidases (glutathione-
dependently reducing hydroperoxides). Like its host, the
malarial parasite possesses a functional Trx system inten-

1229

sively involved in detoxification of ROS. It comprises
NADPH, Trx reductase (PfTrxR), three thioredoxins (PfTrx1,
PfTrx2, and PfTrx3), two Trx-like proteins (PfTlpl and
PfTlp2), Trx-dependent peroxidases (PfTPx) and plasmore-
doxin (PIrx), a 22-kDa Trx-like protein unique for malarial
parasites (see data presented later; 7, 54, 63, 65, 66 for re-
views, 58). Figure 2 gives an overview of the redox networks
in malarial parasites. In the following sections, we summarize
the present knowledge on Trx, Trx reductases, and peroxide-
detoxifying enzymes in malarial parasites. A literature review
is complemented with recently obtained data.

Methods for recombinant protein
production and biochemical analyses

Cloning and overexpression of Trx, Tlp, TrxR2,
Pf1-Cys-Prx, and AOP. Thioredoxins and Trx-like pro-
teins (Tlp) as well as AOP (72) and TrxR2 of Plasmodium fal-
ciparum described here were identified by BLASTs of the
database PlasmoDB (http://www.plasmoDB.org) and NCBI
(http://www.ncbi.nlm.nih.gov/BLAST/). If the respective re-
combinant thioredoxins could be reduced by PfTrxR, we
named them Trx (Trx1-3); if this reduction could not be
shown, we named the proteins Trx-like protein (TIp1 or Tlp2).
All seven genes were polymerase chain reaction (PCR) ampli-
fied from a gametocyte P, falciparum cDNA library with per-
fect-match primers (MWG-Biotech), as described for PfTrx1
(34) with slight experimental variations. The gene encoding C-
terminally LE(H/)-tagged Pfl1-Cys-Prx was directly cloned
into pET28 (Novagen) and expressed in Escherichia coli BL21
cells. All other respective PCR products were cloned (Ready-
to-go-T,-DNA-Ligation kit, Amersham) into a vector for se-
quencing (usually pBluescriptSK*, Stratagene) and then into
an expression vector (usually pQE30, Qiagen, which adds an
N-terminal hexahistidyl-tag to the recombinant protein). After
heterologous overexpression in E. coli cells (strain M15,
XL1Blue, BL21, C41, or C43), the proteins were purified over
an Ni-NTA affinity matrix (Qiagen) according to the manufac-

FIG. 2. The redox networks in P. falciparum. The Tip2
glutathione system and the thioredoxin system are op- Tip1
erating in malarial parasites in parallel. Both systems

are NADPH dependent. The thioredoxin system fuels Trx1S;

four peroxidases. The glutathione system is—via T
glutaredoxin—involved in the reduction of AOP. Plas-

moredoxin represents a link between the two systems.

rx2s;
Trx3S,

Ribonucleotide
reductase
SR DNA-synthesis
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turer’s recommendations. The purity of the proteins was proven
by sodium dodecylsulfate (SDS) gel electrophoresis. In the
case of Pf1-Cys-Prx, all enzymatic assays, the molecular mod-
eling, as well as the gel filtration analyses were carried out as
described for the peroxiredoxin TgPrx2 from Toxoplasma
gondii (17). For high-performance liquid chromatography
(HPLC)/electrospray ionization (ESI)-mass spectrometry (MS)
analysis, freshly purified Pf1-Cys-Prx (0.7 mM) was diluted
1:100 in 300 mM NaCl, 50 mMNaXHyPO4, pH 7.4, and incu-
bated with or without 5 mM GSH or 5 mM GSSG for 6 h at
room temperature.

Insulin assay. Reductive activity of the purified Trx and
Tlp proteins was assessed by measuring the reduction of insulin
disulfide bonds, which increases turbidity of the solution (A,,)
(64). From 5 to 20 puM of the respective protein is mixed with 50
mM Tris HCI, 2 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.4, 0.17 mM insulin, and the assay is started with 1 mM
dithiothreitol (DTT), which reduces a redox active protein, but
not the peptide hormone in an appropriate time. The negative
control omitting the redox protein is carried out simultaneously.

Thioredoxin activity. Reduction by Trx reductase was
used to determine the Trx activity of the purified Trx and Tlp
proteins. Therefore 100 uM NADPH and difterent Trx/Tlp con-
centrations were mixed in 100 mM sodium phosphate, 2 mM
EDTA, pH 7.4, in 0.5 ml volume. After starting the assay with
~10 nM PfTrxR, consumption of NADPH was measured as ab-
sorption decrease at 340 nm. PfTrxR and PfTrx were prepared
as described by Kanzok et al. (34).

PfGR was expressed and purified according to Farber et al.
(22) and kindly provided by Prof. Schirmer, Biochemiezen-
trum, Heidelberg, Germany. PfGrx was obtained according to
Rabhlfs et al. (64). Expression and purification of PfPlrx were
carried out as described in Becker et al. (6).

