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Scientific Report

The prokaryotic selenoproteome

Gregory V Kryukov and Vadim N Gladyshev*

Department of Biochemistry, University of Nebraska—Lincoln, Lincoln, Nebraska 68588-0664

*Corresponding author. E-mail: vgladyshevl@unl.edu

Abstract: In the genetic code, the UGA codon has a dual func-
tion as it encodes selenocysteine (Sec) and serves as a stop sig-
nal. However, only the translation terminator function is used in
gene annotation programs, resulting in misannotation of seleno-
protein genes. Here, we applied two independent bioinformat-
ics approaches to characterize a selenoprotein set in prokary-
otic genomes. One method searched for selenoprotein genes
by identifying RNA stem-loop structures, selenocysteine inser-
tion sequence elements; the second approach identified Sec/Cys
pairs in homologous sequences. These analyses identified all
or almost all selenoproteins in completely sequenced bacterial
and archaeal genomes and provided a view on the distribution
and composition of prokaryotic selenoproteomes. In addition,
lineage-specific and core selenoproteins were detected, which
provided insights into the mechanisms of selenoprotein evolu-
tion. Characterization of selenoproteomes allows interpretation
of other UGA codons in completed genomes of prokaryotes as
terminators, addressing the UGA dual-function problem.

Keywords: selenocysteine, selenoprotein, TGA codon, genome,
annotation

Introduction

In the genetic code, the codon UGA differs from other co-
dons in that it has a dual function: although it most often ter-
minates protein synthesis, it also encodes the 21st amino acid
in protein, selenocysteine (Sec) (reviewed in Low & Berry,
1996; Bock, 2000; Hatfield & Gladyshev, 2002). Available
gene annotation programs interpret UGA as a stop codon, re-
sulting in misannotation or completely missing selenoprotein
genes. This problem is particularly serious for prokaryotic ge-
nomes as they currently account for >90% of completely se-
quenced genomes. Yet, neither which prokaryotes contain
selenoproteins nor the number of selenoprotein genes in any
of the prokaryotic genomes is known. Recent identification
of the 22nd amino acid, pyrrolysine, which is encoded by
UAG codon in several methanogenic organisms (Srinivasan
et al, 2002), suggests that misannotation of genes due to dual
functions of termination signals is not limited to Sec.

To insert Sec at UGA codons, selenoprotein genes evolved
an RNA stem-loop structure, designated Sec insertion se-
quence (SECIS) element. SECIS elements are present imme-
diately downstream of Sec UGA codons in bacteria (Zinoni
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et al, 1990; Huttenhofer et al, 1996; Liu et al, 1998) and in 3’
untranslated regions (UTRs) in archaea (Wilting et al, 1997)
and eukaryotes (Berry et al, 1991; Walczak et al, 1996). The
bacterial, archaeal and eukaryotic SECIS elements have no
similarities to each other with regard to sequence and struc-
ture. The eukaryotic SECIS element consensus has been well
characterized, which allowed identification of these struc-
tures in sequence databases (Kryukov et al, 1999; Lescure et
al, 1999; Castellano et al, 2001; Martin-Romero et al, 2001),
including mammalian genomes (Kryukov et al, 2003). How-
ever, conservation of bacterial SECIS elements has been in-
sufficient for their computational description, which pre-
cluded identification of bacterial selenoprotein genes by
searching for the stem-loop structure.

Conversely, SECIS elements in known selenoprotein
genes in archaea exhibited significant conservation (Wilt-
ing et al, 1997), suggesting that searches for these stem—loop
structures might be useful in identifying archaeal selenopro-
tein genes. Previous homology screens and manual analy-
ses of selected genomic regions identified seven selenopro-
tein genes in Methanococcus jannaschii (Wilting et al, 1997)
and, subsequently, Secspecific translation elongation factors
were identified in Methanococcus and Methanopyrus spe-
cies (Rother et al, 2000, 2001a, 2001b).

In the present work, we applied independent bioinformat-
ics approaches to identify entire selenoprotein sets in com-
pleted bacterial and archaeal genomes.

