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ABSTRACT

Selenocysteine (Sec) and pyrrolysine (Pyl) are rare
amino acids that are cotranslationally inserted into
proteins and known as the 21st and 22nd amino
acids in the genetic code. Sec and Pyl are encoded
by UGA and UAG codons, respectively, which
normally serve as stop signals. Herein, we report
on unusually large selenoproteomes and pyrropro-
teomes in a symbiont metagenomic dataset of
a marine gutless worm, Olavius algarvensis.
We identified 99 selenoprotein genes that clustered
into 30 families, including 17 new selenoprotein
genes that belong to six families. In addition,
several Pyl-containing proteins were identified
in this dataset. Most selenoproteins and
Pyl-containing proteins were present in a single
deltaproteobacterium, 61 symbiont, which con-
tained the largest number of both selenoproteins
and Pyl-containing proteins of any organism
reported to date. Our data contrast with the
previous observations that symbionts and host-
associated bacteria either lose Sec utilization or
possess a limited number of selenoproteins,
and suggest that the environment in the gutless
worm promotes Sec and Pyl utilization. Anaerobic
conditions and consistent selenium supply might be
the factors that support the use of amino acids that
extend the genetic code.

INTRODUCTION

Selenium (Se) is an essential micronutrient due to its
requirement for biosynthesis and function of the 21st
amino acid, selenocysteine (Sec). This amino acid is
typically found in the active sites of a small number of
selenoproteins in all three domains of life: archaea,

bacteria and eukaryotes (1-4). Biosynthesis of Sec and
its cotranslational insertion into polypeptides require a
complex molecular machinery that recodes in-frame UGA
codons, which normally function as stop signals, to serve
as Sec codons (5-9). Although the occurrence of
selenoprotein genes is limited, the Sec UGA codon has
become the first addition to the universal genetic code
since the code was deciphered 40 years ago (10).

The mechanism of Sec insertion differs in the three
domains of life. In bacteria, this process has been most
thoroughly elucidated in Escherichia coli (1,2,6).
Translation of bacterial selenoprotein mRNA requires
both a selenocysteine insertion sequence (SECIS) element,
which is a stem-loop structure immediately downstream of
Sec-encoding UGA codon (5,11,12), and trans-acting
factors dedicated to Sec incorporation (8). In archaea
and eukaryotes, SECIS elements are located in 3'-UTRs
and some factors involved in Sec biosynthesis and
insertion are different. Recent identification of Sec
synthase, SecS, in eukaryotes, which is different from the
bacterial Sec synthase, SelA, provided important insights
into Sec biosynthesis in these organisms (13).

Recently, an additional rare amino acid pyrrolysine
(Pyl), was identified, which expanded the canonical genetic
code to 22 amino acids (14,15). Pyl is inserted in response
to UAG codon in several methanogenic archaea (14).
Although the mechanism of Pyl biosynthesis and incor-
poration into protein is not fully understood, the presence
of a tRNAPY gene (pyIT) with the CUA anticodon and of
class Il aminoacyl-tRNA synthetase gene (pylS) argued
for cotranslational incorporation of Pyl (15). In
Desulfitobacterium hafniense, a single bacterium, in
which a Pyl-containing protein was found, PylS consists
of two proteins: PylSn and PylSc (15).

In recent years, large-scale genome sequencing projects,
including both organism-specific and environmental
metagenomic projects, provided a large volume of gene
and protein sequence information. However, selenopro-
tein genes are almost universally misannotated in these
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datasets because UGA has the dual function of encoding
Sec and terminating translation, and only the latter
function is recognized by current annotation programs.
Several bioinformatics tools have been developed to
address this problem and can be used to identify
selenoprotein genes (16-22). These programs have suc-
cessfully identified many new selenoproteins in both
prokaryotic and eukaryotic genomes, as well as in the
Sargasso Sea environmental samples (23).

Complex symbiotic relationships between bacteria and
multicellular eukaryotes have evolved in several environ-
ments, but science has traditionally focused on interac-
tions that are pathogenic (24). Recently, there has been
increased recognition of symbiotic interactions that
benefit both the microorganism and the host (295).
A recent metagenomic analysis of the symbiotic microbial
consortium of the marine oligochaete Olavius algarvensis,
a worm lacking a mouth, gut and nephridia, revealed
four major co-occurring symbionts, which belong
to Deltaproteobacteria (61 and 064) and Gamma-
proteobacteria (yl and v3), as well as one minor
Spirochaete species. Since some Deltaproteobacteria
are selenoprotein-rich organisms (27), we analyzed the
selenoproteomes of these symbionts to examine a possible
relationship between selenium and symbiosis.