Thioredoxin 1

The biochemical properties of Trx1 were reported previ-
ously (34). As described later (65), Trx1 is also capable of
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detoxifying peroxides directly. In a coupled assay system
with NADPH, TrxR, Trx and peroxides, second-order rate
constants of 6.7 = 0.7 M/s for the reaction with H,0,, 1.3 =
0.8 M/s for cumene hydroperoxide, and 0.5 + 0.2 M/s for tert-
butyl-hydroperoxide were determined at 25°C. Along these
lines, we tested further substrates of Trx1 and showed that
Trx1 also is able to reduce dehydroascorbate with a k, of 59 +
5 M/s, lipoic acid with a k, of 190 = 20 M/s, and lipoamide
with a k, 0f 390 + 44 M/s at 25°C. When tested in direct com-
parison, P, falciparum glutaredoxin reduces dehydroascorbate
with a k, of 920 & 83 M/s, lipoic acid with a k, of 550 + 45
M/s, and lipoamide with a k, of 660 + 50 M/s (57). Because
these second-order rate constants are rather low, a physiologic
function of the respective reactions has to be questioned.

In addition to Trx1 and plasmoredoxin, the genes of four
other proteins with sequence similarities to Trx were identi-
fied in the genome of P, falciparum (Table 1 and Fig. 3). Re-
cently studied properties of the respective proteins are de-
scribed later.

Thioredoxin 2

The full-length coding sequence of Trx2 (Trx2l; the Plas-
moDB annotation MAL13P1.225 was found to be correct), as
well as a variant lacking the putative secretory signal (Trx2k)
and a variant lacking the complete putative apicoplast target
sequence (Trx2sk) (see Fig. 3) were PCR amplified, cloned,
and overexpressed. Up to 60 mg protein was obtained from 1
L cell culture (Trx2sk); however, all variants of the protein-
containing target sequences were hardly soluble and prone to
precipitation. Extensive tests to improve solubility were not
successful. Trx2 is predicted to contain a secretory signal
peptide as well as a transit peptide for apicoplast targeting.
Whereas programs define the cleavage site of the signal pep-
tide, the length of the whole target signal is not indicated.
Thus the possible start of the putative mature protein was de-
duced from alignments with other Trx proteins (Fig. 3). The
respective protein was shown to be reduced by TrxR. How-
ever, because of the solubility problems, this reaction was
hard to quantify. Direct comparison of 20 pM Trx1 and

TABLE 1. THIOREDOXINS AND THIOREDOXIN-LIKE PROTEINS OF PLASMODIUM FALCIPARUM
Trxl Trx2 Trx3 Tipl Tip2

Chromosome 14 13 9 14 9

Number of exons 2 4 5 1 5

Active site WCGPC WCQAC WCKPC WCGPC WCAPC

Molecular mass 11.7 18.6 20.9 14.4 14.8

(- N-term) [kDa] — 15.7 17.8 — ?

€30 0 MM lcm1] 11.7 16.02 22.2 15.25 12.45

Signal peptide No Yes Yes No ?

Putative function Cytosolic Appicoplast Apicoplast Dynein Long 5'-UTR,

thioredoxin thioredoxin thioredoxin regulator membrane

associated?
mitochondrial?

Reduction by PfTrxR Yes Yes Yes No ?

Reduction of insulin Yes Yes Yes Yes Yes

Reduction of GSSG Yes Yes Yes No ?

Substrate of PfTPx1 Yes Yes ? No ?
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Trxl = e ———- -MVKIV 5
RTER = e e e e e e e e e e e e MVKQI 5
TIP2 e e MFFLQNLKKITHPKYLCTTIRRNVY 25
Trx3 MALICIGSVCFSLFHIGVIILLIINYFSSHIKKIFPSFFKNPNKEEIDKHIGNILEAKRK 60
Trx2 =~ —-———-- MKKYIFFFLFSFINFFFVYDVTC TKEVTSTNDDPLTPLNRFDKYYLRMFKKVE 53
. . TIPl mm e MKRTDDKIYVDI 12
FIG. 3. Multialignment of different
thioredoxins and thioredoxin-like
proteins of Plasmodium falciparum. Trxl TSOSEFDSIISON-——=ssemnmawan= IK-———RIAPFYEECSKTY 47
Human thioredoxin is given for com- | BT¥® ESKTAFQEALDAAG ----MINPFFHSLSEKY 49
parison. Trx1 has highest similarities | P2 - TEEVIESLOBAN. 70
to hTrx; the others deviate in size and | —=2 i~~~ ~KIKEYFKNQLN-Y 113
k, Iy with h Trx2 ---MOSTEMDKLQKYYG 100
rema.rdab}{ with re(zpec;')toFt € con- | ripy NNEEEYKNLEDDKN-—---=-—-=—-—~ DILYTEDIYTRWEGEGT FTFEMINKIYKNNLIFS 60
served active site (boxed). For more k%
details, see text and Table 1. Accession
numbers: Trxl (AAF34541), Trx2 | Trxl TKMVEIKVDVBEV SEVTEKENI TSMBIFKVYKNGS -~ --SVDTLLEANDSALKQLIEIYA 103
(AAQO5974), Trx3 (AAQ76284), [ PT=x SNVIFLEVDVDDCQDVASECEVKCTRIFQFFKKGQ---~KVGEFSGANKEKLEATINELV 105
In] (AAQ07982). Tin2 (AAO0T983 Tip2 DNIESLYIDIDEFPELGENEDINELPRTLLRKNGK--~-YLDKI IGMNESDLTKDVEKHQ 126
Tlp1 (AAQ07982), Tlp2 ( .Q 7. b | Trx3 THPKLNDQHNIKALPTFEFYFNLNNEWVLVHTVEGANQNDIEKAFQKYC 175
hTrx1 (AAA74596). Putative signal | Trx2 KRIYLLKVDLDKNESLARKFSVKSLEEIILLKNKT-~-~MLARKDHFVSSNDLIALIKKHL 157
sequences are underlined; the putative | Tlpl ENVKLESICAQTVSSLKN-YDNNCKBFYIILKNGE----1IQQIQBCHIPLIFSFIDEHL 115
apicoplast transit peptide in Trx2 is Pooeor b s . * : cE e
given in italics. — N 104
hTrx =  -——-—-
Tip2 SD---- 128
Trx3 LEKRK- 180
TEx2: oo
Tlpl MNKKIN 121

