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ABSTRACT

Proteins containing the 21st amino acid selenocys-
teine (Sec) are present in the three domains of life.
However, within lower eukaryotes, particularly para-
sitic protists, the dependence on the trace element
selenium is variable as many organisms lost the
ability to utilize Sec. Herein, we analyzed the genomes
of Trypanosoma and Leishmania for the presence of
genes coding for Sec-containing proteins. The
selenoproteomes of these flagellated protozoa have
three selenoproteins, including distant homologs of
mammalian SelK and SelT, and a novel multidomain
selenoprotein designated SelTryp. In SelK and
SelTryp, Sec is near the C-terminus, and in all three
selenoproteins, it is within predicted redox motifs.
SelTryp has neither Sec- nor cysteine-containing
homologs in the human host and appears to be a
Kinetoplastida-specific protein. The use of selenium
for protein synthesis was verified by metabolically
labeling Trypanosoma cells with "°Se. In addition,
genes coding for components of the Sec insertion
machinery were identified in the Kinetoplastida
genomes. Finally, we found that Trypanosoma brucei
brucei cells were highly sensitive to auranofin, a
compound that specifically targets selenoproteins.
Overall, these data establish that Trypanosoma,
Leishmania and likely other Kinetoplastida utilize
and depend on the trace element selenium, and this
dependence is due to occurrence of selenium in at
least three selenoproteins.

INTRODUCTION

Trypanosomatids are a group of exclusively parasitic kineto-
plastid protozoa, which are responsible for several major

human diseases. The most notable of these are sleeping sick-
ness and South American Chagas’ disease, caused by Try-
panosoma spp., and the different forms of leishmaniasis,
caused by Leishmania spp. Sleeping sickness is endemic in
certain regions of Sub-Saharan Africa that encompass 36
countries and 60 million people. It is estimated that 300-
500 thousand people are infected and 40000 die every year
of this disease. According to the World Health Organization,
Chagas’ disease currently affects 16—18 million people, par-
ticularly in the South America. Leishmaniasis adds another
12 million people living in 88 different countries (1-3).
Recently, significant efforts have been placed on genome
sequencing and annotation of both Trypanosoma and Leish-
mania, and several completely sequenced genomes of these
organisms are currently available (4-6). Correct genome
annotation and understanding of protein functions in these
organisms are considered crucial for drug development and
disease prevention (7,8). However, the use of existing anno-
tation tools did not result in identification of genes coding
for selenocysteine (Sec)-containing proteins because Sec,
the 21st naturally occurring amino acid in the genetic code,
is encoded by UGA, one of three signals that terminate pro-
tein synthesis (9,10). Leishmania major (accession no.
AAG35734), Trypanosoma cruzi (XM_805940) and Try-
panosoma brucei (XP_823164) were reported to contain a
gene coding for a homolog of selenophosphate synthetase,
an enzyme that generates selenophosphate, a selenium donor
compound used for biosynthesis of Sec (11). However, whe-
ther this protein is functional in L.major is not known, and in
addition, selenophosphate synthetase is also involved in path-
ways other than Sec biosynthesis (12). Thus, whether Leish-
mania or other Kinetoplastida utilize Sec remains unknown.
Sec is inserted into nascent polypeptides with the help of
an RNA structure, designated Sec insertion sequence
(SECIS) element (9). We previously reported that SECIS ele-
ments in closely related species show a significant level of
homology and that evolutionary criteria could be applied to
carry out computational searches with increased specificity
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for these structures (13). Since multiple completely sequenced
Kinetoplastida genomes are available, simultaneous analysis
of these genomes could help identify selenoprotein genes
encoded in these organisms.

Identification of selenoprotein genes in Kinetoplastida is
also interesting from an evolutionary point of view: although
selenoproteomes have been previously identified in the three
domains of life, lower eukaryotes show variable dependence
on selenium, with yeast and higher plants lacking selenopro-
teins (14). Few attempts have been made to explore a larger
protozoan community (15,16). Thus, information about simi-
larities and differences among protozoan selenoproteomes
may provide valuable insights into evolution of selenium
utilization.

In this study, we carried out bioinformatics analyses and
identified three selenoprotein genes in Kinetoplastida. Two
of them correspond to already known SelK and SelT families,
while the third selenoprotein showed no homology to known
proteins and thus represents a new selenoprotein family.
Metabolic labeling of cells with °Se and auranofin inhibition
studies supports these in silico findings. These data are dis-
cussed with respect to the dependence of Kinetoplastida on
selenium.