To characterize selenoproteome in these symbionts, we
adopted a Sec/cysteine(Cys) homology-based search
approach, which has been successfully used to characterize
the selenoproteomes of both prokaryotes (22) and one of
the largest prokaryotic sequencing projects, the Sargasso
Sea microbial sequencing project (23). We detected known
selenoproteins present in this metagenomic dataset and
identified several novel selenoproteins. Interestingly, one
deltaproteobacterium, 61 symbiont, contains at least 57
selenoproteins, which is the largest number of selenopro-
teins reported to date in any organism. In addition, several
Pyl-containing proteins were identified and most were also
found in the same &1 symbiont. Our results provide new
insights into understanding evolution and function of
these rare amino acids.

MATERIALS AND METHODS
Databases and resources

Assembled sequences of the Olavius symbionts’ metagen-
ome were obtained from NCBI with the project accession
number AASZ00000000 (ftp://ftp.ncbi.nih.gov/genbank/
wgs/wgs.AASZ.1.gbff.gz). The database contained 5597
genomic sequences, which corresponded to a total of 23.7
million nucleotides. Non-redundant (NR) protein data-
base was downloaded from NCBI ftp server. This dataset
contained a total of 4 644 764 protein sequences (1 603 127
260 amino acids). BLAST (28) was also obtained from
NCBI.

Identification of Cys/TGA pairs in homologous sequences
and minimal ORFs

Each  Cys-containing protein  sequence in  the
NR database was initially searched against the
Olavius symbionts’ metagenomic database for possible
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TGA/TAG/TAA-containing homologs using TBLASTN
with default parameters. Only local alignments, in which
Cys in the query protein was aligned with TGA codon in
the nucleotide sequence from the Olavius symbionts’
metagenomic database, were selected for further analysis.
For each TGA-containing nucleotide sequence identified
in the metagenomic database, regions upstream and
downstream of the putative in-frame TGA codon were
analyzed to identify a minimal ORF. If a stop codon was
found between the in-frame TGA codon and an initiation
codon (ATG or GTG), such a TGA-containing sequence
was discarded.

Analyses of TGA-flanking regions and sequence clustering

We analyzed the conservation of TGA-flanking regions in
all six reading frames using BLASTX. If the best hit,
which covered the TGA codon with at least a 10-nt
overlap, was in a different reading frame than the
TGA codon, the corresponding sequence was filtered
out. RPS-BLAST was then used to search against
conserved domains database (CDD). If the best hit
which covered the TGA codon with at least a five-residue
overlap was in a different reading frame or additional stop
codons appeared within the conserved domain in the same
frame, the sequence was removed.

We wused BL2SEQ to cluster remaining protein
sequences into different groups. If a local alignment of
two proteins had an E-value below 10™* and was at least
20 amino acid long, as well as the predicted Sec residues
were located at the same position or very close (no more
than three residues apart) in the alignment, the two
proteins were assigned to the same cluster.

Cysteine conservation and selenoprotein classification

All clusters were automatically searched against NCBI
NR and microbial databases using BLASTX and
TBLASTX. Each predicted ORF containing an in-frame
TGA was considered further only if at least two
corresponding Cys-containing homologs were detected
and the proportion of TGA/Cys pairs in the set of
homologs was >50%.

The remaining clusters were analyzed for occurrence of
bacterial SECIS elements, located immediately down-
stream of the in-frame TGA codons, using bSECISearch
program (19). The final clusters were manually analyzed
and divided into three groups: known selenoproteins, new
selenoproteins (clusters containing at least two different
sequences with conserved in-frame TGA codons) and
selenoprotein candidates (clusters containing only one
sequence). It should be noted that sequencing errors that
generate in-frame UGA codons could not be excluded for
selenoprotein candidates.

Identification of Pyl operon proteins and known
Pyl-containing proteins

PylT and PylS sequences from Methanosarcina barkeri
(accession number AY064401) were used to search for
possible homologs in the metagenomic dataset. Candidate
tRNA™! was further analyzed to identifY structural
features associated with known tRNA® including
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a six base-pair acceptor stem and a base between the D
and acceptor stems (15). Other genes in the Pyl operon
(pyIB, pylC, pylD) were also analyzed by comparative
sequence analyses.

The TBLASTN program with default parameters was
used to search for known Pyl-containing methylamine
methyltransferases. Open reading frames (ORFs) and
conservation of UAG-flanking regions were examined
manually. Multiple alignments were generated with
ClustalW (29).

RESULTS

To identify selenoprotein genes in the Olavius symbiont
metagenomic dataset, we employed an algorithm that
we previously used to identify selenoproteins in the
Sargasso Sea microbial dataset (23). This technique
takes advantage of the fact that almost all selenoproteins
have Cys-containing homologs in different organisms.
Intermediate results for each step in the search process
are shown in Figure 1. In addition, an independent
BLAST homology search for Sec-containing homologs of
all known selenoprotein families was performed.

Identification of known selenoproteins in the Olavius
symbionts’ metagenome

A total of 82 selenoprotein genes, which belong to 24
previously described selenoprotein families, were identi-
fied (Table 1). Considering that only four major symbionts
were identified in the Olavius symbionts’ metagenomic
dataset, each selenoprotein could be mapped into the

NR protein Olavius symbionts’
database metagenomic dataset

1l !