Trx2sk, in the Trx assay, revealed 40 times higher activities of
PfTrxR with Trx1 (16.5 vs. 0.4 U/mg at 25°C). Further exper-
iments showed concentration dependency for Trx2 as electron
donor for TPx1 as well as reduction of GSSG by Trx2k and
vice versa. Although these findings need further confirma-
tion and quantification, they point to a functional similarity
between Trx2 and Trx1, with Trx2 located putatively in the
apicoplast.

Thioredoxin 3

The PlasmoDB prediction chr9.phat_172 coding for a pu-
tative Trx was found to be correct, as proven by experimental
methods. The Trx3 sequence lacking the predicted signal pep-
tide (Fig. 3) was chosen for overexpression in various bacter-
ial cell lines, resulting in a maximal yield of 6.5 mg Trx3 per
1 1 culture in C43 cells. Although low yields of pure protein
did not make detailed biochemical characterization possible
until now, Trx3 was found to be redox active in the insulin
assay and could be reduced by PfTrxR.

Thioredoxin-like protein 1

The PlasmoDB annotation PF14_0590 was found to be
correct for this gene. From one E. coli culture, 5-9 mg re-
combinant Tlpl was obtained. The protein was found to be
rather instable, which could be partially prevented by the ad-
dition of bovine serum albumin (BSA; 0.5 mg/ml). The pro-
tein active in the insulin assay did, however, not serve as sub-
strate of TrxR (=30 uM Tlp1 was used in the assay) and was
thus named Tlp1.

Tlp1 shows sequence similarities to thioredoxins (Fig. 3)
as well as to dyneins; the dynein family comprises large,
medium, and light chains, so Tlpl might represent a small
dynein subunit. Dynein light chains (DLCs) were recognized

as members of the Trx superfamily by Patel-King et al. (61)
and have also been described in other parasites (59).

Thioredoxin-like protein 2

The PlasmoDB prediction chr9.phat 260 was found to
be correct (Fig. 3). Different approaches were made for het-
erologous overexpression of Tlp2 in E. coli by using differ-
ent vectors, strains, and expression conditions. In parallel,
in vitro translation was successfully tested by Dr. Frank
Bernhard, Institute of Biophysical Chemistry, Frankfurt.
However, the protein was associated with the pellet and
could not be purified. Only a small amount of Tlp2 could be
obtained by expression in pRSETA by using E. coli C41
cells. Identity of the purified protein was confirmed by
Western blot using His-tag antibodies. Tlp2 was active in
the insulin assay. Trx activity of Tlp2 with TrxR cannot be
ruled out, but until proven, the protein is listed as a “Trx-
like protein.”