MATERIALS AND METHODS
Databases and programs

Nucleotide sequences of Trypanosoma congolense, T.cruzi,
Trypanosoma vivax, Trypanosoma gambiense, Trypanosoma
brucei brucei, L.major, Leishmania infantum and Leishmania
braziliensis genomes, as well as predicted proteins sequences,
were downloaded from The Wellcome Trust Sanger Institute
(http://www.sanger.ac.uk). SECISearch 2.19 (14) was used for
identification of SECIS elements. FASTA package (17) and
BLAST were used for similarity search. An online version of
MFOLD version 3.2 (18) was used for RNA secondary struc-
ture prediction and preliminary analysis of SECIS-like struc-
tures. ClustalX was used for calculation of distances between
each pair of sequences used to construct the phylogenetic
tree.

Identification of distant homologs of known
selenoprotein genes

In the search for homologs of known selenoprotein, query
sequences were represented by Chlamydomonas MsrA
(19,20), four Plasmodium falciparum selenoproteins (16),
Gallus gallus SelU (21), protein disulfide isomerase from
Emiliania huxleyi (22) and the full set of human selenopro-
teins (14). A stand-alone version of TBLASTN was used to
detect nucleotide sequences corresponding to known seleno-
protein families. Downstream regions of detected sequences
were analyzed for presence of SECIS elements with SECIS-
earch. In addition, nucleotide sequences were analyzed with
MFOLD (18) to identify SECIS-like structures. All SECIS-
like structures were screened for compliance with elements
of the current SECIS consensus model (e.g. a non-Watson—
Crick quartet in the SECIS core and unpaired AA, AG or
CC nucleotides in the apical loop).
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Searches for SECIS elements

The default pattern of SECISearch was modified to accom-
modate Trypanosoma SECIS elements identified with the
loose pattern of SECISearch and those not detectable by
SECISearch but identified by manual searches with MFOLD.
The modifications were as follows: (i) the threshold of the
free energy of the overall structure was —11.5 kcal/mol, (ii)
the minimum length of the stem was 10 bp and (iii) the apical
loop was 3—17 nt. Genomic sequences of Kinetoplastida were
searched using this modified version of SECISearch. Details
of the procedures have been previously described (14,16).
Briefly, nucleotide sequences were identified in the genome
that meet primary and secondary sequence/structure require-
ments, satisfy free energy criteria and pass additional struc-
tural filters.

All SECIS candidates were analyzed for the presence of
at least one homolog in other Kinetoplastida species by
searches against a database containing SECIS candidates
from other Kinetoplastida species. To align SECIS
sequences, we used FASTA with an E-value of 1 X 1078,
Regions upstream of SECIS elements were further analyzed
for occurrence of open reading frames (ORFs). An addi-
tional requirement was the presence of at least two homo-
logous ORFs in Kinetoplastida. Candidates, in which
SECIS elements and ORFs were on different DNA strands,
were filtered out.

Cultivation of bloodstream and procyclic
T.brucei brucei

For the auranofin experiments, culture-adapted bloodstream
and procyclic T.brucei of the cell line 449 [descendants
of strain Lister 427 (23) and stably transfected with
pHD449 encoding the tetracycline repressor (24)] were
used. Bloodstream T.brucei brucei was grown at 37°C in
a humidified atmosphere with 5% CO, in HMI-9 medium
supplemented with 1.5 mM cysteine, 0.0014% (v/v) B-
mercaptoethanol, 10% heat-inactivated fetal calf serum
(FCS) (v/v), 50 U/ml penicillin, 50 pg/ml streptomycin
and 0.2 ug/ml phleomycin. Procyclic T.brucei were
grown in MEM-Pros medium (Biochrom) supplemented
with 7.5 pg/ml hemin, 10% heat-inactivated FCS (v/v),
50 U/ml penicillin, 50 pg/ml streptomycin and 0.5 pg/ml
phleomycin at 27°C.

Auranofin inhibition studies

Auranofin, a highly specific inhibitor of several selenoen-
zymes (25,26) was tested as an inhibitor of trypanosomal
growth. A total of 1 x 10° bloodstream trypanosomes per
ml or 2 x 10° procyclic parasites per ml were cultured as
described above in the presence of 1 nM to 10 uM of aura-
nofin dissolved in dimethyl sulfoxide (DMSO). To rule
out that DMSO by itself might influence growth of cells,
an additional control experiment without DMSO was carried
out in parallel. A sample without auranofin but with an
identical volume of DMSO served as an additional control.
After 18 h, the cells were counted in a Neubauer chamber.
No growth difference could be detected between these
two negative controls. All experiments were carried out in
duplicate.