Results And Discussion

SECISearch-based identification of selenoproteins

Selenoprotein homologues of known archaeal selenoprotein
genes (Wilting et al, 1997) were compiled and their SECIS el-
ements were extracted and structurally aligned (Fig 1). This
procedure revealed conserved SECIS regions and resulted
in an archaeal SECIS element consensus (Fig 2, right struc-
ture). The consensus was very similar to that previously re-
ported (Wilting et al, 1997), although the primary sequence
conservation was limited to the unpaired GAA_A region. We
identified conserved structural features of these structures,
as shown in Fig 2, and developed a computer program, ar-
chaeal SECISearch, to recognize an archaeal consensus SECIS
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Helix I GAA  Helix li Helix Il A Helixf
_-— —
M. jannaschii coenzyme F420-reducing hydrogenase, c-subunit: GCCTCGRAGEE & coc GRAA B CCCOAGAGGEC
M. jannaschii coenzyme F420-reducing hydrogenase, &-subunit: GTTCTCTCGE l coo GTCAA i COGRGAGARC
M. jannaschii formylmethanofuran dehydrogenase, subunit B: TGTTCGAGES coc GTAR CCCTCCRACE
M. jannaschil selenophosphate synthetase: ACGATGTGECC coc TTTAA B COCACATCGEA
M. jannaschii heterodisulphide reductase, subunit A: GGCACCACTC | cac AAT B AAGTGEGTGCT
M. jannaschii methylviologen-reducing hydrogenase, c-subunit:  GCTCRACARCC | coo ATTT B GETTGETGAGC
M. jannaschii formate dehydrogenase, a-subunit: GCCACCCTGE cec AATATARATAATACAR GCAGGTGGECG
M. jannaschii HesB-like: TGECTRACCGGE | coo ARTTTT B COGETTAGCT
M. kandleri coenzyme F420-reducing hydrogenase, o-subunit:  COBCCGCGEE | coCCe AR ) COCGOGECEC
M. kandler coenzyme F420-reducing hydrogenase, §-subunit: CBCCCGEEEE COCC  GCAAGGA CCCCCGEETC
M. kandleri formylmethanofuran dehydrogenase, subunit B: CCCACGGEET cocce Tocc d GCCCCGTEEG
M. kandieri selenophosphate synthetase: COCOECOGEGE | coocc GTAGGTGT i CCCGGCEGEEE
M. kandleri formate dehydrogenase, a-subunit: AGGTCGECGE COCC  GRAGGR COGTCGACCC
M. kandleri heterodisulphide reductase, subunit A: [afalataiclalainlalel GEEC  GAAR s eeleleleyyelelels]
M. kandleri methylviologen-reducing hydrogenase, a-subunit: TGECCCEGEG coc TAAC = Malelalale'clelatale]

Figure 1. Alignment of SECIS elements in archaeal selenoprotein genes. SECIS elements from eight selenoprotein genes in the M. jannaschii genome
and seven selenoprotein genes in the M. kandleri genome were manually aligned on the basis of their primary sequences and secondary structure fea-

tures. Strictly conserved nucleotides are highlighted.

3-18nt
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e UU s\ NN
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A G A S .
G A G A 3-5 nt helix
G-C N—N
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uu N=MN

Archaeal SECIS elements
COonsensus

Methanococcus jannaschii
HesB-like SECIS element

Figure 2. Archaeal SECIS element structures. Archaeal SECIS element
consensus sequence (right structure) and the SECIS element in M. jan-
naschii HesB-like gene (left structure) are shown. Conserved structural
features in the consensus structure are also indicated.

element in sequence databases. This threestep program
searched for primary sequence, secondary structure and free
energy criteria of the predicted stem-loop structures. Addi-
tional ‘fine structural criteria’” were also applied that required
the presence of a conserved GAA_A bulge in the predicted
structure and removed candidate sequences with predicted Y-
shaped structures. A total of 14 completely sequenced archaeal
genomes (all that were available at the time of the searches)
were analysed with this program (Table 1). Subsequently, se-
quences flanking the predicted SECIS elements were analysed
for the occurrence of open reading frames (ORFs).
Interestingly, only M. jannaschii and Methanopyrus kan-
dleri had selenoprotein genes (Table 1). Consistent with this
finding, known Sec insertion machinery genes, selenophos-
phate synthetase (SPS) and a Secspecific elongation factor
SelB, were detected in M. jannaschii and M. kandleri, but not
in other archaeal genomes. The SECIS-based analysis revealed
eight selenoprotein genes in M. jannaschii and seven in M.
kandleri genomes, with only one false positive and no false
negatives in 14 analysed genomes. Of these 15 selenoprotein
genes, 13 contained SECIS elements in the 3’-UTRs, and one
SECIS element in each organism was found in the 5’-UTR, the

location not observed in eukaryotic and bacterial selenopro-
tein genes. Although incorrectly annotated in genome data-
bases, 14 archaeal selenoproteins were homologues of previ-
ously identified selenoproteins (Wilting et al, 1997). The 15th
archaeal selenoprotein was a new selenoprotein with distant
homology to HesB protein (Figs 2, 3). This ORF was entirely
missing in the M. jannaschii genome annotation.