Thioredoxin reductases

The Trx reductase of P falciparum is a homodimeric,
FAD-dependent oxidoreductase (for reviews see 7, 9, 54, 66).
The role of an additional C-terminal redox center in catalysis
has been proven (as is the case for mammalian TrxRs), and its
interaction with the active site disulfide-dithiol has been
studied in detail (83 for review). In contrast to the human
TrxR, the PfTrxR is not selenium dependent and has a
C-terminal active site motif (CGGGKC) differing from
human TrxR (Cys-Sec), which makes the parasitic enzyme a
prospective potential drug target. As demonstrated by
Krnajski et al. (40), PfTrxR is indeed essential for erythro-
cytic stages of P falciparum, which underlines the impor-
tance of the Trx system in malarial parasites.
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After the genome sequence of P falciparum had become
available (27), in vitro analysis of the PfTrxR gene locus in
our laboratory revealed a second putative start codon up-
stream of the published start (accession number CAA60574).
This alternative start does not involve an additional intron.
This 5'-elongation of PfTrxR was confirmed in our labora-
tory and could be cloned from a ¢cDNA library. The respec-
tive recombinant enzyme PfTrxR2 (accession number
AAQO07981) was analyzed and found to be very similar in
substrate specificity and kinetic and biochemical behavior to
the previously studied shorter variant (52, 57). Interestingly,
this new N-terminal sequence was not found to be predicted
as a target sequence; thus the location of the two alternative
TrxRs is presently studied in more detail. In this context, it is
worth mentioning that Drosophila melanogaster TrxR also
contains an unusual N-terminal elongation, which is not pre-
dicted to be a signal sequence, either. For this enzyme, trans-
port into the mitochondrium has been demonstrated experi-
mentally (49). As shown for mitochondrial SOD, for example,
target sequences of redox active proteins, which are not yet
identified by the available prediction programs, do exist in
Plasmodium (75).

Thiol-dependent hydroperoxidases
in malaria-infected red blood cells

Proteins capable of peroxide degradation include heme-
dependent hydroperoxidases (e.g., catalases) and thiol-depen-
dent hydroperoxidases such as glutathione peroxidases and
peroxiredoxins. Most of the mammalian glutathione peroxi-
dases possess a selenocysteine residue at the active site,
whereas all Prx characterized so far react via a conserved cys-
teine residue. The overall contribution of Prx to peroxide
detoxification depends on the organism/tissue investigated
because several of these enzymes possess rather low catalytic
efficiencies in the range of 105 M/s in comparison with 108
M/s determined for GPx. However, the high abundance of
Prx, their high intracellular concentrations, as well as the
large number of isoforms support their impact (24, 30, 85).
Prx have been suggested also to be involved in detoxification
of RNS such as peroxynitrite (10, 39, 58, 71, 80), regulation
of apoptosis (87), and modulation of cellular differentiation
and signal-transduction pathways (30, 32, 33, 42, 85).

Detoxification of hydroperoxides catalyzed by Prx gener-
ally involves the oxidation of a conserved “peroxidatic” cys-
teine residue located in the N-terminal domain of the protein
(14, 15, 17, 21, 50, 72). Typical 2-Cys Prx are active as ho-
modimers and possess a second “resolving” cysteine residue
located in the C-terminal domain of the second subunit (13,
21, 29, 58). In contrast, atypical 2-Cys Prx form an intramo-
lecular disulfide as reaction intermediate (30, 73, 85). 1-Cys
Prx possess only one catalytically active cysteine residue,
which is directly reduced by the thiol-containing substrate
(30, 32, 85). Interestingly, during recent years, several mech-
anistic exceptions to this widely accepted alignment-based
classification of Prx into 1-Cys Prx, typical 2-Cys Prx, and
atypical 2-Cys Prx have been reported (see later). Most of the
1-Cys Prx can be reduced in vitro only by nonphysiologic
low-molecular-weight thiols, whereas many eukaryotic 2-Cys
Prx are reduced by Trx (13, 17, 24, 32, 50, 63, 85). Prx of

NICKEL ET AL.

plants have furthermore been reported to accept glutaredoxin
as electron donor (69, 70), and several bacterial Prx have even
been shown to be fused with a Grx domain at their C-termi-
nus (68).

Because Plasmodium lacks GPx and catalase, peroxiredox-
ins are likely to be of particular importance for ROS and RNS
defense in this organism (8, 54, 66).

Five peroxidases have been described in P, falciparum.

1. Trx peroxidase 1 (TPx1) and TPx2 are classified as typ-
ical 2-Cys Prx (63, 66). The substrate specificity and
physiologic role of TPx2—which is localized in the mi-
tochondria and is expressed during trophozoite and sch-
izont stages (86)—remains to be elucidated (63). In
contrast, the contribution of the cytosolic, Trx-depen-
dent TPx1 (1, 36, 41, 58, 63) to peroxide degradation in
vivo has been demonstrated by knockout studies: in
comparison with wild-type parasites, erythrocytic
stages of PfTPx1 knockout parasites exhibit a reduced
growth rate when treated with paraquat and sodium ni-
troprusside, demonstrating that the enzyme is involved
in protecting the parasite against oxidative and ni-
trosative stress (39). In the absence of these com-
pounds, however, knockout parasites grow normally,
suggesting that TPx1 is not essential for the detoxifica-
tion of endogenously produced ROS or RNS or both in
Plasmodium cultures. Protein and mRNA levels of
TPx1—which is constitutively expressed in the parasite
cytoplasm throughout the erythrocytic stages (37, 86)—
are increased in response to exogenous oxidative stress
(1). The protein oligomerizes to («,); decamers and re-
acts very efficiently with H,O, (k /K ~6.7 X 10° M/s
at 30°C) (1, 84, see 85 for review on oligomerization).
Furthermore, TPx1 possesses peroxynitrite reductase
activity (4 x 105 M/s at pH 7.4 and 25°C), and accepts
electrons from Plrx (58).