202 YoIe 0Z U0 1s8nB Aq $£91608/Z ) 0b/1 L/FE/PI0IME/IBU/WLOD"dNO"0IWBPEDE//:SARY WO PEPEOIUMOQ



4014 Nucleic Acids Research, 2006, Vol. 34, No. 14

T.brucei brucei, | T.congolense T.vivax T.cruzi L.major L.infantum L.braziliensis
T.gambiense
U U ~
CAL c€Ca alc AVc AT C
AA GU A A AA C U U §] U
A U A A A Al{ \G U G\UU uG A ub A cA
56U rCc ¢ G \ AGAG ANy C oG GuA U C 0 A U AG ¢ SuA U
€ "M A G U / C u A A CH A SN As v G
G y G g c C (o) G GGU oAl L.GU
oG G-C G G—C A G A A A G
fe G-C C G-C G-U A-U A-U G-U
G-C G-U A-U G-C G-C G-C A-U
G-C G-C G-C G-C A A G-C
G=C G-C U=A c G-C G-C G-C
U-A U-A G-C G-C G-C G=¢ U-A
G-C C-G 4 G-C U-A U-A s
G-C i s G—-C 3=2C
U-A U-A any G=C U ¢
= U-G U-G Cc—-G c C C ¢
C-G i - U U U U
U-A U-A o S P c-G c-G
c-U c-u Uu-u U-G C-G C_C C'
e A—G A-G C-G C-G S C=G
ol G-A G-A U-A U-A o U-A
Goa U—a U-A c-U c-u -G Uu-u
U-A U A U A—C A-G G-A A-G
A U A U G-A G-A by G-A
U U U U U-A U-A A U U-A
A-U U-A A-U A U A v U A A
U-A A-U U-A u U u u uv G C
G, U G U Gy LG
U-G U-A U-G ~U - ~U Usg ;Z\G
Usg ~G Ug
T.brucei brucei (| ATGAC AA
T.gambiense C| A} ATGAC AA
T.congolense C| | ATGAC AA
T.vivax C] | ATGAT AA
T.€ruzi G | ATGAC AA
L.major T| ATGAC 2 AA
L.infantum T| ATGAC i\ AA
L.braziliensis T ATGAT N\ AA

Figure 1. Structures and nucleotide sequence alignment of SelK SECIS elements. Functionally important nucleotides in the apical loop and the Quartet (SECIS
core) are shown in bold (in the structure) or in red (in the alignment). Conserved nucleotides are highlighted.

Metabolic labeling with "°Se

T.cruzi (Tulahuen-2 strain) epimastigotes (proliferative and
extracellular stage) were cultured at 28°C in BHI medium
[33 mg/ml brain-heart infusion (Difco)] supplemented
with 3 mg/ml tryptose, 20 pg/ml hemin, 5 mM KCI and
25 mM sodium phosphate, complement-inactivated 10%
fetal bovine serum (v/v), 1.7 mM glucose, 200 pg/ml strepto-
mycin sulfate and 200 U/ml penicillin at pH 7.3. A total of
100 ml exponential-phase parasites (2 x 107 cells per ml)
were harvested by centrifugation at 800 g (Sorvall RC5Cplus,
rotor F21S FiberLite) and washed twice with DMEM
(Dulbecco’s Modified Eagle Medium, SIGMA), without
fetal bovine serum but supplemented with 1.5 mM
L-glutamine, 5.6 mM glucose, 45 mM sodium bicarbonate,
200 pug/ml streptomycin sulfate and 200 U/ml penicillin.
The collected parasites were resuspended in 5 ml of
DMEM and cultured for 40 h at 28°C in the presence of
400 UCi of ™Se provided as 5 uM ["*Se]selenite (University
of Missouri Research Reactor). After 40 h, cells were har-
vested by centrifugation, washed twice, resuspended in
500 pl of phosphate-buffered saline (PBS) containing 5 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and
1 mM (25,35)-3-(N-{(S)-1-[N-(4-guanidinobutyl) carbamoyl]
3-methylbutyl}carbamoyl)oxirane-2-carboxylic acid (E-64),
and sonicated. A total of 10-20 pug of protein from parasite
cell homogenates were subjected to 10% SDS-PAGE under
reducing conditions and transferred onto a polyvinylidine
difluoride (PVDF) membrane. Proteins were stained with
Coomassie blue and radioactivity was visualized by autora-
diography using a PhosphorImager (Fuji).

RESULTS AND DISCUSSION

To identify selenoprotein genes in Trypanosoma and Leishmania,
we initially searched available sequenced genomes of these
organisms for occurrence of homologs of known selenoprotein
genes with TBLASTN. Two selenoprotein families were found
in several Kinetoplastida genomes, including homologs of
human SelK (accession no. Q9Y6DO0) and SelT (AAH26350).