Identification of Cys/TGA pairs
in homologous sequences

= | 118,890 Cys/TGA pairs

30,146 TGA-containing

) = ORFs

( Analysis of ORFs

!

( BLASTX + RPSBLAST ) —

il
il

(Analysis of Cys conservation) |:> |

il

Classification of candidates
and manual analysis for |:>
presence of SECIS elements

1,974 unique
TGA-containing ORFs

1,026 clusters |

DI=3

436 clusters |

Known selenoproteins: 82

New selenoproteins: 17
Candidates: 15

Figure 1. A schematic diagram of the search algorithm. Details of the
search process are provided in Materials and methods section.

exact organism, from which the sequence was derived.
Essentially all selenoproteins were found to map to
symbionts 81 and &4. The former organism contained 44
homologs of known selenoproteins, already the largest
number of selenoproteins reported to date in any
organism [a previous record holder is also a deltaproteo-
bacterium, Syntrophobacter fumaroxidans, which has
31 selenoprotein genes, see (27)]. In addition, several
selenoproteins were found in sequences not mapped to any
of the four symbionts (designated as unassigned
sequences). In contract, no selenoprotein genes could be
identified in symbionts y1 and y3. All identified seleno-
protein genes were misannotated in the original dataset.
Several selenoprotein families detected in the dataset were
represented by 2-12 selenoprotein genes, whereas six
families, DsbG-like, peroxiredoxin (Prx), thioredoxin
(Trx), glutaredoxin (Grx), NADH oxidase and UGSC-
containing protein [unpublished data; this is a selenopro-
tein of unknown function that also occurs in Hyphomonas
neptunium (30) and detected in the environmental sequen-
cing project of the microbial communities in the North
Pacific Subtropical Gyre (31)], were represented by single
sequences. Sequencing errors that generate in-frame TGA
codons in these sequences cannot be excluded; however,
the fact that they correspond to known selenoproteins and
possess strong predicted SECIS elements argue that they
are true selenoproteins. Many of the detected selenopro-
tein families also had Cys-containing homologs in the
metagenomic database (Table 1).

Several selenoprotein families had a particularly high
representation in the Olavius symbionts dataset. The most
abundant family was F420-reducing hydrogenase delta
subunit (FrhD), which included 12 selenoprotein genes.
Figure 2 shows a multiple alignment of this family.
This selenoprotein family was previously found in both
methanogenic archaea and bacteria. In archaea, its Sec-
containing forms contain two Sec residues. In contrast,
only one of the two Sec residues was found in different
Sec-containing homologs in bacteria, including all meta-
genomic sequences in the current study. Such flexibility in
replacing functionally important Cys with Sec has not
been described previously.

Heterodisulfide reductase subunit A (HdrA) was the
second most abundant selenoprotein family, which was
represented by 10 selenoprotein genes. It is interesting that
most of the HdrA sequences were found to cluster with
FrhD sequences. This finding is consistent with our
previous hypothesis that the hdrA-frhD-frhG-frh A cluster
could be laterally transferred between Sec-decoding
archaea and Deltaproteobacteria (27). A rhodanese-related
sulfurtransferase [8 genes, (19)], AhpD-like (7 genes),
Prx-like thiol:disulfide oxidoreductase (6 genes) and
proline reductase (PR, 5 genes) were the next most
abundant selenoprotein families. These six families
accounted for 58.5% of known selenoprotein sequences,
suggesting importance of their functions in the symbiosis
involving  Deltaproteobacteria and the host worm.
Other detected selenoprotein families included formate
dehydrogenase alpha subunit (FdhA), F420-reducing
hydrogenase alpha subunit (FrhA), selenophos-
phate synthetase (SelD), HesB-like, Fe-S oxidoreductase
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Table 1. Known selenoprotein families identified in the Olavius algarvensis symbionts

Protein family Total

selenoproteins

Number of
Cys homolog

Olavius symbionts

(2]
—_
>
=

vl v3 Unassigned

Detected selenoproteins (24 families)
F420-reducing hydrogenase, delta subunit (FrhD)
Heterodisulfide reductase, subunit A (HdrA)
Rhodanese-related sulfurtransferase

AhpD-like*

Prx-like thiol:disulfide oxidoreductase*

Proline reductase (PR)*

Formate dehydrogenase alpha subunit (FdhA)
Sulfurtransferase COG2897

DsrE-like*

DsbA-like*

F420-reducing hydrogenase, alpha subunit (FrhA)
Selenophosphate synthetase (SelD)

HesB-like

Fe-S oxidoreductase (GlpC)

Distant AhpD homolog*

Sulfurtransferase COG0607

Methione sulfoxide reductase A (MsrA)*
Methylated-DNA-protein-cysteine methyltransferase
DsbG-like*