SECIS-independent identification of selenoproteins

We also applied a SECIS-independent method for identifica-
tion of selenoprotein genes that searched for Sec/Cys pairs
in homologous sequences. It took advantage of the fact that
all known prokaryotic selenoproteins except one (selenopro-
tein A) had homologues in NCBI non-redundant and/or mi-
crobial databases that inserted Cys in the place of Sec. This
method was applied to both bacterial and archaeal genomes
that could contain selenoprotein genes as follows (Fig 4). A
database of all available prokaryotic genomes that coded for
selenoprotein genes was developed, which was composed
of 12 completely and 33 incompletely sequenced bacterial
genomes and two completely sequenced archaeal genomes
(M. jannaschii and M. kandleri) that possessed compo-
nents of the Sec insertion machinery (archaeal and bacte-
rial searches were combined in this experiment because sets
of known selenoproteins in these organisms showed signifi-
cant overlap). We also constructed a prokaryotic protein da-
tabase, which included 227,930 protein sequences from all
available annotated prokaryotic genomes. This protein data-
base was searched against the selenoprotein genome data-
base with tblastn to identify local alignments, in which TGA
in a genomic sequence corresponded to cysteine in a protein
query and the corresponding Sec/Cys flanking sequences
showed significant homology. The identified TGA-contain-
ing sequences were subjected to computational filters (tests
for the presence of upstream in-frame stop signals preceding
translation initiation signals and superior blastx and rpsblast
hits in different frames than the TGA codon; see Methods for
details) and clustered, pseudogenes were removed, and the
resulting candidate selenoprotein genes were screened for
homologues against NCBI microbial and NR databases. To
decrease the possibility that some of the hits were due to se-
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Table 1. Selenoprotein genes and SECIS elements identified by SECISearch in completely sequenced archaeal genomes

Archaeal SECISearch

Primary sequence/ Free energy Fine structure Selenoprotein False positives

secondary structure genes
Aeropyrum pernix 0 0 0 0 0
Archaeoglobus fulgidus 1 0 0 0 0
Halobacterium sp. NRC-1 7 3 1 0 1
Methanobacterium thermoautotrophicum 0 0 0 0 0
Methanococeus jannaschii 8 8 8 8 0
Methanopyrus kandleri 9 7 7 7 0
Pyrobaculum aerophilum 2 0 0 0 0
Pyrococcus abyssi 2 0 0 0 0
Pyrococcus furiosus 1 0 0 0 0
Pyrococcus horikoshii 0 0 0 ] 0
Sulfolobus solfataricus 0 0 0 0 0
Sulfolobus tokodaii 2 0 0 0 0
Thermoplasma acidophilum 1 0 0 0 0
Thermoplasma velcanium 0 0 1] 0 0

See text for details of the searches.

Methanococous jannaschil KEFILDE LEKANQDEVVIYFEGE.

Clostridium perfringens MEVVEMSHERNW TEFESFLQE NGVEEFD-IRIN

Desulfitobsctenum hafniense T ---MQLSE FLKELIIAT ODMEDHTLLRVAFRGE
Desulfovibrio vulgaris 1 ~~MFELTOHREELEAYFAD KQKTE- - - TRVYLAEY
Geobacter sulfurreducens ~—-MTITDARAVLAPIVGE HEGK-- - ILEVVFEGE
Methancsarcina barker VTOREMAELETLIEQ EEKFE-LALRIFVAGY

Clostridium aifficile
Dasulfitobactenum hafniense 2 -«
Desulfovibrio vuigaris 2 —-MINVSET

DTLESILED MODEEHN- IRVY Fl
B OHVEEVOET ONEEK-CYLRLY LAGF
NLXELEAYFTD HEREP IRVYLAI

BrFGIAL-AHEY
FVENIVLOE - QSO
POLSETLOELTHE
PRLALALDE - PNE
PR LGLVLOE - PADS
IQYGLAFNDETER
B FGLALDE - KXE)
P FGMTLEDAKTEL
B LALALDE