Alignments of SelK SECIS elements and protein sequences
are shown in Figures 1 and 2. All SECIS elements in the
SelK family could be found using the default pattern of
SECISearch. In addition, both SECIS elements (Figure 1)
and protein sequences (Figure 2) were highly conserved
among Trypanosomas and Leishmania. Thus, the SelK SECIS
elements found in Kinetoplastida sequences fit very well the
eukaryotic SECIS consensus model.

In contrast, SECIS elements in SelT genes (Figure 3) dif-
fered from the typical SECIS structure. While SelT protein
sequences showed high conservation rate among Kinetoplas-
tida (Figure 4), SECIS elements were much less conserved,
and identification of several SelT SECIS elements posed a
challenge even with the loose pattern of SECISearch.

To adjust SECISearch for identification of Trypanosoma
SECIS elements, we developed a modified version of the pro-
gram (as described in Materials and Methods), which signifi-
cantly improved specificity of the searches. Application of
this program resulted in the detection of all SelT SECIS
elements except that in the T.cruzi SelT gene. Interestin-
gly, predicted SECIS elements in L.major and L.infantum
SelT genes drastically differed from their T.gambiense,
T.congolense and T.vivax counterparts.
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Figure 2. Amino acid sequence alignment of SelK sequences. Sec (indicated by U) is shown in red, and the corresponding Cys in blue. The position of these
residues in the sequences is indicated by a red star above the sequences. Conserved residues are highlighted. ORFs were predicted in the following sequences:
4 265 315.c000313905.Contigl (T.congolense), Tb927_10_v4 (T.brucei brucei), 1 585 712.c000312726.Contigl (T.gambiense), Contig8734 (T.vivax),
Tcruzi.chrunknown.4757 (T.cruzi), LmjF36_01_20040630_V4.0 (L.major), L10706f02.p1k (L.infantum), brazil1129f08.q1k (L.braziliensis).

We further applied the modified version of SECISearch to
analyze entire genomes and genome survey sequences of
T.congolense, T.cruzi, T.vivax, T.gambiense, T.brucei brucei,
L.major, L.infantum and L.braziliensis. An additional require-
ment was the presence of SECIS homologs in other Kineto-
plastida (cut-off value of 1 X 107® as determined from
FASTA alignments of Trypanosoma and Leishmania SECIS
elements in SelK and SelT genes). However, L.major,
L.infantum and L.brasiliensis genomes exhibited very high

sequence similarity; therefore, only L.major was included in
the searches. Upstream regions of SECIS element candidates
were analyzed for the presence of at least one homolog in
other Kinetoplastida species. Predicted ORFs were then sear-
ched against NCBI non-redundant protein database, as well as
against predicted Kinetoplastida proteins.

This analysis identified six homologous groups of candida-
tes, including homologs of SelK and SelT, as well as a new
selenoprotein family designated SelTryp (Table 1). Two other
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Figure 3. Structures and nucleotide sequence alignment of SelT SECIS elements. Functionally important nucleotides in the apical loop and the Quartet (SECIS
core) are shown in bold (in the structure) or in red (in the alignment). Conserved nucleotides are highlighted. Separate alignments for Trypanosoma and
Leishmania are shown due to lack of homology between SECIS elements from these two groups of organisms.

candidates were filtered out because SECIS elements and
ORFs were on different DNA strands, and the last SECIS
candidate corresponded to a predicted ORF with no suitable
in-frame TGA triplet.

SelTryp SECIS elements, their alignments, and alignments
of the corresponding selenoproteins are shown in Figures 5
and 6. Like SelT structures, SelTryp SECIS elements were
conserved within Trypanosoma and within Leishmania, but
little conservation was detected between Trypanosoma and
Leishmania SelTryp SECIS elements (Figure 5).

In the SelTryp ORF, Sec was present in the C-terminal
region, within a conserved C-terminal peptide, SI(V)I(V)-
CI(V)SUPR (U is Sec). Although in known selenoproteins
Sec is most often found in loops located between secondary
structures, the C-terminal location is also common to eukary-
otic selenoproteins (e.g. thioredoxin reductase, SelK, SelS
and SelO). In SelTryp, Sec is present within a CxxU motif,
which is often found in selenoproteins that carry our redox
function through reversible formation of a selenenylsulfide
bond. This observation suggests a redox function for the
CxxU motif in SelTryp.

