ANTIOXIDANTS & REDOX SIGNALING
o e e o Forum ORIGINAL RESEARCH COMMUNICATION

© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2011.4276

Insight into the Selenoproteome
of the Malaria Parasite Plasmodium falciparum

Anne Roseler! Judith Helena Prieto! Rimma lozef! Beate Hecker! Rolf Heiner Schirmer?

Simone Kuilzer? Jude Przyborski2 Stefan Rahlfs! and Katja Becker'

Abstract

Aims: The malaria parasite Plasmodium falciparum possesses four unique selenoproteins (PfSell-PfSel4) which are
likely to represent important components of the redox-regulatory network of this infectious agent. So far these
proteins have only been characterized in silico. The aim of the present study was to gain further insight into the
structural, biochemical, and functional properties of P. falciparum selenoproteins. Results: Using "“Se labeling in
P. falciparum cell culture, the presence of selenoproteins in the parasite could be verified for the first time. Bioinfor-
matic analyses indicated distant relatedness between the Plasmodium proteins and selenoproteins described in other
organisms, namely between PfSell and SelK, PfSel2 and SelT, and between PfSel4 and SelS. For PfSel3 no remarkable
similarities with proteins from other organisms were identified. All four proteins were recombinantly produced in
Escherichia coli as UGA—UGU (selenocysteine — cysteine) mutants. Using green fluorescent protein (GFP)-fusion
proteins and immunofluorescence, the subcellular localization of the four selenoprotein mutants was studied. PfSell,
PfSel2, and PfSel4 localized to the endoplasmic reticulum whereas PfSel3 was visualized in the nucleus and/or the
apicoplast. Functional assays support the roles of PfSell and PfSel4 in cellular redox reactions. Transcriptional
profiles of the four selenoproteins, and proteins involved in selenoprotein biosynthesis, indicate that their expression
is regulated via the availability of selenium and via oxidative and nitrosative stress. Innovation: In this study the
presence of selenoproteins in Plasmodium has been proven for the first time; the subcellular localization of the proteins
and their relatedness to known selenoproteins have been systematically studied, and recombinant proteins as well
as information on regulation of transcript levels have been obtained. Conclusion: Taken together, our data enhance
our understanding of the functional role of selenoproteins in Plasmodium. Antioxid. Redox Signal. 17, 534-543.

Introduction Innovation

In this study we prove for the first time the presence of
selenoproteins in blood stages of the malaria parasite
P. falciparum.

Detailed bioinformatic analyses indicate homologies
between three of the Plasmodium proteins and selenopro-
teins described in other organisms. All four proteins were
recombinantly produced and their subcellular localization
was elucidated. Functional assays support the roles of
PfSell and PfSel4 in cellular redox reactions. Transcrip-
tional profiles of the four selenoproteins and of proteins
involved in selenoprotein biosynthesis indicate that their
expression is regulated by the availability of selenium and
by oxidative and nitrosative stress. Taken together, the
data enhance our understanding of the functional role of
selenoproteins in Plasmodium.

MALARIA IS A THREAT to nearly 50% of the world’s pop-
ulation. The World Health Organization estimated 225
million cases and 789,000 deaths in the year 2010 (40). The
causative agents of malaria are parasites of the genus Plas-
modium. The most severe form, malaria tropica, is caused by
Plasmodium falciparum. Because of resistance to currently
available drugs, there is an urgent need for new antimalar-
ials and novel drug targets. Since the successful propagation
of malaria parasites in their hosts depends on a balanced
redox environment, interference with redox metabolism
represents a promising strategy for antimalarial drug dis-
covery (2, 3, 30).

Selenoproteins are selenocysteine (Sec)-containing pro-
teins. Sec, the 21st genetically encoded amino acid, has alower
pKa and a higher reduction potential than cysteine, which
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makes the residue more reactive toward both electrophilic
substrates and inhibitors (33). For Sec incorporation, the
presence of selenium, a UGA codon (encoding Sec under
the specific circumstances) and a Sec insertion sequence (SE-
CIS) element, a conserved motif downstream of the seleno-
protein encoding gene, are required (4, 15). A complex
co-translational machinery then further assists the biosyn-
thesis of selenoproteins (6, 8, 9, 11).

Selenoproteins are found in all 3 kingdoms of life, with
about 30 different families currently identified (20). In humans
there are 25 known selenoproteins (20). Among the best
studied ones are glutathione peroxidases, thioredoxin reduc-
tases, and deiodinases (10, 14, 28, 31). Selenoproteins are key
players in redox metabolism and in antioxidant defense.
Moreover, proteins linked to redox metabolism—like thio-
redoxin glutathione reductase (21) and glucose-6-phosphate
dehydrogenase (17)—are currently discussed as attractive
antiparasitic drug targets (2, 3, 35).