LI YDNEF VY IDP IADOWLDEVHISLERS I FGH Y LKL EGESE - e e o m e o
EVVEIED I TFFVDKELVFDFEGFTLLSSDENGERELELKFVE- - - -ES -EGGCEECEECH~~ ~ ~
IS IEEQGITVVY DANLEQYVEDEVIDYSDES LN RGRE T KSBGLESC——mmm m e
FEEGDFTFCVHEDLLEQIEEVRI - - - -DLTYMEFOVEPGKPL- AGE -GEE0EE0EES55CCE
AR YLNG LEVAVTSNFRELLDDOI LDY [THEQGEGLVFR - - RESGDVOC -~ -~ o oo o
THEENGTKLVMAKDIERSFSEGSIDFVEDENGHARL IR - - HPHAGGGGE - TOGG
TYEVCELOFVMEEDEYSOYGDIIT EDTRFGERY LPEN - MEDOG -C
LDEEHGVEVITASELEEY LEDAFIDFVENEEGSGRE T RLAKDFGE00
GOORLTADVAGFTFCINKALFERVGEVET OMEEMGRE IATE I PLEPADPR -GG

Cleneosinee)

Figure 3. Amino-acid sequence alignment of archaeal and bacterial HesB-like selenoproteins and their Cys-containing homologues. U is Sec.

quence errors that replaced TGC or TGT codons with TGA,
an ORF containing an in-frame TGA was considered a sele-
noprotein gene if at least two different sequences in two dis-
tant genomes were found that conserved this TGA and in
addition at least two corresponding Cys-containing homo-
logues were detected. Protein families in which all homo-
logues conserve Sec would be missed by this approach, but
such families appear to be extremely rare (currently, only one
family (the selenoprotein A family) conserves Sec in 100% of
sequences).

Analysis of the archaeal subset of identified sequences re-
vealed the same set of seven and eight archaeal selenopro-
tein genes in the M. kandleri and M. jannaschii genomes
(Table 2), with no other archaeal selenoprotein candidates
or false-positive sequences. Thus, both SECIS-based and
Sec/Cys homology approaches, being independent meth-
ods, were efficient in identifying selenoprotein genes in ar-
chaeal genomes. Analysis of the bacterial hits revealed ten
previously known and five new selenoprotein families (Fig 4,
Table 2 and supplementary Figs S1-S5 online). In addition,
candidate selenoproteins, each of which was found only in
one bacterial genome, were identified (Fig 4, Table 2 and
supplementary Figs S6-S13 online). Potential bacterial SE-
CIS structures were identified downstream of TGA in known,
new and candidate selenoprotein genes (supplementary Fig
S14 online). Only one previously known selenoprotein, sele-

noprotein A of the glycine reductase complex, was not de-
tected, because no Cys-containing homologues were found
for this protein. Thus, our ability to complete the analyses of
genomic sequences with an excellent true-positive rate sug-
gested that we identified all or almost all selenoprotein genes
in completely sequenced prokaryotic genomes.

Prokaryotic selenoproteomes

Our data allowed a view on entire selenoproteomes in com-
pleted bacterial and archaeal genomes. Although selenopro-
teins were present in all three major domains of life, only
~20% of completed bacterial and ~14% of completed ar-
chaeal genomes had them. In addition, the number of sele-
noproteins in a genome varied from one to more than ten,
with  Carboxydothermus hydrogenoformans, Eubacterium
acidaminophilum, Geobacter metallireducens, Geobacter
sulfurreducens and M. jannaschii having the largest numbers
of selenoproteins among partially and completely sequenced
genomes. Analysis of the composition of selenoproteomes re-
vealed that most selenoproteins were redox proteins, which
used Sec either to coordinate a redox-active metal (molybde-
num, nickel or tungsten) or in Sec: thiol redox catalysis. In-
terestingly, in contrast to mammals, where new selenopro-
teins identified through SECIS elements represent a significant
fraction of selenoproteomes (Kryukov et al, 2003), the data
suggested that in many prokaryotes, entire selenoprotein sets
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227.930 bacterial
and archaeal
proteins

45 bacterial and
2 archaeal genomes
containing Sec

insertion machine
3 Identification of Sec/Cys pairs in

homalogous sequences
36,210 Cys-TGA pairs

5

Expectation value filter

-

9,315 Cys-TGA pairs

Analysis of TGA-flanking
sequences

-

6,682

2]

ys-TGA pairs

Two-step clustering

-

224 clusters

Analysis of cysteine conservation
and adjacent genes

-

1B clusters

Analysis of conservation of
cysteine-flanking regions and
functional annotations

-

11 clusters.