Peroxiredoxin (Prx)*

Thioredoxin (Trx)*

NADH oxidase

Glutaredoxin®

UGSC-containing protein®

—_
[

—_ e = = = D R N NN NN WWER U0 O

Known selenoprotein families not detected (17 families)
SelW-like*

Glutathione peroxidase (GPx)*

Homolog of AhpF N-terminal domain®
Thiol:disulfide interchange protein®
Glycine reductase selenoprotein A (GrdA)
Glycine reductase selenoprotein B (GrdB)
Arsenate reductase™

Molybdopterin biosynthesis MoeB protein
Glutathione S-transferase (GST)*
Deiodinase-like*

Thiol-disulfide isomerase-like protein®
Hypothetical protein 1*

OsmC-like protein®

NADH:ubiquinone oxidoreductase
Radical SAM domain protein

Putative mercuric transport protein
Cation-transporting ATPase, E1-E2 family
Total

NOODODODDODODDODDODOODDODDODDODOODODDOOO

o]

A

[

X,

\
—_
O — O ROV~ WOORODORARRA,OWDRN

= i T = R R S e e O N LRV 1 SV, I N YUY
000000000000 D
00000000000 D
O~ OO~ N~ OO —~000OD —O — — W

OO0 OO OO —OO—O—=—=O—=N—=O W=k~

OO ODODOODDODODODDODDODODODODODOoODODOOO
SO DD DD DODDOODDODDODODDDOODODOO
SO D DD DODDODDOODDDDODOODDDOODOOO
SO DD DODDDDDODDODDODDODODODODOoOOoOo OO
RO O ODDODDODDODDODDODDODDODODODODODOoOOoDOoO O

O~ 0OWOULNDOD—W—ODORW—O

S
[
—

*Homologs of known thiol-based oxidoreductases or thioredoxin-like fold proteins.

(GIpC), methionine sulfoxide reductase A (MsrA) and
several other selenoprotein families.

Most of these selenoproteins were redox proteins, which
used Sec either to coordinate redox-active metals or for
thiol/disulfide-based redox catalysis. Moreover, among 24
selenoprotein families detected in the symbionts’ metage-
nomic dataset, at least 17 (67 sequences, 81.7%) were
homologs of known thiol oxidoreductases or possessed
Trx-like fold (Table 1). Many of these selenoproteins
contained a conserved UxxC/UxxS/CxxU/TxxU redox
motif.

In two known selenoprotein genes, new Sec positions
were identified. Interestingly, in a rhodanese-related
sulfurtransferase family, a new protein form was detected
wherein a second Sec evolved in the protein, thus resulting
in a UxU motif (Figure 3A). In addition, a new Sec was

observed in FrhA, which resulted in a CxxU motif
compared to the previously known UxxC motif
(Figure 3B).

New selenoproteins identified in the Olavius symbionts’
metagenome

In addition to homologs of previously described seleno-
proteins, we identified six new selenoprotein families,
which were represented by at least two individual
TGA-containing ORFs (total of 17 genes, Table 2).
Most of these new families did not correspond to domains
of known function and were not homologous to protein
families with known functions. Multiple alignments
of these new selenoproteins and their Cys-containing
homologs (Figure 4) highlight sequence conservation of
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ARSZ01000308 &1
AAS201000282 51
AASZ01000832 51
ARSZ01001521 51
AASZ01000798 51
ARSZ01001814 54
AASZ01002081 34
AASZ01005112 unassigned
ARSZ01004102 unassigned
AASZ01000989 unassigned MRGEKLTAGHNH
AASE01003598 unassigned —-—
AASE01003998 unassigned
Methanococcus jannaschii
Methanococcus maripaludis
Methanepyrus kandleri
Syntrophobacter fumaroxidans
Syntrophus aciditrophicus
Desulfotalea psychrophila
Moorella thermoacetica
Syntrophomonas wolfel
Geobacter sulfurreducens
Geobacter metallireducens
Chlorobium tepidum
Desulfovibric desulfuricans
Methanococcus maripaludis

Figure 2. Multiple sequence alignment of FrhD family. Conserved residues are highlighted. Sec (U) and the corresponding Cys (C) residues are
shown in red and blue, respectively.

(A) Rhodanese-related sulfurtransferase

1
48
1976 47
AASZ01001582 51 46 NESAWATKSPiQNT
AASZ01001582 &1 2 52 SEPAERYGPNUKKSDRLES VREEPMEY
ARSZ01003212 &4 24
ARSZ01001809 &4 21
AASZ01001093 unassigned 24
Desulfotalea psychrophila 17
Acidobacteria E11in345 220
Solibacter usitatus 220
Methylibium petroleiphilum 234

Burkholderia phytofirmans 226
Ralstonia pickettii 220

(B) F420-reducing hydrogenase, alpha subunit

AASZ01001663 &] 46
ARASZ 54 46
Desulfovibrio vulgaris 60
Desulfotalea psychrophila 53 E[eiiaAL
Syntrophobacter fumaroxidans 47 EEANE
Dehalococcoides sp. 46 IE¥xVid
Chlorobium chlorochromatii 51 Ke