We have previously identified the decoding machinery
for selenoproteins and four unique possible genes of seleno-
proteins via computational analyses in P. falciparum (25).
These four selenoproteins, namely PfSell (PF14_0033), PfSel2
(PFI1515w), PfSel3 (MAL8P1.86), and PfSel4 (PF14_0251) are
highly conserved within Plasmodium species. PfSell and
PfSel4 are relatively small with a molecular mass of 13.3 and
16.1kDa, respectively. PfSel2 and PfSel3 have a molecular
mass of 27.6 and 41.5kDa, respectively (including predicted
targeting sequences). The Sec residues are located in the
C-terminal (PfSell and PfSel 4) or N-terminal (PfSel2 and
PfSel3) regions of the proteins—some of them in direct vi-
cinity to a cysteine residue (PfSell and PfSel2), which might
be involved in enzymatic catalysis (25).

Within the framework of this present study, we aimed at
enhancing our understanding of structural and functional
properties of the four P. falciparum selenoproteins. Based on
bioinformatic analyses, we propose similarities with seleno-
proteins from other organisms. Further, we heterologously
overexpressed all four proteins as UGA — UGU (UGU corre-
sponding to cysteine) mutants in Escherichia coli and
additionally elucidated their subcellular localization in Plas-
modium using green fluorescent protein (GFP) fusion proteins.
Finally, we studied the influence of selenium, oxidative and
nitrosative stress on transcript levels of the four selenopro-
teins which allows us first insights into regulatory processes.

Results

Selenium is incorporated into predicted plasmodial
selenoproteins

By using 7°Se labeling in P. falciparum cell culture and
evaluating the cell extract on an SDS gel by autoradiography,
we detected five weak but distinct signals (Fig. 1). Bands were
identified at molecular masses of about 16, 28, and 40 kDa,
which correspond to the predicted molecular masses of PfSel4
(16.1kDa), PfSel2 (27.6kDa), and PfSel3 (41.5kDa), respec-
tively. Under the conditions chosen, a fourth signal around
50kDa was detected which does not directly correspond to
the predicted size of the identified selenoproteins, but which
might represent an oligomer. A clear signal for PfSell at
13.3kDa was not identified. However, the diffuse spot in the
low molecular weight region of the gel might cover the re-
spective band.
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FIG. 1. Autoradiography of cell extract after 136 h incu-
bation of Plasmodium falciparum blood stages with 1pCi/
ml Na,”SeO,. Parasites were harvested in the trophozoite
stage. Weak bands were identified at molecular masses of
about 16, 28, and 40kDa, which might correspond to the
predicted molecular masses of PfSel4 (16.1kDa), PfSel2
(27.6kDa), and PfSel3 (41.5kDa), respectively. A fourth sig-
nal around 50kDa does not correspond to a predicted
monomeric selenoprotein, however, might represent a sele-
noprotein oligomer. The rather diffuse signal in the low
molecular weight region of the gel might cover the band of
PfSell at 13.3 kDa. Although the bands detected are—due to
low abundance of the proteins—rather faint, they represent
the first in vivo proof of selenoproteins in Plasmodium. De-
spite varying concentrations of Na,”?SeOs, incubation times
and parasite stages used for harvesting, the signals could not
be improved. Se, selenium; Sel, selenoprotein; PP, parasite
cell pellet; PE, parasite extract; RBC, red blood cell extract; M,
marker proteins.

Bioinformatic analyses and heterologous
overexpression

As discussed below, the sequences of all four predicted
Plasmodium selenoproteins were studied in detail with various
bioinformatics tools to identify homologous sequences and to
further characterize structural motifs. Phylogenetic tree anal-
ysis was carried out with other predicted selenoproteins from
related organisms. The results are given in the Supplementary
Materials (see Supplementary Text and Figs. S1-S3; Supple-
mentary Data are available online at www .liebertonline.com/
ars).

Further we were able to clone and overexpress the genes of
all four plasmodial selenoproteins as UGA —UGU (Sec— Cys)
mutants in E. coli. However, the recombinant production
turned out to be very challenging—with respect to yield, pu-
rity, and stability of the proteins—as described in detail in the
Supplementary Methods and Results sections and in Supple-
mentary Figure S4.