Manual analysis for occumrence of
homologous selenoproteins and
presence of bacterial SECIS-like
RMA structure

<

Known selencproteins: 10
New selenoproteins: 5
Strong candidates: 8
Weak candidates: 1

Figure 4. Identification of prokaryotic selenoproteins by searching for
Sec/Cys pairs in homologous sequences (SECIS-independent method).
For details of the searches, see Methods.

were already known before our study. For example, seven
out of eight selenoproteins in M. jannaschii (Wilting et al,
1997) and two out of two selenoproteins in Haemophilus in-
fluenzae (Wilting et al, 1998) were previously identified.

The presence of selenoproteins that were found in a
small number of genomes (mostly homologues of thiol-de-
pendent oxidoreductases) (Table 2) contrasted with the broad
occurrence of their Cys homologues. This observation sug-
gested that these selenoproteins evolved recently, probably
from Cys-containing proteins. Conversely, formate dehydro-
genases, which were present in most genomes with func-
tional Sec insertion systems (supplementary Fig S1 online),
appeared to be of ancient origin. In addition, bacterial for-
mate dehydrogenase genes often clustered with Sec insertion
machinery genes (data not shown), suggesting correlated ex-
pression. Thus, both a lineage-specific expansion (recent or-
igin) and the presence of core selenoproteins (ancient origin)
contribute to the composition of selenoproteomes. Our data
suggest that as new genomic sequences become available,
additional examples of lineage-specific selenoproteins are
likely to emerge.

In conclusion, we identified genes encoding selenocyste-
ine-containing proteins in completely sequenced genomes of
archaea and bacteria. This essentially solved the UGA dual-
function gene prediction problem in prokaryotes, as other in-
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frame UGA codons may now be assigned a terminator func-
tion. Further systematic characterization of selenoprotein
functions should reveal a full set of biological processes that
are dependent on the trace element selenium.

Methods

Databases and resources. Completely and incompletely se-
quenced genomes of archaea and bacteria were obtained
from the NCBI data repository (ftp:/ftp.ncbi.nlm.nih.gov/ge-
nomes) (Wheeler et al, 2003) and TIGR, and blast programs
were obtained from NCBI ( i i
BLAST) (Altschul et al, 1990). The searches were performed
on a Prairiefire 256-processor Beowulf cluster supercom-
puter at the Research Computing Facility of the University of
Nebraska-Lincoln.

SECIS-based identification of selenoprotein genes in ar-
chaeal genomes. Archaeal SECISearch contains three mod-
ules. The first module is based on the PatScan program
(http://www-unix.mcs.anl.gov/compbio/PatScan/HTML
patscan.html) (Dsouza et al, 1997) and searches for RNA
structures that match the archaeal SECIS element primary se-
quence and the secondary structure consensus. The second
module, based on the RNAfold program from Vienna RNA
package (http://www.tbi.univie.ac.at/~ivo/RNA) (Hofacker et
al, 1994), predicts secondary structure and calculates free
energy for the entire putative SECIS element. The predicted
bulge-forming GAA_A nucleotides are constrained to be un-
paired. Predicted RNA structures, the calculated free energies
of which are above the —-16 kcal/mol threshold determined
from the analysis of known archaeal SECIS elements, are ex-
cluded from further analysis. The third module of archaeal
SECISearch filters out structures that are either Yshaped or do
not have a pronounced GAA_A bulge (nucleotide pairs ex-
actly ‘above’ and at most one nucleotide ‘below’ the GAA_A
bulge are required to be present in the SECIS element stem).

Identification of selenoprotein genes by searching for
Sec/Cys pars in homologous sequences (SECIS-indepen-
dent method) in prokaryotic genomes. Identification of Sec/
Cys pairs in homologous sequences: The protein database
was constructed by automated extraction of bacterial and ar-
chaeal protein sequences from the NCBI genome data repos-
itory. This database had 227,930 unique ORFs, which at the
time of analysis represented nearly all predicted protein se-
quences in completely sequenced prokaryotic genomes. To
identify prokaryotic genomes that encode Sec-containing
proteins, the NCBI microbial genome database was searched
for homologues of known protein components of Sec inser-
tion machinery (Sec synthase, SPS and Sec-specific elonga-
tion factor). We identified 12 completely and 33 partly se-
quenced bacterial and two completely sequenced archaeal
genomes, in which at least one Sec insertion machinery gene
was detected. These 47 genomes were extracted and com-
bined to generate a selenoprotein genome database.