Aquifex aeolicus 44

AASZ01001663
3

519 Refis EERERABEVEVEDPDSNEVYERAL -~~~
SZ201002533

Desulfovibrio vulgaris 480

Desulfotalea psychrophila 448 DKEGVEIDRIVK-
Syntrophobacter fumaroxidans 441 KADGEVIRKWPTP
Dehalococcoides sp. 439 DANGQLVQTYSN-
Chlorobium chlorochromatii 411 )y D P T S Y H e e bt
Aquifex aeolicus 401 QAR B T LI o

Figure 3. Multiple sequence alignment of several known selenoprotein families containing new features. New Sec positions are shown in pink.
Contigs containing these new features are also highlighted in green background. (A) Rhodanese-related sulfurtransferase; (B) F420-reducing
hydrogenase, alpha subunit.
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Table 3. Known Pyl-containing proteins and Pyl operon proteins
identified in the Olavius algarvensis symbionts

Protein family Total Olavius Number
selenoproteins symbionts of Cys
homolog
81 84 vyl y3 Unassigned

YHS domain 5 4 0 0 0 1 2
protein

Putative redox 3 30 0 0 O 2
protein

OS_HPI1* 3 30 0 0 0 2

Conserved 2 1 1 0 0 0 0
protein
COGI1810

OS_HP2 2 1 1 0 0 0 0

OS_HP3 2 1 1. 0 0 0 0

Total 17 133 0 0 1 6

*OS_HP, Olavius symbiont’s hypothetical protein.

Sec/Cys pairs and their flanking regions. All new
selenoproteins contained stable stem-loop structures
downstream of Sec-encoding TGA codons that resembled
bacterial SECIS elements. Representative predicted
SECIS elements found in these new selenoprotein families
are shown in Figure 5.

We also detected at least 15 additional TGA-containing
sequences, which showed similarity neither to known and
new selenoproteins nor to each other. No definitive
conclusion can be made regarding these sequences because
of the possibility of sequencing errors. However, some of
them contained candidate SECIS elements. Moreover, a
small number of TGA-containing homologs of candidate
selenoproteins, which have no conserved Cys homologs,
but were previously predicted in sequenced bacterial
genomes using bSECISearch (19), were identified. Future
experimental verification is needed for these selenoprotein
candidates.

Pyl-containing proteins detected in the Olavius symbionts’
dataset

Pyl has been identified in the active sites of several
methylamine methyltransferase families, including mono-
methylamine methyltransferase (MtmB), dimethylamine
methyltransferase (MtbB) and trimethylamine methyl-
transferase (MttB), in several methanogenic archaea
(14,15). However, only one gram-positive bacterium,
D. hafniense, has been found that possesses a single Pyl-
containing MttB homolog. Recently, a transposase family
was identified as a new Pyl-containing protein family (32).
Besides pyIT and pylS, a pylB-pylC-pylD gene operon
(especially pyID) was proposed to be specific for Pyl
utilization (32). We examined the occurrence of both
Pyl-containing proteins and Pyl operon genes. To our
surprise, a total of 10 Pyl-containing methylamine
methyltransferase sequences (belonging to MtbB and
MttB families) were identified and eight were found in
the 61 endosymbiont which also had pyIT, pylSn, pylSc
and pylB-pylC-pylD genes (Table 3). Several genes
were clustered or were present in the same operon

Protein family Total The Olavius symbionts Other

sequences homologs
61 04 vyl y3 Unassigned

Known Pyl-containing proteins

MtmB 0o 0 0 2

MtbB 7 6 0 0 0 1 0

MttB 3 2 0 0 0 1 >10

Pyl biosynthesis and insertion components

PylSn 1 1 0 0 0 O

PylSc 1 1 0 0 0 O

PylB 1 1 0 0 0 0

PylC 1 1 0 0 0 O

PylD 1 r 0 0 0 0

PylT 1 I 0 0 0 O

(Figure 6). An alignment of these sequences and their
homologs is shown in Figure 7.

It was proposed that Pyl is inserted by UAG codons
with the help of a putative pyrrolysine insertion sequence
(PYLIS) element, which was predicted to be located
downstream of the Pyl-encoding UAG codon in Pyl-
containing protein mRNAs (33). Although the presence of
such element in archaea is questionable, it is reasonable
that there should be a certain cis-element to distinguish the
Pyl-encoding UAG codon from stop codon in bacteria
(32). To search for candidate PYLIS elements in bacteria,
sequences downstream of in-frame UAG codons and in
putative 5'- and 3’-UTRs of methylamine methyltransfer-
ase mRNAs in both D. hafniense and the 81 symbiont
were analyzed manually for possible conserved structures
and sequence features within these structures. Our
analyses revealed no obvious common structure shared
by all members of these methylamine methyltransferase
families.