PfSel1 and PfSel4 as “protector” proteins

To study the general antioxidative activity of the seleno-
proteins, an assay system based on the protection of gluta-
mine synthetase (GS) activity from oxidative stress induced
by FeCl; and DTT was employed (19). Adding the iron che-
lator EDTA or a well-known peroxidase (in our case P. falci-
parum thioredoxin peroxidase 1 [TPx1]) to the assay system,
protected the GS activity from inactivation; in case of PfTPx1
this effect was concentration dependent (Fig. 2). A repro-
ducible and concentration dependent protective activity was
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FIG. 2. Antioxidative activity of PfSell and PfSel4. The
general antioxidative activity of the selenoproteins was ex-
amined using the glutamine synthetase protection assay ac-
cording to Kim et al. (19). For these assays we employed the
heterologously overexpressed and purified Sec— Cys mu-
tants of the selenoproteins. —C: negative control, here GS is
drastically inactivated by oxidative stress induced by FeCl;
and DTT; +C (EDTA): in this positive control, the oxidative
stress is diminished by the iron chelator EDTA; +C (87 or
12 uM PfTPx): in these two positive controls, the oxidative
stress is antagonized concentration-dependently by P. falci-
parum TPx1 (available as pure recombinant protein in our
lab); +C (-Stress): in this positive control FeCl; was omitted;
pQE30: negative control, Escherichia coli cell lysate with
empty expression vector, purified via affinity chromatography
as done for the selenoproteins; Buffer: negative control, only
the 50 mM HEPES buffer (+TG-buffer) in which the seleno-
proteins were taken up was used; 66/22/67/25 uM Sell or
Sel4: concentration dependent protective activity of PfSell
and PfSel4. Sec, selenocysteine; TPx, thioredoxin peroxidase.

also found for PfSell and PfSel4, which were studied in the
form of the recombinantly produced UGA — UGU mutants.

Subcellular localization of plasmodial selenoproteins

GFP-fusion proteins of the four plasmodial selenoproteins
were expressed in P. falciparum with a UGA—UGU (cyste-
ine) mutation replacing the Sec by a cysteine. For details on
the design of the GFP fusion constructs and parasite trans-
fection please refer to the Supplementary Material. It should
be pointed out that a single amino acid exchange can theo-
retically alter the subcellular localization of a protein. Thus,
the Cys mutants used in our studies cannot be ruled out
to have other locations than the corresponding wild-type
selenoproteins.

As shown in Figure 3, the cysteine mutants of three out
of four selenoproteins, namely PfSell, PfSel2, and PfSel4,
localized reproducibly to the endoplasmic reticulum (ER).

However, the cysteine mutant of PfSel3 could not be clearly
assigned to a defined compartment. Occasionally colocaliza-
tion with apicoplast (Fig. 4A) and (in very few cases) with
parasitophorous vacuole markers were detected (data not
shown). The tryptophan mutant of PfSel3 clearly co-localized
with the apicoplast marker acyl carrier protein (ACP)
(Fig. 4B). The PfSel3-GFP fusion construct with the original
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Sec codon UGA (but without SECIS element) resulted in a
strong nuclear localization as indicated by co-localization
with the nuclear marker Hoechst 33258 (Fig. 4C). It will be
interesting to study the observed phenomena in further detail.

Inhibition of P. falciparum growth in vitro

To determine the general growth promoting and inhibiting
effects of selenite in Plasmodium and to define proper levels of
selenite, paraquat, and sodium nitroprusside (SNP) for the
following experiments on transcript level changes, the growth
inhibitory effects of sodium selenite, paraquat, and SNP were
determined in vitro in the P. falciparum K1 strain. The ICs
value of sodium selenite was determined to be 10.1+3.2 uM
which corresponds well with a recently published value of
9 M (36). The ICs, values for SNP and paraquat were 8.8 +2.1
and 25+4.8uM, respectively. Dose response curves are
shown in Figure 5.

Sodium selenite has an impact on selenoprotein
transcription

To analyze the transcript levels of the selenoproteins after
sodium selenite supplementation, we treated the parasite cell
culture with three different concentrations: 0.1 and 1.5 uM,
which represent human plasma concentrations (23), and
7 uM, which is nearly the ICs, of sodium selenite (see Fig. 5).
Transcripts of arginyl-tRNA-synthetase (atRNAsyn) and glu-
taminyl-tRNA-synthetase were found to be most stable under
the experimental conditions (see Materials and Methods) and
were therefore used as internal reference genes. The tran-
scription of the four selenoproteins was regulated differen-
tially. Treatment with 0.1 and 1.5 uM sodium selenite induced
at most time points an upregulation of the transcript levels of
all four selenoproteins (Fig. 6). At 7 uM sodium selenite con-
sistently downregulated the transcript levels of PfSel2 (Fig. 6),
whereas PftRNA*5! was found to be upregulated by a
factor of 2.5 at 3h (data not shown).