2. The third P, falciparum peroxidase Pf1-Cys-Prx (38, 41,
60, see also later) is classified as a 1-Cys Prx and shows
elevated expression during the trophozoite and schizont
stage (37, 86). Recently it was suggested that an inter-
action between cytosolic Pf1-Cys-Prx and ferriproto-
porphyrin IX protects P falciparum from oxidative
stress (35).

3. The fourth P, falciparum Prx-named antioxidant protein
(AOP, see also later), was identified, and its crystal
structure has been solved (72).

4. The fifth peroxidase is not a classic Prx but shows high
sequence similarity with glutathione peroxidases, al-
though it prefers Trx as reducing substrate (78).

Antioxidant protein: a novel
peroxiredoxin of P. falciparum

A P, falciparum protein with high sequence similarity to
human peroxiredoxin V as well as to certain plant and bacter-
ial peroxidases (62, 68, 70, 73) was identified in PlasmoDB
and designated PFAOP. A homologue of PFAOP was found in
P, yoelii and in Toxoplasma gondii. Microarray data available
on PlasmoDB (acc no. MAL7P1.159) show that the AOP
gene is transcribed throughout the blood-stage forms of P, fal-
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ciparum, reaching maximal transcription in the trophozoite
stage. This transcription profile is paralleled by the expres-
sion of glutaredoxin, the reductant of AOP identified in our
study (see below).

Because signal peptide predictions by TargetP and SignalP
resulted in high probabilities (85% and 92%, respectively) for
a target sequence in AOP, a clone coding for the protein with-
out the 24 N-terminal amino acid residues, which corre-
sponds to the putative signal, was generated. Although ex-
pression was successful, this protein species showed no
peroxidase activity. The target-prediction program of Plas-
moDB (five of five parameters are fulfilled) as well as PATS
(score of 0.836) indicated an apicoplast localization of AOP.
Because transit peptide cleaving-site predictions are not reli-
able so far, a sequence for the putative mature protein was de-
rived from aligning AOP with other known peroxidase se-
quences. A corresponding PCR product comprising 546 bp
was generated and inserted into pQE30. PfAOP was overex-
pressed in E. coli M15 cells; up to 40 mg/L protein was ob-
tained from 1 L cell culture.

Antioxidant protein of P. falciparum acts
on the basis of a 1-Cys mechanism

As reported recently (72), we crystallized AOP, and its
three-dimensional structure at 1.8 A indicates that PFAOP be-
longs mechanistically to the family of 1-Cys Prx. To prove
this hypothesis, we assessed the reduction state of recombi-
nantly produced AOP and the accessibility of cysteine
residues experimentally (Table 2). The 20 pM AOP was incu-
bated for 20 min at 25°C in the dark in 100 mM Tris, 1 mM
EDTA, pH 8.0, in the presence and absence of denaturing
and/or oxidizing agents. Then 200 pM DTNB was added.
After 20-min incubation, the concentration of produced TNB-
was measured at 412 nm (e = 13.6 mM/cm). To account for
cysteine residues that were reduced but not accessible in the
native state, measurements were also done in the presence of
1% SDS and 6 M GuHCI, respectively. Furthermore, we
tested whether a change of the reduction state of AOP oc-
curred in the presence of 200 uM H,0,. For each sample, an
AOP-free control was carried out. Under the experimental

TABLE 2.  ACCESSIBILITY OF PFAOP SH GRrouUPS

[SH-groups]
(uM)

AOP without denaturants 16.1£2.0
With 1% SDS Without peroxide 184+2.5
With 200 uM H,0, 1.7£0.3

With 200 pM tBOOH 1.5+04

With 6 M GuHCl Without peroxide 346142
With 200 uM H,0, 1.0+0.2

20 uM AOP was incubated in 100 mM Tris, 1 mM EDTA, pH
8.0, with or without oxidants/denaturating agents for 20 min.
200 pM DTNB was added, and after a second incubation pe-
riod, the formation of TNB anions was measured at 412 nm,
and the concentration of SH-groups was calculated. Data rep-
resent mean values of three independent determinations.
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conditions chosen and given the fact that AOP contains two
cysteine residues, completely reduced PFAOP should result in
40 pM sulthydryl groups. As summarized in Table 2, the na-
tive protein possesses one reduced and accessible cysteine
residue after purification under nonreducing conditions. The
presence of 1% SDS (69) did not significantly change this re-
sult; however, with 6 M GuHCI, the second cysteine became
accessible and was also found to be reduced. The addition of
peroxide substrate (H,0, or tBOOH) to the incubation mix-
ture led to a complete oxidation of SH groups. Thus both cys-
teine residues of the protein are present in reduced form, even
when AOP is prepared in the absence of a reductant. This ob-
servation supports the 1-Cys mechanism of PfAOP and is in
accordance with data obtained for poplar Prx. However,
whereas both sulfhydryl groups were detectable in the native
poplar protein (70), the second cysteine residue of PFAOP be-
came accessible only after treatment with 6 M GuHCI. This
result is clearly reflected by the x-ray structure of PfAOP,
which indicates that Cys59 is the peroxidatic cysteine, and
Cys85 is buried as part of a well-defined core B-sheet, which
is difficult to access (72).