Relationship between different symbiotic conditions
and Sec utilization

Although 81 and 064 endosymbionts belong to the
selenoprotein-rich phylum Deltaproteobacteria, they are
host-associated organisms. In contrast, most selenopro-
tein-rich organisms identified previously are free-living
organisms (27). To investigate the relationships between
habitats, genome/proteome size and Sec utilization in
bacteria, we carried out an exhaustive homology search of
all known selenoprotein families against 450 sequenced
bacterial genomes. A total of 116 Sec-utilizing organisms
were found. Characteristics of selenoproteomes, genome
size, proteome size and habitats for these organisms are
shown in Table S1, and Figure § illustrates correlations
among these properties. For Sec-containing organisms,
regardless of habitat, the proteome size was proportional
to the genome size (Figure 8A). No obvious correlation
was observed between the size of selenoproteome and the
size of proteome. However, a trend could be seen wherein
host-associated organisms possess the smallest selenopro-
teomes compared to free-living organisms (Figure 8B).
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(A) YHS domain protein
AASZ01001258 &1
AASZ01001131 &1
AASZ0100052% &1
AASZ01001183 &1
AASZ01005593 unassigned
Nodularia spumigena
Vibrio fischeri
Hyphomonas neptunium
Marinomeonas sp.

(B) Putatuve redox protein

AASZ01000351 &1 1 ---M@DDRTTNLWK
AASZ01002486 51 T, s DRIKAIW
AASZ01001452 &1 1 MSSTWYAGIDP.
Clostridium perfringens § SeEssmasiaa
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(C) OS_HP1

AASZ01000701 &1 61
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AASZ01001578 &1 1.
Solibacter usitatus 123
Oceanospirillum sp. 50
Chloroflexus aurantiacus 95
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(D) Conserved protein (COG1810)
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Candidatus Desulfococcus
Methanosarcina mazei
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(E) OS_HP2

AASZ01000350 &1
AASZ01001778 &4

Candidatus Desulfococcus
Syntrophobacter fumaroxidans
Geobacter sulfurreducens
Microscilla marina
Blastopirellula marina

(F) OS_HP3
AASZ01001720 &1 ]l semmmme——— MQONDEF
AMASEZ01002037 54
Candidatus Desulfococcus 1 meememsensmerm— M
Syntrophobacter fumaroxidans 1 --——-———————————-
Desulfovibrio vulgaris 1 MWGTTFNRSRSEQT
Desulfovibrio desulfuricans 1 MWGTSYSRARQAQT,
Deltaproteobacterium MIMS-1 1 ------ MSGNAIAT
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Figure 4. Multiple sequence alignments of new selenoproteins and their Cys homologs. The alignments show Sec-flanking regions in detected
proteins. Both selenoprotein sequences detected in the Olavius symbionts’ metagenome dataset and their Sec/Cys-containing homologs present in
indicated organisms are shown. Conserved residues are highlighted. Predicted Sec (U) and the corresponding Cys (C) residues in other homologs are

shown in red and blue, respectively.

We found that 61 and 84 symbionts were outliers with
respect to selenoproteome size, especially when compared
with other host-associated bacteria (Figure 8B). Table 4
shows a comprehensive list of sequenced host-associated
selenoprotein-containing bacteria and their living

conditions. In contrast to selenoprotein-rich 61 and 64
symbionts, most of these organisms had FdhA and/or
SelD as their only selenoproteins. One possibility is that 51
and &4 symbionts are located below the worm cuticle,
where essentially no oxygen is present, whereas other
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A. YHS domain protein B. Putative redox protein C. OS_HP1 D. Conserved protein (COG1810) E. OS_HP3
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Figure 5. Predicted bacterial SECIS elements in representative sequences of new selenoprotein families. Only sequences downstream of in-frame
UGA codons are shown. In-frame UGA codons and conserved guanosines in the apical loop are shown in red. (A) YHS domain protein,
AASZ01000529; (B) Putative redox protein, AASZ01002486; (C) OS_HP1, AASZ01000351; (D) Conserved protein (COG1810), AASZ01000538;

(E) OS_HP3, AASZ01001720.

AASZ01001367 (51)
pyiSc

AASZ01001076 (unassigned)

AASZ01000500 (51)

AASZ01000351 (51)

AASZ01001188 (51)
mtbB

AASZ01001259 (51)
pylD

AASZ01001156 (81)

mtmB homolog

pylSn pylT mitB homolog  mitB

pyiC pylB

—_—

mtmB homolog

Pyl operon genes

mthB

mitB

mitB homolog (non-Pyl)
mtmB homeolog (hon-Pyl)

OONDE

Figure 6. Occurrence of genes for Pyl-containing proteins and Pyl operon proteins in Olavius symbionts’ metagenomic sequences. The mhB and mttB
genes and other Pyl operon genes are shown by the indicated color scheme in contigs containing these genes.

parasites, most of which are facultative anaerobic,
microaerobic and aerobic, are located in mouth, respira-
tory tract or gastrointestinal tract, which are exposed to
at least some oxygen (34). We previously found that
decrease in oxygen concentration correlates with increase
in Sec utilization (27). Olavius algarvensis is the first
marine host identified to date which lives in obligate
and species-specific associations with Sec-containing
bacterial symbionts. Presumably, these deltaproteobacterial

symbionts take advantage of a relatively constant supply of
selenium in sea water and have increased their demand for
this trace element.