The protein database was searched against a seleno-
protein genome database (47 genomes, ~200 Mb) with the
NCBI-tblastn program. In this search, the threshold for ex-
tending hits was set to 11 and the expectation value was cut
off to 10. The resulting data set was analysed for the presence
of local alignments, in which cysteine in a protein query from
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Example

Protein name Bacterial Archaeal Genome Sec location

genomes genomes (protein length)
Known selenoproteins
Formate dehydrogenase a-chain 37 3 Methanococcus jannaschii 144 (686)
Formylmethanofuran dehydrogenase, subunit B 0 2 Methanococcus jannaschii 121 (435)
Coenzyme F420-reducing hydrogenase, «-subunit 0 3 Methanococcus jannaschii 389 (413)
Methylviologen-reducing hydrogenase, x-subunit 3 2 Methanococcus jannaschii 441 (464)
Coenzyme F420-reducing hydrogenase, 6-subunit® 2 3 Methanococcus jannaschii 13,64 (134)
Heterodisulphide reductase, subunit A 1 2 Methanococcus jannaschii 207 (668)
Selenophosphate synthetase 17 2 Methanococcus jannaschii 19 (349)
Peroxiredoxin (Prx) 2 0 Eubacterium acidaminophilum 47 (203)
Glycine reductase complex, selenoprotein Ab 9 0 Clostridium difficile 45 (157)
Glycine reductase complex, selenoprotein B 8 0 Clostridium difficile 350 (436)
Proline reductase 3 0 Clostridium difficile 151 (241)
New selenoproteins
HesB-like protein 5 1 Methanococcus jannaschii 35 (95)
Thioredoxin (Trx) 4 0 Treponema denticola 32 (107)
Prx-like thiol:disulphide oxidoreductase 3 0 Geobacter sulfurreducens 66 (209)
SelW-like protein 3 0 Campylobacter jejuni 12 (81)
Glutathione peroxidase 1 0 Treponema denticola 35 (155)
Candidate selenoproteins
Glutaredoxin (Grx) 1 Geobacter sulfurreducens 49 (122)
Protein similar to the N-terminal domain of Prx 1 0 Carboxydothermus hydrogenoformans 147 (218)
reductase AhpF
Thiol:disulphide interchange protein 1 0 Geobacter metallireducens 33 (190)
DsbG-like protein 1 0 Chloroflexus aurantiacus 104 (253)
Fe-§ oxidoreductase 1 0 Desulfovibrio vulgaris 244 (432)
DsrE-like protein 1 0 Desulfovibrio vulgaris 70 (107)
NADH oxidase 1 0 Geobacter metallireducens 45 (451)
Distant homologue of peroxidase/peroxynitrite 1 0 Geobacter sulfurreducens 50 (98)

reductase system component AhpD

A total of 11 previously known prokaryotic selenoproteins are shown, along with five new selenoproteins (supported by occurrences in multiple genomes and the presence of
potential SECIS elements) and eight candidate selenoproteins (supported by occurrences in single genomes and the presence of potential SECIS elements). The number of
bacterial and archaeal genomes in which indicated selenoproteins were found is shown, followed by names of representative genomes (full list is in supplementary Fig 51 online)

and Sec locations and lengths of representative selenoproteins.
“Contains two Sec residues.
"Protein was not detected in genomic searches.

a protein database corresponded to TGA in a translated nu-
cleotide sequence from the selenoprotein genome database.
If at least one such alignment with an expectation value be-
low 1073 or at least two alignments with expectation values
below 1 were identified for a particular TGA codon, the cor-
responding TGA-containing sequence was chosen for further
analysis. We identified 9,315 such local alignments.
Analysis of TGA-flanking sequences: In each of the TGA-
containing sequences from 9,315 alignments, a region up-
stream of the TGA was analysed for the presence of in-frame
start and stop codons. If a stop codon (TGA, TAA or TAG) oc-

curred closer to the TGA codon than an appropriate start co-
don (ATG or GTQ), such sequences were discarded. For each
remaining sequence, a 1 kb TGA-flanking region (500 nt—
TGA-500 nt) was searched against the protein database with
NCBI-blastx program. If the best hit that covered the TGA co-
don with at least a seven-nucleotide overlap was in a dif-
ferent frame from the TGA, the corresponding sequence was
filtered out. The 1 kb TGA-flanking regions (500 nt-TGA-
500 nt) were then translated in all three possible ORFs and
searched using rpsblast against an NCBI collection of known

conserved domains (ftp:/ftp.nchi.nih.gov/pub/mmd b/cdd).
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If the best hit that covered the TGA codon with at least six
amino-acid residue overlap was not in the same frame as the
TGA codon, the sequence was removed from further analy-
sis. In addition, if additional stop codons were found within
the predicted conserved domain that covered TGA in the
correct frame, such a sequence was considered a pseudo-
gene and was also discarded. A total of 6,682 local align-
ments remained after application of these filters.