Influence of oxidative and nitrosative stress
on selenoprotein transcript levels

The influence of oxidative or nitrosative stress on the
transcript levels of the selenoproteins was studied by expos-
ing the parasite cultures to the redox cyclers methylene blue
(MB) or paraquat or to the nitric oxide (NO)-donor SNP
(please see also Materials and Methods and Fig. 5).

After MB exposure we identified lactate dehydrogenase
(LDH) and glutaminyl-tRNA-synthetase (gtRNAsyn) as the
best combination of internal reference genes and used them to
normalize our data. After treatment of the parasites with MB
only very moderate mRNA level changes of the plasmodial
selenoproteins or of the biosynthesis machinery were detected
(Table 1).

For the experiments with paraquat and SNP a combination
of 185 rRNA and seryl-tRNA-synthetase (stRNAsyn) transcript
levels was most stable and used as a reference. Neither
paraquat nor SNP dramatically changed the transcript levels
of the selenoproteins. However, as seen in Table 1, SNP in-
duced a downregulation of various transcript levels at 3h
including PfSel2, PfSel3, PfSPS, PfEFSec, and PfSBP2, whereas
PfSell and PfSel4 were downregulated at 9h. At 12 and 15h,
PfSPS and PfSBP2 transcript levels increased—a trend that
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FIG. 3. Subcellular locali-
zation of PfSell, PfSel2, and
PfSel4 in P. falciparum using
GFP-fusion proteins. Shown
are erythrocytes infected with
trophozoite stage parasites. (A)
PfSell (Sec—Cys), (B) PfSel2
(Sec—Cys), and (C) PfSel4
(Sec—Cys). Anti-BiP  and
Hoechst 33258 were used for
co-localization with endoplas-
mic reticulum and nucleus,
respectively. DIC, differential
interference contrast;, GFP,
green fluorescence protein; BiP,
binding immunoglobulin pro-
tein. (To see this illustration in
color the reader is referred to
the web version of this article at
www liebertonline.com/ars).

was also seen under paraquat. In addition, supplementation
of the parasite culture with paraquat led to slight decrease in
the mRNA levels of PfSell and PfSel4 at 9h—as also seen
under SNP.

Discussion

Within the framework of this study, the occurrence of se-
lenoproteins in the malaria parasite P. falciparum was defi-
nitely shown using 7°Se incorporation studies (Fig. 1). Further,
structural, functional, and cell-biological properties of the
four selenoproteins from this parasite have been determined.
In the following we discuss these findings for each single
protein (please see also Table 2 for a summary of the data).

PfSel1, a SelK homologue

As shown in Supplementary Figure S1, the primary struc-
ture of PfSell shares a similarity of 50.9% with human SelK,
when comparing with Toxoplasma gondii SelK this value in-
creases to 60.3%. Phylogenetic analyses indicate that the
protein fits well into a predicted class of SelK proteins of
protozoan parasites. The Sec residue of PfSell is found within
a CxooxUG redox motif similar to active site motifs found in
other redox-active proteins. As demonstrated with GFP fu-
sion proteins, the cysteine mutant of PfSell localizes to the ER
(Fig. 3A), as it is also the case for human SelK (26). In both
hSelK and PfSell sequences a transmembrane motif is pre-
dicted, however, in contrast to hSelK (20), no plasma

FIG. 4. Subcellular locali-
zation of PfSel3 in P. falci-
parum  using GFP-fusion
proteins and different PfSel3
mutants. Shown are erythro-
cytes infected with trophozo-
ite stage parasites. (A) PfSel3
(Sec—Cys), (B) PfSel3 (Sec—
Trp), and (C) PfSel3-UGA.
Anti-ACP and Hoechst 33258
were used for co-localization
with apicoplast and nucleus,
respectively. ACP, acyl carrier
protein. (To see this illustra-
tion in color the reader is
referred to the web version
of this article at www
Jiebertonline.com/ars).
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FIG. 5. Dose-response curves for sodium selenite, para-
quat, and SNP on P. falciparum in cell culture. Parasites
were grown as described in the Supplementary Materials.
The experiments were carried out to determine the general
growth promoting and inhibiting effects of selenite in Plas-
modium and to define proper levels of selenite, paraquat, and
SNP for the following experiments on transcript level chan-
ges. Please note that the drug concentrations given on the
x-axis are nonlinear. SNP, sodium nitroprusside.

membrane localization was observed for our GFP-PfSell fu-
sion protein.

In spite of the low yield of the recombinantly produced
PfSell, a concentration dependent antioxidant activity in the
glutamine synthetase assay could be determined for PfSell.
Since for other selenoenzymes a Sec — Cys mutation shows an
activity decrease of about 75%-99% (5, 7, 41), it is likely that
the activity of native PfSell is much higher. Our findings are
supported by the fact that for human SelK a decrease of re-
active oxygen species levels was shown when the protein was
overexpressed in cardiomyocytes (26).