DISCUSSION

Whole-genome shotgun and metagenomic sequencing
projects have provided a new and powerful tool in the
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MtbB

AASZ01001188
AASZ01001188
AASZ01000500
AASZ01000500
AASZ701001076
AASZ01000351
AASZ01001367
Methanosarcina acetivorans
Methanosarcina barkeri
Methanosarcina mazei
Methanococcoides burtonii

M= N

MttB

AASZ01001076

AASZ01001367

AASZ01001188

Methanosarcina acetivorans
Methanosarcina mazei
Methanosarcina barkeri
Methanosaeta thermophila
Methanococcoides burtonii
Desulfitobacterium hafniense
Sincrhizobium meliloti
Silicibacter pomeroyi
Mesorhizobium loti
Rhodobacter sphaercides
Desulfitobacterium hafniense
Methanococcoides burtonii

Figure 7. Multiple alignments of Pyl-flanking regions in methylamine methyltransferase families (MtbB and MttB). Pyl is shown by X and its

location in the alignment is highlighted in red.

study of community organization and metabolism in
natural microbial communities (35-37). Recently, such
methods have been extended to analyze symbiotic
relationships. One project involved an analysis of
microbes from a marine oligochacte O. algarvensis,
which lacks a mouth, gut, anus or nephridial excretory
system, and contains several bacterial endosymbionts
that are located just below the worm cuticle (26). These
endosymbionts include two sulfur-oxidizing gamma-
proteobacteria (yl and v3) and two sulfate-reducing
deltaproteobacteria (61 and 84). Identification of seleno-
protein genes in such an unusual symbiotic system may
help understand the role of selenium and other micro-
nutrients in the intricate interactions that form such a
complex, adaptive consortium.

In the present study, we employed a procedure that
analyzes Sec/Cys pairs in homologous sequences to
characterize the selenoproteomes of symbiotic micro-
organisms in the gutless worm. A total of 82 genes that
belonged to 24 previously described prokaryotic seleno-
protein families and 17 sequences that belonged to six new
selenoprotein families were identified. Most selenoproteins
were found to occur in 81 symbiont, which contained 44
known selenoproteins (21 families) and 13 new selenopro-
teins (6 families). Although the genome size of 9l
symbiont is ~13.5Mb, which is larger than most other
deltaproteobacteria, its reconstruction revealed a single
species (26). If this is the case, then our study identified an
organism, which has the largest selenoprotecome reported
to date (57 selenoproteins) of any organism, including
eukaryotes and archaea.
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Figure 8. Relationship among habitats, genome size, proteome size and
selenoproteomes. Sec-containing organisms were classified into four
groups based on different habitats: aquatic, host-associated, multiple
and terrestrial. (A) Correlation between genome size and proteome size.
(B) Correlation between proteome size and selenoproteomes. d1 and 64
symbionts are indicated in the figure.
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Table 4. Selenoproteins in sequenced symbiotic/host-associated bacteria

Phylum Organism Total number of Number of Habitat Oxygen
proteins selenoproteins requirement
Actinobacteria Collinsella aerofaciens 2367 2 Human gut Anaerobic
Mycobacterium smegmatis 6716 1 Human smegma Aerobic
Mycobacterium avium 5120 1 Lung Aerobic
Betaproteobacteria/ Burkholderia mallei 5025 1 Mammals Aerobic
Burkholderiaceae Burkholderia multivorans 6604 1 Human lung Aerobic
Burkholderia phymatum 7845 1 Root nodules of tropi-  Aerobic
cal legumes
Deltaproteobacteriadelta Lawsonia intracellularis 1185 1 Mucosa of the lower Facultative
intestinal tract in
animals
01 symbiont 12084 57 Below the worm cuticle  Anaerobic
of Olavius algarvensis
04 symbiont 3012 23 Below the worm cuticle  Anaerobic
of Olavius algarvensis
Epsilonproteobacteria Campylobacter concisus 2039 6 Human oral cavity and Microaerophilic
gastrointestinal tract
Campylobacter curvus 1921 4 Human oral cavity and Microaerophilic
gastrointestinal tract
Campylobacter fetus 1719 4 Human blood Microaerophilic
Helicobacter hepaticus 1875 1 Mucosal layer of the Microaerophilic
gastrointestinal tract
Wolinella succinogenes 2043 1 Gastrointestinal tract Microaerophilic
Gammaproteobacteria/  Escherichia coli 4243 3 Lower intestine Facultative
Enterobacteriales Photorhabdus luminescens 4683 1 The gut of an entomo-  Facultative
pathogenic nematode
Salmonella enterica 4427 3 Gastrointestinal tract in Facultative
animals
Salmonella typhimurium 4425 3 Gastrointestinal tract in Facultative
animals
Shigella boydii 4136 3 Gastrointestinal tract in Facultative
animals
Shigella dysenteriae 4274 2 Gastrointestinal tract in Facultative
animals
Shigella flexneri 2a 4182 3 Gastrointestinal tract in Facultative
animals
Shigella sonnei 4223 3 Gastrointestinal tract in Facultative
animals
Gammaproteobacteria/  Actinobacillus pleuropneumoniae 2012 2 Lower respiratory tract Facultative
Pasteurellaceae of pigs
Actinobacillus succinogenes 1883 2 Bovine rumen Anaerobic
Haemophilus ducreyi 1717 1 Animal mucous Anaerobic
membranes
Haemophilus influenzae 1791 2 Animal mucous Facultative
membranes
Mannheimia succiniciproducens — 2380 Bovine rumen Anaerobic
Pasteurella multocida 2015 1 Mucous membranes of  Facultative
the intestinal, genital
and respiratory
tissues
Spirochaetales Treponema denticola 2767 6 Oral cavity Anaerobic