Clustering: The set of 2,071 unique proteins that corre-
sponded to the remaining 6,682 TGA-containing sequences
was extracted. These protein sequences were compared pair-
wise by the NCBI-bl2seq program. If two proteins produced
a local alignment that had an expectation value below 10
and was at least 20 amino-acid residues long, they were as-
signed to the same cluster. Clusters containing proteins that
were initially aligned with the same TGA-containing region
were joined into larger clusters. This analysis resulted in 244
clusters.

Analyses of cysteine conservation and adjacent genes:
Cysteines that corresponded to the TGA codons in the lo-
cal alignments were analysed for conservation in other ho-
mologous proteins. If a cysteine was not conserved, the hit
was discarded. In addition, ORFs that contained TGA-flank-
ing regions were analysed for domain conservation in homo-
logues. The 1 kb TGA-flanking regions were searched with
the NCBI-blastx program against the NCBI microbial and NR
protein databases. If a TGA codon was located on the edge
of the homology region (on either side of the sequence), the
candidate hit was removed from further analyses. The re-
maining sequences were manually analysed for the occur-
rence of homologous selenoproteins and corresponding Cys-
containing proteins in the NCBI microbial and NR databases
and for the presence of potential SECIS elements immediately
downstream of the TGA codon using mfold.

Supplementary information is attached. It is also available at

EMBO reports online (http://www.nature.com/embor/journal/
v5/n5/7400126s1.pdf).
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Supplementary Figures
(Kryukov and Gladyshev, The Prokaryotic Selenoproteome)

Figure 1. Prokaryotic selenoproteins. Archaeal and bacterial genomes that encode
selenoproteins are indicated. New selenoprotein were represented by at least two archaeal,
bacterial or eukaryotic genomes and possessed predicted SECIS elements. Candidate
selenoprotein genes were represented only in single genomes, but also had predicted SECIS
elements. In addition, Sec corresponded to catalytic Cys in these proteins.

Figure 2. Thioredoxin alignment. GenBank accession numbers for 7reponema pallidum,
Chlamydomonas reinhardtii, Oryza sativa, Desulfitobacterium hafniense and Clostridium
perfringens thioredoxins are NP_219354.1, CAA44209.1, Q9ZP20, ZP_00097586.1 and
NP 563454.1, respectively. In addition, the Trx-domain (152 N-terminal residues) of a
Carboxydothermus hydrogenoformans homolog is shown. Bacterial genomes, in which new
bacterial selenoproteins were found, are shown in bold. U is Sec. Conserved Cys/Sec
residues are highlighted in red. Amino acid sequence alignments were generated with
ClustalW program and shaded by BoxShade program v3.21.

Figure 3. Alignment of Prx-like thiol:disulfide oxidoreductases. GenBank accession
numbers for Synechocystis sp. PCC 6803, Nostoc sp PCC 7120, Thermosynechococcus
elongates, Streptomyces coelicolor, Azotobacter vinelandii and Chloroflexus aurantiacus
peroxiredoxin-like thiol:disulfide oxidoreductases are NP _441148.1, NP_488682.1,
NP_682079.1, NP_624490.1, ZP_00092626.1 and ZP_00020860.1, respectively.

Figure 4. Alignment of SelW-like proteins. GenBank accession numbers for
Sinorhizobium meliloti, Agrobacterium tumefaciens, Vibrio cholerae, Chlamydomonas
reinhardtii, Homo sapiens and Ciona intestinalis SelW/SelW-like proteins are

NP _384371.1, NP_353260.1, NP_230628.1, AAN32901.1, NP_003000.1 and AK116508,

respectively.

Figure 5. Alignment of glutathione peroxidases. GenBank accession numbers for
Saccharomyces cerevisiae, Clostridium perfringens, Arabidopsis thaliana, Chlamydomonas
reinhardtii, Homo sapiens, Schistosoma mansoni and Drosophila melanogaster glutathione
peroxidases are S48499, NP _561827.1, NP_564813.1, AAL14348.1, NP_002076.1,
AACI14468.2 and AAF47761.1, respectively.