As shown by SDS-PAGE under oxidizing conditions,
PfAOP can form higher aggregates as well as a second prom-
inent monomer band with a seemingly lower molecular mass
than AOP (~20 kDa instead of 25 kDa). Such double bands
have been reported for other peroxiredoxins including
PfTPx1 (63) and AOP from Populus tremula (PtAOP) (70).
Purification in the presence of DTT could prevent the doublet
formation in PfTPx1, which suggests that the double band
does represent an oxidation product. This also is the case for
PfAOP. The double band appears only under denaturing non-
reducing conditions. Gel-filtration studies on PfAOP and
structural data obtained from x-ray studies show that PFAOP
is present as a non-covalently linked dimer (72).

AOP reduces peroxides in the
presence of glutaredoxin

In the presence of 150 uM NADPH, 0.5 U/ml PfGR, 1 mM
GSH, 100 pM tBOOH, and glutaredoxin, a peroxidase activ-
ity correlating directly with the AOP concentration (0—40
uM) was determined. This reaction was also clearly depen-
dent on the Grx concentration (0-20 pM). Very similar re-
sults, although with lower activities, were determined for
thioredoxin (0-20 pM) (57). However, in both cases, high
AOP concentrations were required to obtain good signals.
Thus the order of the reaction will have to be studied in fur-
ther detail, and the influence of glutaredoxin and the peroxide
on the stability of AOP will have to be assessed. Preferred hy-
droperoxides reduced by AOP in this reaction were tBOOH
and phosphatidyl hydroperoxide, whereas H,0, and CuOOH
led to less NADPH consumption.

Based on these preliminary data, AOP is the first Grx-de-
pendent peroxiredoxin described in P, falciparum and the first
peroxiredoxin turning over lipid hydroperoxides. In addition,
it is the first Grx-dependent AOP reported in nonplant organ-
isms. This aspect is of particular importance because P, falci-
parum lacks a genuine GPx, and peroxidase activity was so
far thought to depend on the thioredoxin system in this organ-
ism. Furthermore, PFAOP might represent a novel member of
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the very few Grx-dependent peroxiredoxins described so far.
Grx-dependent Prx have previously been assigned to the
PrxV class/atypical Prx (30, 85), type C, or type II Prx (68,
70).

Plasmoredoxin reduces AOP

In a further experiment, we studied the reduction of AOP
by Plrx on the basis of the reaction of sulfthydryl groups with
Ellman’s reagent (DTNB). Plrx, a Plasmodium-specific
redox-active protein of 22 kDa, which belongs to the thiore-
doxin superfamily (6), was found to be an electron donor for
PfAOP (Table 2). Plrx is a substrate neither for PfGR nor for
PfTrxR but can be reduced by Grx and provides electrons to
ribonucleotide reductase.

After removal of excess DTT, prereduced Plrx (100 puM)
was mixed with 40 pM AOP in the presence/absence of 200
uM tBOOH. Controls were carried out with Plrx alone to as-
sure its complete reduction. Other controls contained Plrx
and peroxide to account for the peroxidase activity of plas-
moredoxin (see Table 3). Determination of SH-groups was
carried out immediately after mixing as well as 15 min after
incubation. For that purpose, an aliquot of each sample was
diluted by a factor of 10 with 100 mM potassium phosphate, 2
mM EDTA, pH 8.0, to reach final concentrations of 10 uM
Plrx, 4 uM AOP, and 20 pM tBOOH. Absorption at 412 nm
was measured and taken as blank. After addition of 400 pM
DTNB, absorption was determined, and the concentration of
SH-groups was calculated. To include a positive control, the
whole experiment was carried out in parallel by using PfTrx
instead of PIrx. As shown in Table 3, in the presence of AOP
and peroxide, approximately one reducing equivalent per Plrx
molecule was immediately transferred to AOP (and from
there to tBOOH), again supporting the 1-Cys mechanism of
AOQOP. After 15 min, a second SH-group was oxidized, which
might be due to direct oxidation of Plrx or to further transfer
of electrons from Plrx to AOP.

The reduction of AOP by Plrx represents a novel redox
reaction and is unique for malarial parasites. As described
earlier, apart from Trxl, Grxl, and Plrx, four other
thioredoxin-like proteins have been detected in the genome of
Plasmodium falciparum (67). Two of them, Trx2 and Trx3,
carry a signal peptide and might also function as reductants
for AOP in vivo.
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Plasmodium falciparum 1-Cys
peroxiredoxin Pfl-Cys-Prx

The gene encoding Pfl-Cys-Prx was independently
cloned by Kawazu et al. in 2000 (38) and Krnajski et al. (41)
in 2001 by using cDNA from different parasite strains (FCR-
3 and 3D7, respectively). Both groups investigated the corre-
sponding recombinant N-terminally His-tagged proteins,
which slightly differ in size and amino acid sequence:
Kawazu ef al. demonstrated general anti-oxidative properties
(35, 38) in addition to a slight glutathione-dependent peroxi-
dase activity with H,0, (38). In contrast, Krnajski et al. (41)
qualitatively described a thioredoxin-dependent peroxidase
activity with H,O, but not with alkyl hydroperoxides.