PfSell mRNA levels decreased over time under high so-
dium selenite concentrations (Fig. 6) and hardly changed
under oxidative or nitrosative stress (Table 1).

PfSel2, a SelT homologue

Alignments revealed 52.8% similarity between PfSel2 and
human SelT (Supplementary Fig. S2) and also relatedness
with SelT-like proteins from other organisms. Like in human
SelT, in PfSel2 the Sec residue is found in a CxSU redox motif
in the N-terminal section of the protein. Also for PfSel2 (Sec —
Cys) an ER localization could be unambiguously demon-
strated (Fig. 3B).

Determination of transcript levels indicated that PfSel2
transcription depends on the selenium status in the parasite.
In the presence of 0.1 and 1.5uM sodium selenite PfSel2
transcription increased within the first 3h, whereas 7 uM so-
dium selenite consistently decreased the transcript level (0.3-
to 0.7-fold) at all time points. In comparison with the other
four selenoproteins, this phenomenon was very pronounced
for PfSel2. Under oxidative or nitrosative stress no particular
pattern of PfSel2 transcript changes became evident—maybe
with the exception of an initial slight downregulation under
SNP and paraquat.
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Interestingly, mammalian SelT was previously shown to
play an important role in calcium homeostasis by mobilizing
intracellular Ca®* (13). In very preliminary analogously per-
formed experiments an increase in cytosolic calcium levels was
also detected when PfSel2 was overexpressed in P. falciparum
(data not shown). This trend is likely to become much more
pronounced if a Sec containing wild-type protein could be
expressed. We aim at addressing this question in future studies
once the difficulties in expression as for example, reported for
human SelT in E. coli or yeast (10), can be technically handled.

Does PfSel3 have a dual function in nucleus
and apicoplast?

Using several bioinformatic tools, no proteins with striking
homologies to Plasmodium Sel3 were identified. However, a
clear signal of about 40 kDa, corresponding to the predicted
molecular mass of PfSel3 (41.5kDa), was determined in the
parasites after 75Ge supplementation. Interestingly, for PfSel3
a nuclear localization is predicted with a bipartite nucleus
localization signal at the C-terminus (as 334-350). As described
in the results section, the PfSel3/GFP-fusion protein, which
contains its original UGA codon, indeed localized to the nucleus
(Fig. 4C). UGA cannot be translated into Sec without the SECIS
element, however, as described for other organisms, UGA might
also code for cysteine or tryptophan (16, 27, 38). Therefore we
produced PfSel3/GFP constructs with UGU (Cys) or UGG (Trp)
instead of UGA. However, neither of these two mutants local-
ized to the nucleus. The cysteine mutant localized in some cases
to the apicoplast (Fig. 4A), in some cases to the parasitophorous
vacuole and in most cases to indefinable compartments. The
tryptophan mutant clearly localized to the apicoplast (Fig. 4B).
These results might indicate that in Plasmodium UGA is unlikely
to be translated to Cys or Trp in the absence of a SECIS element.
It will be interesting to elucidate the mechanisms of this read-
through in further studies and to learn more about the physio-
logical—and maybe dual—localization of wild-type PfSel3.

As determined in the real time polymerase chain reaction
(rtPCR) experiments, the transcript levels of PfSel3 quickly
and strongly increased under 0.1 and 1.5 M sodium sele-
nite supplementation. A consistent or pronounced regulative
pattern under oxidative or nitrosative stress was, however,
not observed.

Based on the data, it is tempting to hypothesize that PfSel3
might serve as a sensor of selenium status possibly also
influencing protein biosynthetic processes in the nucleus and
the apicoplast.

PfSel4 is a SelS homologue

As for PfSel2 and PfSel3 we detected a 16 kDa signal corre-
sponding to the predicted molecular mass of PfSel4 (16.1 kDa)
in the 7Se incorporation studies. Further, bioinformatic analy-
ses revealed distant relatedness of PfSel4 with human SelS
(Supplementary Fig. S3). The cysteine mutant of PfSel4 is lo-
cated in the ER in P. falciparum (Fig. 3C) and—Ilike human SelS—
has a predicted transmembrane domain at positions 20-38.