Analysis of SelTryp sequences revealed distant homology to a
rhodanese-like protein from Thermobifida fusca YX (accession
no. YP_291141). Two rhodanese homology domains (RHOD)
could be seen in SelTryp by CD-Search (27) in the region span-
ning 500-585 and 621-774 amino acids. An additional analysis
of amino acid sequences using SMART (28), AnDom (29) and
PROSITE (30) predicted the occurrence of a metallo-f3-lactamase
fold (Figure 6). The presence of conserved cysteines in the rho-
danese domains within a 6 amino acid active site loop (CXG-
GXR) suggested that this protein belonged to a YceA
subfamily (31). In addition, the use of DisEMBL (32) revealed

the lack of secondary structures in the C-terminal region of Sel-
Tryp, suggesting a flexible C-terminal Sec-containing tail.

The N-terminal sequences of SelTryp belong to a metallo-
B-lactamase superfamily of proteins and are followed with
rhodanese domains. Proteins with the metallo-B-lactamase
fold catalyze a wide variety of reactions, partly because this
fold allows selectivity for different metals. For example,
hydrolytic metallo-B-lactamase proteins mostly bind zinc,
redox-active rubredoxin:oxygen-oxidoreductases contain a
di-iron cluster, and glyoxalases II (thiolesterases) contain
iron, manganese or zinc (33).

Subcellular localization predictions using iPSORT [(34),
http://hc.ims.u-tokyo.ac.jp/iPSORT/], TargetP 1.1 [(35),
http://www.cbs.dtu.dk/services/TargetP/] and PredictProtein
[(36), http://www.predictprotein.org/) suggested a mitochon-
drial localization of SelTryp, whereas the SelT sequence con-
tains a potential export signal. In good agreement with its
human homolog, the Kinetoplastida SelK has a predicted
transmembrane motif.

All selenoprotein-coding genes that were found in Leishma-
nia and Trypanosoma lacked introns. In Leishmania seleno-
proteins, the distance from Sec-encoding UGA codons to
SECIS elements was between 800 bp (SelTryp) and 1100 bp
(SelK). In Trypanosoma selenoprotein genes, this distance
was more variable: ~200 bp for SelK and SelTryp, and
850 bp for SelT.

Analysis of selenoprotein ORFs against annotated Leish-
mania and Trypanosoma genomes revealed that SelK genes
were not annotated at all, except for the T.cruzi SelK gene, for
which a wrong ORF was predicted. SelTryp genes were mis-
annotated because the in-frame UGA codons were interpreted
as stop signals. SelT genes were split into two parts. One part
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corresponded to the N-terminal regions of the proteins and
was predicted to terminate at the Sec-encoding UGA
codons, and the second was predicted to initiate from an
AUG codon, which corresponded to the internal methionine
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downstream of the Sec UGA codon, continuing until the
true stop signal.

In addition to protein components of the Sec insertion
machinery (selenophosphate synthetase, Sec tRNA-specific
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Figure 4. Amino acid sequence alignment of SelT sequences. Conserved residues are highlighted. Sec (indicated by U) is shown in red, and the corresponding
Cys in blue. The following sequences were used to construct the alignment: tviv326d03.plk_1 and tviv326d03.plk_2 (T.vivax), gamb21f07.qlk_2
(T.gambiense), Tb927.5.860 and Tb927.5.870 (T.brucei brucei), congo270d08.qlk_5 and congo270d08.ql1k_6 (T.congolense), Tc00.1047053505163.60 and
Tc00.1047053505163.70 (T.cruzi), LmjF35.1110 (L.major), L10881h10.q1k (L.infantum), brazil1l006d02.plk and brazil74d01.qlk (L.braziliensis).

elongation factor), Sec tRNA genes were identified.
Although tRNAscan-SE used with default settings (37)
failed to recognize Sec tRNA genes in L.major, the use of
ARAGORN (38) identified Sec tRNAs in Trypanosoma and
Leishmania genomes. The predicted Sec tRNAs were then
successfully verified using COVE with a Sec tRNA
profile. All Sec tRNAs in Kinetoplastida could also be
found with a tool adapted for unusual tRNAs (39). All Sec
insertion machinery genes and selenoprotein genes were
located either on different chromosomes or, when on the
same chromosome, they were distant from each other.
Thus, although Kinetoplastida form operon-like structures,

the Sec insertion trait genes are spread throughout the parasite
genomes.