Most detected selenoproteins were homologs of thiol-
based redox enzymes and contained conserved
redox motifs. In contrast, such known redox motifs were
largely absent in new selenoproteins identified in the
metagenomic dataset. In addition, analysis of secondary
structures revealed that these new selenoproteins did
not contain thioredoxin-like fold, which is a dominant
fold in selenoproteins identified in several marine environ-
mental sequencing projects (23,38). Perhaps, additional
redox reactions that are carried out by new selenoproteins
occur in these symbionts.

Besides the unusually high number of selenoproteins,
10 Pyl-containing proteins were identified in the

metagenomic dataset. 81 contained eight of these
sequences that belonged to MtbB and MttB families.
Thus, the 81 symbiont is also the organism, which has the
largest number of Pyl-containing proteins in bacteria.
Previously, only one bacterial protein, from D. hafniense,
was known to possess Pyl. Therefore, identifying so many
pyrroproteins in the same bacterium is truly remarkable.

We previously proposed that UAG may be an
ambiguous codon in some archaeca, wherein it could
serve as either Pyl codon or a stop signal. However, in
D. hafniense, UAG is frequently used as a stop signal,
suggesting an unknown mechanism that allows ribosomes
to recognize function of specific UAG codons. By analogy
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to Sec, which is inserted with the help of SECIS clements,
PYLIS elements may be present in bacterial pyrroprotein
genes. However, our analysis of genes coding for Pyl-
containing proteins revealed no common RNA structures.
Additional RNA structure searches should be carried out
in the future. The current set of Pyl-containing proteins
provides an excellent dataset for further interrogation.

Given that most symbiotic and host-associated bacteria
have lost the ability to utilize Sec or only possess a limited
number of selenoproteins, the dramatic abundance of
selenoproteins in the two endosymbiotic deltaproteobac-
teria, especially 1 that also contains many Pyl-containing
proteins, is remarkable, raising a series of questions
regarding evolution and function of these proteins, as
well as their roles in symbiosis. It has been suggested that
most selenoproteins evolved from their Cys-containing
homologs and anaerobic environments could support the
use of Sec (27). Compared to most other symbionts and
host-associated organisms, which seem to live under
aerobic or microaerobic conditions, the obligate anaerobic
environment of the two symbionts may be one reason for
evolution of new selenoproteins. In addition, compared to
the environments where other hosts live, seawater could
provide a constant supply of selenium for Sec biosynthesis
in these symbionts. An alternative hypothesis is that the
host worm needs more efficient metabolism and waste
management, which are provided by its symbionts because
of the lack of digestive and excretory systems. These
special needs might have led to selective advantage of
harboring multiple symbionts that utilize amino acids that
provide catalytic advantages to various metabolic systems,
such as Sec in many redox proteins and Pyl in
methylamine methyltransferases.

Symbiotic deltaproteobacteria in the gutless worm
evolved as organisms that support the broadest use of
the genetic code, utilizing 63 of 64 codons to code for 22
amino acids. It would be interesting to examine if this and
other symbiotic systems provide selective advantage to
further expand the genetic code, ecither utilizing a third
stop signal, UAA, or using some codons to insert multiple
non-canonical or common amino acids.

CONCLUSIONS

In this study, we report a comprehensive analysis of Sec
and Pyl utilization in the Olavius symbiont metagenomic
database by identifying selenoproteins and Pyl-containing
proteins. An organism, &1 symbiont, which contains the
largest number of both selenoproteins and pyrroproteins
in any organism was identified. This dataset provides
opportunities for addressing critical questions regarding
evolutionary factors that influence utilization of Sec and
Pyl, further extension of the genetic code and under-
standing of molecular mechanisms of recoding.
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