Similar to PfSell, we were able to overexpress small
amounts of PfSel4 in E. coli. Optimizing the codon usage to
E. coli by complete gene synthesis did not significantly im-
prove the yield of the expression or the quality of the product.
However, a general antioxidative activity of PfSel4 was
demonstrated in the glutamine synthetase protection assay.
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FIG. 6. mRNA levels of plasmodial selenoproteins are influenced by selenite status. Fifteen-hour-old ring-stage parasites
were treated with three different sodium selenite concentrations (0.1, 1.5 and 7 uM). The parasites were harvested at 3, 6,9, 12,
and 15 h after addition of sodium selenite, RNA was isolated and transcript levels were determined as described in Materials
and Methods and in the Supplementary Materials. Transcript changes relative to the untreated control were monitored for

(A) PfSell, (B) PfSel2, (C) PfSel3, and (D) PfSel4.

Transcript levels of PfSel4 were enhanced at all time points
under supplementation of the cell culture with 0.1 and 1.5 uM
sodium selenite.

Selenoprotein biosynthesis machinery

The SECIS element works together with other cis- and
trans-acting factors. Until now SECIS binding protein (SBP2),
a specific tRNA*"*l 3 specific elongation factor (EFSec),
Secp43, soluble liver antigen, ribosomal protein L30, nu-
cleolin, Sec tRNA gene transcription activating factor, and
Sec redefinition element have been identified to function for
Sec insertion in eukaryotes (reviewed in 31). Numerous
factors contributing to selenoprotein biosynthesis in Plas-
modium have already been identified in silico (25) and were
included into our studies on the regulation of transcript
levels. Our data indicate that in Plasmodium the transcript
levels of SPS, EfSec and tRNA*"**l are consistently upre-
gulated by the presence of all three tested concentrations of
sodium selenite over the period of 15 h (data not shown). In

contrast, SBP2 transcript levels increased at 3h under all
concentrations and decreased later. Under SNP and para-
quat a clear increase in SBP2-transcript levels became evi-
dent at 12 and 15h (Table 1).

The regulation of proteins involved in selenoprotein bio-
synthesis is likely to directly influence the gene expression of
the four plasmodial selenoproteins. Such a hierarchical regu-
lation of gene expression during different selenium statuses
has been previously reported for mammals (32). Also regula-
tory pathways common to many selenoprotein genes, includ-
ing several involved in stress-responses, have been proposed
(11, 34). As recently published, such a stress response might
even include selenium-induced apoptotic cell death in Plas-
modium (36). Our data indicate that the factors contributing to
transcription of selenoproteins in malaria parasites are directly
regulated by sodium selenite and external stressors. Further
studies will be carried out to elucidate the response of sele-
noprotein and selenoprotein synthesis genes to environmental
and pharmacological challenges and to further understand the
resulting adaptive processes in the parasites.
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TaBLE 1. TRANSCRIPT CHANGES OF PLASMODIUM FALCIPARUM BLOOD STAGES UNDER TREATMENT
WITH METHYLENE BLUE, SODIUM NITROPRUSSIDE, AND PARAQUAT
Ring Tropozoite Schizont
Gene 3 h after treatment 6 h after treatment 9 h after treatment 12 h after treatment 15 after treatment
MB
PfSell 0.90+0.03 2.09+1.09 1.07+0.49 0.72+0.18 0.71+0.04
PfSel2 1.66+0.64 1.28+0.25 1.30+£0.13 1.12+0.08 1.57+0.1
PfSel3 1.11£0.59 1.17+0.09 1.78+0.59 1.32+0.66 0.94+0.07
PfSel4 0.52+0.03 1.66+0.37 1.23+0.6 0.81+0.14 0.66+0.1
PfSPS 0.74+0.23 1.51+0.64 0.67+0.11 1.07+0.05 1.32+0.21
PftRNASersec] 0.95£0.09 2.32+0.87 0.95+0.36 1.21+0.31 0.76+0.01
PfEFSec 1.94+1.13 1.56+0.54 1.00£0.18 1.31+0.1 1.33+0.63
PfSBP2 1.28+0.37 1.08+0.29 0.88+0.18 2.22+0.93 0.94+0.18
SNP
PfSell 0.82+0.27 0.8+£0.41 0.41£0.03 1.29£0.51 22+1.07
PfSel2 0.16tn.a 171+na 1.38+n.a 0.37tn.a 3.58+n.a
PfSel3 0.28+0.11 2.59+191 0.47£0.26 0.96+0.33 1.26+0.14
PfSel4 2.82+2.38 0.7+0.41 0.28+0.16 0.73+0.23 1.51+0.15
PfSPS 0.23£0.13 17.4+17.2 0.9£0.04 2.12+1.48 4.37+3.61
PftRNASertsec] 2.61+1.92 1.15+0.1 0.55+0.21 1.49+0.17 1.6+0.32
PfEFSec 0.42+0.3 1.79+0.68 0.67+0.08 1.3+0.04 1.19+0.62
PfSBP2 0.37tn.a. 0.44+tn.a. 0.16tn.a. 4.06tn.a. 19.22+n.a.
Paraquat
PfSell 1.82+0.4 1.84+0.55 0.47+0.13 0.63+0.29 2.56+1.74
PfSel2 0.35ftn.a 0.58+n.a 1.86+n.a 0.39tn.a 2.09tn.a
PfSel3 0.93+0.16 0.9+0.23 1.45£0.90 245+2.11 0.91+0.39
PfSel4 1.77+0.83 1.77+£0.67 0.31+0.25 0.94+0.45 1.69+0.32
PfSPS 1.45+0.79 3.48+£2.98 4.18+0.51 0.77+0.02 512+4.34
PftRNAsertsec] 0.76+0.03 1.09+0.09 0.56+0.25 1.61+0.43 1.37+0.69
PfEFSec 0.73+0.14 1.17+0.18 0.78+0.06 1.12+0.65 1.35+0.56
PfSBP2 0.84*tn.a 0.55%n.a 0.34*n.a l46*n.a 16.7tn.a