As a preliminary test to verify that these sequences are
indeed expressed as predicted we exploited two peculiarities
of Trypanosomes. First, mature T.brucei brucei mRNA
molecules share a common 5’ sequence (the so called spliced
leader, SL). Thus, a common forward primer can be used for
PCR on a T.brucei brucei cDNA preparation and subsequent
sequencing allows verification that a predicted start codon is
correct and to rule out that our sequence is a part of a larger
one. Second, as trypanosomal protein expression is primarily
regulated at the transcriptional level, the detection of the
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Table 1. Computational analysis of Kinetoplastida genomes for SECIS elements and selenoprotein genes

Organism Database size, bp Number of SECIS Number of SECIS Selenoproteome
candidates that satisfy candidates that satisfy
primary and secondary free energy criteria
structure criteria
T.congolense 36 631 425 5482 1646 SelK, SelT, SelTryp
T.vivax 52 907 595 5851 1848 SelK, SelT, SelTryp
T.brucei brucei 29 866 766 4601 1109 SelK, SelT, SelTryp
T.gambiense 29 310 016 4504 1106 SelK, SelT, SelTryp
L.major 38 793 468 4111 2334 SelK, SelT, SelTryp
L.infantum 194 921 525 18 267 9992 SelK, SelT, SelTryp
L.braziliensis 129 419 413 11982 5861 SelK, SelT
T.brucei brucei T.gambiense T.congolense T.vivax T.cruzi L.major L.infantum
gUCG . 0 ucCa A
Y, gt l, &l A vy | 8 G g g
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Figure 5. Structures and nucleotide sequence alignments of SelTryp SECIS elements. Functionally important nucleotides in the apical loop and the Quartet
(SECIS core) are shown in bold (in the structure) or in red (in the alignment). Conserved nucleotides are highlighted. Separate alignments for Trypanosoma and
Leishmania are shown due to lack of homology between SECIS elements from these two groups of organisms.

respective mRNA (via cDNA) is essentially a proof that the
respective protein is expressed. Using this approach, we
were able to identify unequivocally the respective mRNA
of SelT and SelK in T.brucei brucei (data not shown).

To directly test if selenium is inserted into Trypanosoma pro-
teins, we metabolically labeled Trypanosoma cells with 7>Se.
Following SDS—-PAGE, the 75Se profile was visualized with
a Phosphorlmager. A major "Se-containing high-molecular
weight band was detected at the top of the gel (Figure 7).
This °Se species was insoluble (Figure 7A), but selenium
could be partially released by treatment with urea and high
concentrations of reducing agents (data not shown). This
band did not correspond to the three selenoproteins, and in
fact this form of selenium has not been previously observed
in other species. Determination of the nature of the

high-molecular weight selenium should await
further studies.

The soluble fraction of Trypanosoma cell extracts had
little "°Se (Figure 7A). However, longer exposure to a
PhosphorImager screen revealed a 10 kDa band that migrated
in accord with the predicted molecular mass of SelK
(Figure 7B). In addition, minor bands that were labeled
with 7Se could be detected, but they corresponded to a
protein profile detected by Coomassie blue staining
(Figure 7C). These additional bands probably derived from
non-specific labeling of proteins with selenium wherein
this trace element entered sulfur pathways and was inserted
in place of sulfur in methionine and cysteine residues.
However, the candidate radioactive SelK band had no
corresponding protein band, further suggesting that this was

species
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a specific selenoprotein band. These data show that seleno-
proteins are expressed in Trypanosoma cells in the life-

cycle stage at low level, and that on
could be visualized by metabolic

liy some selenoproteins

Nucleic Acids Research, 2006, Vol. 34, No. 14

SelT and SelTryp could not be detected with "°Se, specific
>Se insertion into 10 kDa and high-molecular weight
bands verified our prediction of the use of selenium by

Se labeling. Whereas Trypanosoma cells.