Figure 6. Alignment of glutaredoxins. GenBank accession numbers for Escherichia coli,
Nostoc sp PCC 7120, Brucella suis, Magnetospirillum magnetotacticum and Arabidopsis
thaliana glutaredoxins are NP_290193.1, NP_488913.1, NP_698856.1, ZP_00055463.1 and
AAMG61279.1, respectively.

Figure 7. Alignment of a protein homologous to the N-terminal domain of
peroxiredoxin reductases. GenBank accession numbers for Thermoplasma acidophilum,
Ferroplasma acidarmanus, Thermotoga maritime, Aquifex aeolicus and Chloroflexus
aurantiacus proteins homologous to N-terminal domain of peroxiredoxin reductases are



NP_393603.1, ZP_00000333.1, NP_228677.1, NP_213313.1 and ZP_00018901.1,
respectively.

Figure 8. Alignment of thiol:disulfide interchange proteins. GenBank accession numbers
for Aquifex aeolicus, Microbulbifer degradans and Magnetococcus sp. MC-1 thiol:disulfide
interchange proteins are NP _214242.1, ZP 00065619.1 and ZP_00042769.1, respectively.

Figure 9. Alignment of DsbG-like proteins. GenBank accession numbers for Chloroflexus
aurantiacus, Thermobifida fusca, Streptomyces coelicolor, Archaeoglobus fulgidus and
Sinorhizobium meliloti DsbG-like proteins are ZP_00019418.1 , ZP_00057296.1,

NP _630109.1, NP_070183.1 and NP_385036.1, respectively.

Figure 10. Alignment of Fe-S oxidoreductases. GenBank accession numbers for
Archaeoglobus fulgidus, Desulfovibrio desulfuricans, Aquifex aeolicus, Magnetococcus sp
MC I and Pyrobaculum aerophilum Fe-S oxidoreductases are NP_069383.1,

ZP 00128545.1, NP 213656.1, ZP_00042574.1 and NP_559230.1, respectively.

Figure 11. Alignment of DsrE-like proteins. GenBank accession numbers for
Methanococcus jannaschii, Methanopyrus kandleri, Magnetococcus sp MC 1 and
Methanosarcina mazei DsrE-like proteins are ZP _00019418.1, ZP_00057296.1,
NP _630109.1, NP_070183.1 and NP_385036.1, respectively.

Figure 12. Alignment of NADH oxidases. GenBank accession numbers for Deinococcus
radiodurans, Bacillus halodurans, Archaeoglobus fulgidus, Methanococcus jannaschii,
Oceanobacillus iheyensis and Giardia intestinalis NADH oxidases are NP_294716.1,

NP 244643.1, NP_069231.1, NP 247633.1, NP_691780.1 and AAL59603.1, respectively.

Figure 13. Alignment of a distant homolog of peroxidase/peroxynitrite reductase
system componet AhpD. GenBank accession numbers for Neisseria meningitides,
Haemophilus influenzae, Pseudomonas aeruginosa, Methanothermobacter
thermautotrophicus and Methanosarcina mazei distant homologs of peroxidase/peroxynitrite
reductase system componet AhpD are NP_274596.1, NP_439212.1, NP_249256.1,

NP _276072.1 and NP_632869.1, respectively.

Figure 14. Predicted SECIS elements in bacterial selenoprotein genes. Stem-loop structures
were predicted with mfold (Zuker, M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31, 3406-3415). Numbers correspond to distances
from selenocysteine UGA codons.
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Supplementary Figure 2 - Thioredoxin
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Supplementary Figure 3 - Prx-like thiol:disulfide oxidoreductase
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Supplementary Figure 4 - SelW-like
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Supplementary Figure 5 - Glutathione peroxidase
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Supplementary Figure 6 - Glutaredoxin
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Supplementary Figure 7 - Protein homologous to N-terminal domain of Prx reductases
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Supplementary Figure 8 - Thiol:disulfide interchange protein
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Supplementary Figure 9 - DsbG-like
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Supplementary Figure 10 - Fe-S oxidoreductase
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Supplementary Figure 11 - DsrE-like
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Supplementary Figure 12 - NADH oxidase
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Supplementary Figure 13 - Distant homolog of peroxidase/peroxynitrite reductase system
component AhpD
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Known selenoproteins
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