Given are relative mRNA concentration = SE.

Fifteen-hour-old ring-stage parasites were treated with 10 uM SNP, 20 uM paraquat, or 15 nM MB. The parasites were harvested at 3, 6, 9,
12, and 15 h after addition of the compounds, RNA was isolated and transcript levels were determined as described in Materials and Methods
and in the Supplementary Materials. Transcript changes relative to the untreated control were monitored.

MB, methylene blue; Se, selenium; Sel, selenoprotein; Sec, selenocysteine; SNP, sodium nitroprusside; n.a., not available.

Materials and Methods
75Se incorporation studies

Parasites of the P. falciparum strain K1 were cultured as
described in detail in Supplementary Material at a para-
sitemia of 8% and a hematocrit of 3.3%. Cultures of young ring
stage parasites were continuously supplemented with 1 uCi/

ml Na,"®SeO; (Hartmann, Analytic GmbH) and grown for
136 h, which corresponds to two complete intraerythrocytic
cyles of the parasite plus the growth phase from early rings to
trophozoites (24). Harvesting was done in the trophozoite
stage since here the yield in parasite material is highest.
Shorter incubation times were tested but led to less *Se in-
corporation. After washing three times in saponin lysis buffer

TABLE 2. SUMMARY OF PROPERTIES OF SELENOPROTEINS IN PLASMODIUM FALCIPARUM

PfSell PfSel2 PfSel3 PfSel4
PlasmoDB ID PF14_0033 PFI1515w MALSP1.86 PF14_0251
Chromosome 14 9 8 14
Size 13.3kDa 27.6kDa 41.5kDa 16.1kDa
Redox center C-terminal N-terminal N-terminal C-terminal
Vicinal cysteine Yes Yes No No
Homology hSelK hSelT NA hSelS
Subcellular localization ER ER Nucleus* or Apicoplast ER

*no SECIS element
Putative function Antioxidant Hints toward involvement Putative sensor for Antioxidant
in Ca®* homeostasis selenoprotein biosynthesis

Influence on mRNA levels NaSe1PfSell ] NaSe 1 PfSel21 NaSe 1 PfSel31 1 NaSe 1 PfSel4d 1

0,/NO PfSell &

NaSe1 1 PfSel2 |

O,/NO PfSel2

O,/NO PfSel3 <

SECIS, Sec insertion sequence; NO, nitric oxide; ER, endoplasmic reticulum; NA, not applicable.
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followed by centrifugation, parasites were disrupted by three
cycles of freezing and thawing. Protein extracts were collected
after centrifugation and separated by SDS-PAGE. The gel was
dried and the 7Se signals were visualized on an X-ray film.

Antioxidative activity

The general antioxidative activity of the selenoproteins was
examined using the glutamine synthetase protection assay
according to Kim et al. (19) For these assays we employed
heterologously overexpressed and purified proteins (Sec—
Cys mutants). E. coli cell extracts, grown with an empty ex-
pression vector, were used as controls.

Live cell imaging and immunofluorescence assays

Details on the design of GFP fusion constructs and parasite
transfection are provided in the Supplementary Materials.

Immunofluorescence experiments were carried out either
by fixing the cells with 4% paraformaldehyde/0.0075% glu-
taraldehyde in PBS of pH 7.4 as previously described (37)
except that fixation was carried out for 30 min at 37°C, and
quenching took place in 100 mM glycine/PBS. Primary anti-
bodies used were the following: rabbit anti-ACP (1:500;
kindly provided by GI McFadden), rabbit anti-BiP (1:2200;
kindly provided by T. Gilberger), and chicken anti-GFP (1/
1000; Abcam). Suitable Cy2- Cy3- (Dianova) conjugated sec-
ondary antibodies were used 1:2000. Antibodies were diluted
in 3% bovine serum albumin-PBS. Fixed parasites were co-
stained with Hoechst 33258 (50ng/ml) to visualize nuclear
DNA. Parasite cultures synchronized to about 80% were
employed for the studies. Figures 3 and 4 show trophozoite
stage parasites which are best suited for subcellular localiza-
tion studies. Data shown are representative of at least 20 in-
dependent observations.