HEMEMHU NN HEMNHERENE BEEBENUH HEENHEN PHANNEH HHEHHNMER @ HEEREHY

BB H B

.brucei brucei

gambiense
congolense
vivax
cruzi
major
infantum

.brucei brucei

gambiense
congolense
vivax
cruzi

.major

infantum

.brucei brucei

gambiense
congolense
vivax
eruzd
major
infantum

brucei brucei
gambiense

.congolense
.vivax
wCEUZT
.major
.infantum

brucei brucei
gambiense
congolense
vivax

eruzid

.major

infantum

.brucei brucei

gambiense
congolense
vivax
Eruzi

.major

infantum

.brucei brucei

gambiense
congolense
vivax
cruzd

.major

infantum

.brucei brucei

gambiense
congolense
vivax
CruZE

.major
.infantum

42
42
41
41
61
32
32

98
98
79
88
111
91
91

143
143
1.8
128
154
151
151

199
199

|
*GSGGAKKG RERPVLLERAC

PLVSRFYPRQP
PLVSRFYPHQL Ch Q

174 M4

184
211
211,
211

248
248
223
233
260
271
271

303
303
278
293
316
822
822

354
354
329
352
367
382
382

EFFEDE PP
EFFEDEP)
EFFAREP PHV hEMDH
EFFRDEPENID T L0

hPQGDLQ

LLALFTGTVEETDEV

|

AISIHL.CASVRGPSWPSGRAAKSARTDEALANQEEQ
IJL.CASVSEPSRPSGRAAKSARTEEALANQEEQ

202 YoIe 0Z U0 1s8nB Aq $£91608/Z ) 0b/1 L/FE/PI0IME/IBU/WLOD"dNO"0IWBPEDE//:SARY WO PEPEOIUMOQ



Nucleic Acids Research, 2006, Vol. 34, No. 14 4021

T.brucei brucei 382

T.gambiense 382

T.congolense 357

T.vivax 380

T.eruzi 385

L.major 442

L.infantum 442

T.brucei brucei 437

T.gambiense 437

T.congolense 412

T.vivax 435

Tworuzi 450

L.major 502 ) .
L.infantum 502 / { 4 A YHIALRY SFDPSE
T.brucei brucei 481

T.gambiense 481

T.congolense 456

T.vivax 479 I\T).
Tyeruzi 501 OERD 3 VINE' P AJN?
L.major 562 VD A GAVNVPMSFPS
L.infantum 562 >

T.brucei brucei 537

T.gambiense 53T

T.congolense 512

T.vivax B35

T .EFiZ3 B37 : g
L.major 622 \ y 5P E OMATTELPW.
L.infantum 622 S Y OINTATELPW
T.brucei brucei 592

T.gambiense 892

T.congolense 566 J

T.vivax 589 ] ( V@DIZAAAGSR IEPEEDT
T oruzi 611 RO ) D IEPEEDTL
L.major 682 TR

L.infantum 682

T.brucei brucei 646

T.gambiense 646

T.congolense 625

T.vivax 643

Twcruzi 665

L.major 138

L.infantum 738

T.brucei brucei 700

T.gambiense 700

T.congolense 679

T.vivax 703

T.6Fiizi 725

L.major 786

L.infantum 786

T.brucei brucei 756

T.gambiense 756

T.congolense 135

T.vivax 761

T erazd 781

L.major 846

L.infantum 846

Figure 6. Amino acid sequence alignment of SelTryp sequences. Conserved residues are highlighted. Sec (indicated by U) is shown in red. Sequences used in the
alignment were as follows: Tc00.1047053507485.100 (T.cruzi), tviv195d03.qlk_2 (T.vivax), Tb927.4.3410 (T.brucei brucei), gamb564d12.plk_15
(T.gambiense), congo936h09.q1k_1 (T.congolense), LmjF34.0950 (L.major), LinJ34.0860 (L.infantum). Location of rhodanese domains, metallo-B-lactamase
domain and the CxxU motif is indicated above the sequences. Active site cysteines in rhodanese domains are highlighted in blue and additional conserved
cysteines in SelTryps in green. Conserved histidines that may be involved in metal coordination are shown in pink.
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Figure 7. Selenoprotein expression in T.cruzi. T.cruzi epimastigote cells were radiolabeled with ">Se and collected after 40 h of DMEM culture. Proteins were
electrophoresed under reducing conditions on a 10% SDS-PAGE gel, transferred onto a PVDF membrane, analyzed by PhosphorImager (A and B) exposure time
30 min and 72 h, respectively and stained with Coomassie blue (C). Predicted molecular masses of T.cruzi selenoproteins were 9.5 kDa (SelK), 28.8 kDa (SelT)
and 89 kDa (SelTryp). Lane I: supernatant of epimastigote cells after sonication; lane 2: resuspended pellet after epimastigote sonication; lane 3 total
epimastigote extract; lane 4: molecular weight markers (Sigmawide). An arrow on (B) shows a specific selenoprotein band, probably corresponding to SelK.

Gold(I) compounds, such as auranofin, are highly specific
inhibitors of several eukaryotic selenoenzymes. We therefore
studied the impact of auranofin on the growth of T.brucei
brucei. As shown in Figure 8, this compound was highly
toxic for bloodstream and procyclic stages of the parasite with
ICso values in the lower nanomolar range. This renders
auranofin a highly interesting drug candidate per se. It should
be noted that the growth medium contains significant
amounts of plasma proteins. As auranofin is preferentially
bound to plasma proteins (~60%), it can be assumed that
the active (i.e. free) drug concentration in our experiment
was even lower (40). In this context, it is important to stress
that the three selenoproteins contain putative redox centers
(CxxU in the case of SelT and SelTryp, and CxxxU in
SelK), and that impaired redox balance may influence Kine-
toplastid infections (41). Yet, further studies are required to
verify the selenium dependence and determine the concentra-
tion of this trace element that is required for viability of the
parasites in different developmental stages.