To shed some light on this topic, we also cloned and stud-
ied Pf1-Cys-Prx. By using a copy of the same 3D7 cDNA li-
brary (41), we were able to reproduce the cloning of the gene
sequence reported for the strain FCR-3 (38). Thus the amino
acid sequence deduced from the PlasmoDB annotation
PF08_0131 is confirmed for both P falciparum strains 3D7
and FCR-3. Furthermore, the primer used by Krnajski ez al.
(41) does not encode the C-terminal amino acid sequence
QSSL as shown in an alignment but encodes the C-terminal
sequence PKRHI.

As presented here, we compared our recombinant C-termi-
nally LE(H)-tagged Pf1-Cys-Prx (=40 mg pure Pf1-Cys-Prx
were obtained from 1 L E. coli culture) with the highly similar
C-terminally LE(H,)-tagged protein TgPrx2 from Toxoplasma
gondii (17) by using enzymatic assays, gel-filtration chro-
matography, mass spectrometry, and molecular modeling.

The physiologic reducing agent of
Pf1-Cys-Prx remains unknown

We were not able to detect a significant glutathione-
dependent activity with H,O, or tert-butyl hydroperoxide.
However, incubation of 7 pM freshly purified Pf1-Cys-Prx in
the presence of 5 mM GSH or 5 mM GSSG for 6 h and subse-
quent analysis by HPLC/ESI-MS revealed that one of the
eight cysteine residues per subunit can be glutathionylated.
The calculated theoretic mass of unmodified recombinant
Pf1-Cys-Prx with or without Metl is 26.229 or 26.098 kDa,
respectively. Furthermore, the measured mass difference of
307 Da between glutathionylated (26.401 kDa) and unmodi-

TABLE 3. REDUCTION OF PFAOP BY PLASMOREDOXIN
10 uM plasmoredoxin 10 uM thioredoxin

AOP — + + — — + + —
tBOOH — + — + — + — +
SH-equivalents (uM) 38.3 26.4 38.1 37.1 20.5 11.8 21.0 20.1

t=10 sec
SH-equivalents (uM) 37.3 21.1 36.8 333 20.5 9.1 21.5 18.4

t=15sec

40 uM AOP and 200 pM tBOOH were incubated with 100 pd prereduced Plrx and Trx, respectively, in 100 mM potassium
phosphate, 2 mM EDTA, pH 8.0. After 10-fold dilution in the same buffer, available sulthydryl groups were detected by addition
of 400 pM DTNB. Assays were carried out after 10 sec and after an incubation period of 15 min. Absorption values were corrected
for the mean control values without plasmoredoxin. Data represent means of three independent determinations, which differed

<10%.
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fied (26.094 kDa) protein suggests that the peroxidatic Cys47
of freshly purified Pfl-Cys-Prx was not oxidized to a
cysteine-sulfenic or sulfinic acid (Cys-OH or Cys-SO,H, re-
spectively).

It has been suggested that the 1-Cys Prx from man (PrxVI)
is active with GSH only in the presence of a pi type glu-
tathione S-transferase (45). First experiments with Pf1-Cys-
Prx in presence of the one and only P, falciparum glutathione
S-transferase (18, 25) do not confirm this hypothesis for Pf1-
Cys-Prx.

Freshly purified Pf1-Cys-Prx possesses a slight activity
with Trx1 and Grx from P falciparum: the specific activity
determined with 5.4 pM Trx1 and 0.19 mM H,O, was 0.53
U/umol (20 U/g), and the specific activity with 12 uM Trx1
and 0.15 mM tert-butyl hydroperoxide was 0.15 U/umol (5.7
U/g). With 2 mM GSH, 10 uM Grx, and 0.15 mM or 0.73 mM
tert-butyl hydroperoxide, we measured a specific peroxidase
activity of 0.33 U/umol (13 U/g) or 0.5 U/umol (19 U/g), re-
spectively. Because the turnover is very low with either Trx1
or Grx, these results do not justify the classification of Pfl-
Cys-Prx as a Trx- or Grx-dependent peroxidase, and the phys-
iologic substrates remain unknown. Similar results were ob-
tained for TgPrx2 and several other 1-Cys-Prx (17).