Determination of ICsps on P. falciparum

Isotopic drug sensitivity assays were employed to investi-
gate the susceptibility of the malaria parasites to various
compounds. Incorporation of radioactive [*H]hypoxanthine,
was carried out with the modifications of Fivelman et al. (12)
Parasites were incubated at a parasitemia of 0.25% (>70% ring
forms) and 1.25% hematocrit in hypoxanthine-free medium.
After 48 h, 0.5 uCi [SH]hypoxanthine was added into each well,
and the plates were incubated for another 24 h. The cells of each
well were harvested on a glass fiber filter (Perkin-Elmer), wa-
shed, and dried. Their radioactivity, in counts per minute, was
considered to be proportional to the respective growth of P.
falciparum in the well. ICs( values were calculated.

Sample preparation for transcriptome profiling

Fifteen-hour-old ring-stage parasites were treated with
10 uM SNP, 20 uM paraquat, or 15 nM MB or three different
sodium selenite concentrations (0.1, 1.5 and 7 uM). Culture
conditions were chosen as described above. The parasites were
harvested at 3, 6, 9, 12, and 15h after treatment as described
above. The parasites were frozen in liquid nitrogen and were
kept at —80°C. For quantitative real-time-polymerase chain
reaction (qR-T-PCR) the parasite cell extracts were prepared
according to the instructions of the Macherey-Nagel Nu-
cleoSpin RNA /Protein kit with slight modifications. The pellet
was resuspended in 350 ul RP-1 by carefully pipetting and at
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short vortexing intervals. Again 350 ul RP-1 was added to the
suspension and the parasites were disrupted by three cycles of
freezing in liquid N, and thawing in a water bath. Subse-
quently the RNA was purified according to the manufactur-
er’s instruction.

Quantitative real-time PCR

For determining transcriptome changes two step quanti-
tative real time PCR (qRT-PCR) was carried out after sup-
plementation of the parasite cell culture with SNP, paraquat,
sodium selenite, and MB.

Total RNA was isolated using the Macherey-Nagel Nu-
cleoSpin RNA /Protein kit as described above and treated
with highly concentrated (1000 U) deoxyribonuclease I (Fer-
mentas). RNA concentrations were measured by Nano-
Drop™ 1000 (ThermoScientific). Aliquots of 700ng of each
sample were reversely transcribed to cDNA using a 1:3 mix of
oligo-dT and random hexamer primers (ThermoScientific
Verso cDNA kit). The SYBR Green JumpStart Taq Ready Mix
for Quantitative PCR (Sigma-Aldrich) or the SensiMix Sybr
Kit (Bioline) was used with a Rotor-Gene 3000 real time PCR
cycler (Corbett Research).

Primers were designed by hand or with FastPCR (18) Each
primer was blasted against the whole P. falciparum genomic
database to check for specificity and was also tested in a PCR
prior to the qRT-PCR. The list of primers is shown in Sup-
plementary Table S1. The qRT-PCR runs were performed in
triplicates. Validations of the experiments were done by using
freshly prepared cDNA. The Rotor-Gene 6.0 software was
used to analyze the PCR results and to determine cycle
threshold values.

18s rRNA, LDH, atRNAsyn, gtRNAsyn, stRNAsyn (22)
served as internal reference genes. Normfinder (1) and GeN-
orm (39) were used to identify the most stable and best com-
bination of two reference genes for every treatment. Relative
mRNA-levels were calculated using the AA-CT-method (29).
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Abbreviations Used

ACP =acyl carrier protein
atRNAsyn = arginyl-tRNA-synthetase
ER = endoplasmic reticulum
GFP = green fluorescence protein
GS = glutamine synthetase
gtRNAsyn = glutaminyl-tRNA-synthetase
LB = Luria-Bertani
LDH =lactate dehydrogenase
MB = methylene blue
NLS =nucleus localization signals
NO = nitric oxide
qRT-PCR = quantitative real time PCR
RBC =red blood cell
RT-PCR =real time polymerase chain reaction
Sec = selenocysteine
SECIS = Sec insertion sequence
Sel = selenoprotein
SNP = sodium nitroprusside
stRNAsyn = seryl-tRNA-synthetase
TB = Terrific Broth
TPx = thioredoxin peroxidase