To examine the evolutionary history of the Sec trait in
Kinetoplastida, we constructed a phylogenic tree for Sec
tRNA (Figure 9). Trypanosoma sequences clustered with
other eukaryotes, suggesting a common origin of the Sec
insertion system. In the tree, Trypanosoma Sec tRNAs
formed a cluster with animal Sec tRNAs and Chlamydomonas
Sec tRNA. This cluster was separated from the plasmodial
cluster. Together with the finding of a eukaryotic Sec-specific
elongation factor, these data suggest that the Sec insertion
system is Kinetoplastida is similar to the previously charac-
terized eukaryotic Sec insertion systems. Nevertheless, iden-
tification of a protein specific for this group of organisms
(SelTryp) highlights the fact that low eukaryotes may possess
novel selenoproteins. One recent study revealed four such
proteins in Plasmodia (16). With an ever increasing pace at
which new genome sequences become completed, further
computational analyses should reveal yet additional

(¢,

T
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N a N
N O

n

N O N
o O

% of control cells after 18 h

\*\i

b) procyclic

0.001  0.01 0.1 1 10
auranofin [uM]

o

Figure 8. Effect of auranofin on parasite growth. (a) Bloodstream and (b)
procyclic T.brucei brucei (strain 449) cell cultures were incubated with
different concentrations (shown on a logarithmic scale) of the gold-compound
auranofin. Indicated are the percentages of viable cells after 18 h of
incubation compared to a culture in the absence of auranofin. All experiments
were done in duplicate. The error bars indicate the standard deviation.

selenoproteins, and with them new pathways of selenium util-
ization in biology.

In conclusion, we carried out an in silico analysis of all
available sequenced Kinetoplastida genomes for the presence
of selenoprotein genes. By computationally predicting SECIS
elements, we characterized the Trypanosoma and Leishmania
selenoproteomes, which consist of three selenoproteins.
Among them, SelT and SelK were distant homologs of previ-
ously identified mammalian selenoproteins. A new selenopro-
tein, SelTryp, was also discovered. This selenoprotein has
two rhodanese and one rubredoxin:oxygen oxidoreductase
domains and appears to be a Kinetoplastida-specific multido-
main redox protein of unknown function. All selenoprotein
genes were previously misannotated in sequence databases.

202 UoIBIN 0Z U0 358nB Aq $£9160€/Z1 0%/ L/YE/aI0NIE/1BU/WOD dNO"DIWBPESE//:SAY WO} POPEOJUMOQ



Nucleic Acids Research, 2006, Vol. 34, No. 14 4023

C.reinhardltii

e T VivVax A

T.congolense

T.brucei

T.cruzi >

Nl

L.major

L.braziliensis

eplnsejdojauny|

L.infantum

D.melanogaster

C.elegans

Mouse >

sjewiuy

Human

B.taurus Y
T.thermophila
T.gondii A

P.vivax

P.knowlesi

ER

P.falciparum

P.yoelii

exa|dwooldy

P.berghei

D.discoideum

T.denticola \

Y.pestis

E.coli

S.flexneri

S.typhimurium >

D.hafniense

elIaoRg

T.tengcongensis

W.succinogenes

C.jejuni

m.Jerqul l

H.hepaticus }

Figure 9. Phylogenetic tree of Sec tRNAs. Phylogenetic tree of Sec tRNAs was constructed using ClustalX program for alignments of tRNA sequences and
calculating the distances between them. TreeView was used for tree visualization.

Metabolic labeling of Trypanosoma cells with Se revealed
specific insertion of this radioisotope into a defined set of pro-
teins, and in addition, Trypanosoma cells were found to be
sensitive to a gold(I) compound, auranofin, which specifically
targets selenoproteins. These findings, together with the pres-
ence of the Sec-decoding trait in Kinetoplastida genomes
suggest that these organisms utilize selenium and depend on
this trace element, and that this dependence is likely due to

the occurrence of at least three selenoproteins in these organ-
isms. The absence of SelTryp homologs (either Sec or Cys
forms) in the human host may also be relevant to drug devel-
opment: selective inhibition of this selenoprotein might lead
to new drugs to treat typanosomatid infections. Finally, these
findings highlight the fact that lower eukaryotes evolved
unique selenoproteomes, whose analysis should suggest
new uses of the trace element selenium in biology.
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