Pf1-Cys-Prx and TgPrx2 show different
oligomerization behaviors

Models of dimeric Pf1-Cys-Prx were generated based on
the crystal structure of human PrxVI (Fig. 4). Force-field en-
ergies and structures of the models are highly similar to the
models of TgPrx2 (17), which contains two domains: the N-
terminal domain possesses a classic thioredoxin fold, and the
C-terminal domain is involved in dimerization. Four of five
cysteine residues of TgPrx2 are conserved in Pfl1-Cys-Prx
(Cys47 at the active site, Cys66, Cys73, and Cys128).
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Residue Cys209—which is involved in covalent dimerization
of TgPrx2—is missing in Pfl1-Cys-Prx, whereas Cys101,
Cys130, Cys184, and Cysl185 of Pfl1-Cys-Prx are not con-
served in TgPrx2. In contrast to TgPrx2, we were not able to
generate a model with an intermolecular disulfide bond by
using Cys184’ or Cys185’ of the C-terminal domain as re-
solving cysteine residue. Furthermore, the oligomerization
behaviour of Pf1-Cys-Prx and TgPrx2 in vitro is different: in
contrast to TgPrx2—which tends to form covalently linked
dimers as well as non-covalently linked tetramers and hexam-
ers (17)—aged Pfl1-Cys-Prx does not form significant
amounts of higher aggregates but tends to monomerize
(Fig. 5). Thus despite 47% identical amino acid residues, Pf1-
Cys-Prx possesses characteristic features of 1-Cys Prx,
whereas TgPrx2 shows similarities to typical 2-Cys Prx. Both
proteins are rich in (conserved) cysteine residues. Further
studies will show whether these residues possess a common
function.

CONCLUSIONS

Based on the fact that the malarial parasite Plasmodium
falciparum possesses neither a catalase nor a classic GPx, the
redox networks of this organism have some unique character-
istics. Four peroxiredoxins—TPx1, TPx2, 1-Cys-Prx, and
AOP—operate in parallel and in different compartments. In
addition, a GPx-like thioredoxin peroxidase is present. Al-
though first data and predictions are available, localization
and interacting partners of these enzymes remain to be studied
in further detail. AOP, which is likely to be located in the api-
coplast, is closely related to respective plant enzymes and
might point to the green origin of Plasmodium. Plasmore-
doxin, as a redox-active protein unique for malarial parasites,
connects the glutathione and the thioredoxin systems. Apart

FIG. 4. Molecular model of dimeric Pf1-Cys-Prx based on the crystal structure of human PrxVI (15).

A: Dimeric Pfl-

Cys-Prx possesses a twofold symmetry axis, a central 3-sheet, and 16 cysteine residues per homodimer. The force-field energy of
the model is —12.1 MJ/mol. B: Theoretical distances between cysteine residues are given in angstroms (A).
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FIG. 5. Pf1-Cys-Prx and TgPrx2 possess a different
oligomerization behaviour. Aging of Pfl1-Cys-Prx leads to
an increase of monomeric protein. Purified recombinant Pf1-
Cys-Prx was analyzed under native conditions by gel-filtration
chromatography using 50 mA/ Na H PO,, 300 mM NaCl, pH
7.4, as running buffer (compare with data on TgPrx2 in Ref.
17). The protein possesses a calculated molecular mass of 26
kDa per monomer. Freshly purified Pf1-Cys-Prx exists in a
rapid monomer—dimer equilibrium (similar to TgPrx2) and
elutes in one peak with an apparent molecular mass of ~46 kDa
(chromatogram 1). Preincubation of Pf1-Cys-Prx at 25°C or
37°C as well as changing the pH (5.5-8.5) does not signifi-
cantly influence oligomerization. However, aging or incubation
with H,0, leads to the separation of dimeric M,,, ~56 kDa)
and monomeric (M, = ~28 kDa) protein in addition to an in-
crease of monomeric Pf1-Cys-Prx (chromatograms 2—4). De-
pending on the experiment, 65% monomeric protein was
reached in 5-23 days. The appearance of shoulders as well as
the aging-related conversion of the chromatogram is (partially)
reversible after incubation with 2 mM DTT.

from the enzymes encoded by plasmodial genes, the uptake of
host cell enzymes, like catalase and peroxidases, which might
be used for enhancing the antioxidant defense of malarial par-
asites, deserves to be studied in further detail (7, 9).
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ABBREVIATIONS

AOP, antioxidant protein; BSA, bovine serum albumin;
DTNB, Ellman’s reagent: 5,5'-dithio-bis-(2-nitrobenzoic
acid); DTT, dithiothreitol; FPLC, fast protein liquid chro-
matography; GPx, glutathione peroxidase; Grx, glutaredoxin;
GSH/GSSG, glutathione/glutathione disulfide; GST, glu-
tathione-S-transferase; HPLC/ESI-MS, high-performance
liquid chromatography/electrospray ionization mass spec-
trometry; IFA, indirect immunofluorescence assay; MetHb,
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methemoglobin; Ni-NTA, nickel-nitrilotriacetic acid; Plrx,
plasmoredoxin; PPP, pentose phosphate pathway; Prx, perox-
iredoxin(s); RBC, red blood cell; RNS, reactive nitrogen
species; ROS, reactive oxygen species; SOD, superoxide dis-
mutase; TPx, thioredoxin peroxidase; Trx, thioredoxin; TrxR,
thioredoxin reductase.
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