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ABSTRACT The putative respiratory selenite [Se(IV)] reductase (Srr) from Bacillus
selenitireducens MLS10 has been identified through a polyphasic approach involv-
ing genomics, proteomics, and enzymology. Nondenaturing gel assays were used to
identify Srr in cell fractions, and the active band was shown to contain a single pro-
tein of 80 kDa. The protein was identified through liquid chromatography-tandem
mass spectrometry (LC-MS/MS) as a homolog of the catalytic subunit of polysulfide
reductase (PsrA). It was found to be encoded as part of an operon that contains six
genes that we designated srrE, srrA, srrB, srrC, srrD, and srrF. SrrA is the catalytic sub-
unit (80 kDa), with a twin-arginine translocation (TAT) leader sequence indicative of a
periplasmic protein and one putative 4Fe-4S binding site. SrrB is a small subunit
(17 kDa) with four putative 4Fe-4S binding sites, SrrC (43 kDa) is an anchoring sub-
unit, and SrrD (24 kDa) is a chaperon protein. Both SrrE (38 kDa) and SrrF (45 kDa)
were annotated as rhodanese domain-containing proteins. Phylogenetic analysis re-
vealed that SrrA belonged to the PsrA/PhsA clade but that it did not define a dis-
tinct subgroup, based on the putative homologs that were subsequently identified
from other known selenite-respiring bacteria (e.g., Desulfurispirillum indicum and Py-
robaculum aerophilum). The enzyme appeared to be specific for Se(IV), showing no
activity with selenate, arsenate, or thiosulfate, with a Km of 145 � 53 �M, a Vmax of
23 � 2.5 �M min�1, and a kcat of 23 � 2.68 s�1. These results further our under-
standing of the mechanisms of selenium biotransformation and its biogeochemical
cycle.

IMPORTANCE Selenium is an essential element for life, with Se(IV) reduction a key
step in its biogeochemical cycle. This report identifies for the first time a dissimila-
tory Se(IV) reductase, Srr, from a known selenite-respiring bacterium, the haloalkalo-
philic Bacillus selenitireducens strain MLS10. The work extends the versatility of the
complex iron-sulfur molybdoenzyme (CISM) superfamily in electron transfer involving
chalcogen substrates with different redox potentials. Further, it underscores the im-
portance of biochemical and enzymological approaches in establishing the function-
ality of these enzymes.

KEYWORDS complex iron-sulfur molybdoenzyme superfamily, dissimilatory selenite
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The assimilatory reduction and dissimilatory reduction of the selenium oxyanions
selenate [Se(VI)] and selenite [Se(IV)] are key processes in the selenium biogeo-

chemical cycle. The assimilatory reduction of the selenium oxyanion Se(IV) to selenide
is integral to the synthesis of the 21st amino acid, selenocysteine (1–4), and the tRNA
nucleoside 2-selenouridine (5, 6). The assimilatory reduction of Se(IV) for selenocysteine
synthesis occurs in all three domains of life, but the assimilatory reduction of Se(IV) for
2-selenouridine synthesis occurs exclusively in the Bacteria and Archaea. The second
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major component of the selenium biogeochemical cycle is the dissimilatory reduction
of the selenium oxyanions Se(VI) and Se(IV) during anaerobic respiration (1, 7). Se(VI)-
and Se(IV)-respiring microorganisms have been isolated from both the bacteria and
archaea, including species from the Proteobacteria (8–12), the Firmicutes (13–16), the
Chrysiogenetes (17), and the Crenarchaeota (18, 19) phyla. The phylogenetic breadth
represented by selenium-respiring microorganisms suggests that selenium respiration
is widespread.

A stunning array of bacteria are capable of rapidly and efficiently detoxifying up to
millimolar quantities of both Se(VI) and Se(IV) aerobically and anaerobically via reduc-
tion to red elemental selenium [Se(0)] via several different mechanisms (7). The
phenomenon has also been observed in the Archaea (20) and the Eukarya (21, 22). This
poses a significant challenge in determining whether an anaerobically grown organism
reducing Se(VI) or Se(IV) is coupling this reduction with energy conservation or is
merely doing this as a detoxification strategy. An additional possibility, heretofore not
considered in the literature, is that Se(VI) and Se(IV) could also serve as electron sinks
during fermentative growth. There are examples of organisms known to exploit ele-
mental sulfur and polysulfides as electron sinks during fermentation (23, 24), and
selenium is a stronger electrophile than sulfur (25). Thus, this possibility requires more
experimental evidence to confirm whether an organism is capable of respiring oxyan-
ions of selenium [i.e., demonstrating that Se(VI) or Se(IV) reduction is being stoichio-
metrically coupled to the oxidation of an electron donor].

Of the two respiratory processes, Se(VI) respiration has been studied more exten-
sively. During anaerobic respiration on Se(VI), Se(VI) is reduced to Se(IV) in a two-
electron transfer reaction (14, 26), with the Se(IV) subsequently reduced to red Se(0),
presumably as a detoxification mechanism. The periplasmic Se(VI) reductase (Ser) of
Thauera selenatis has been purified and fully characterized, including its genes, operon
structure, and crystal structure (27–32). Se(VI) reductases have also been characterized
from other bacteria, including Bacillus selenatarsenatis (33–35) and Enterobacter cloacae
SLD1a-1, Escherichia coli K-12, and Citrobacter freundii strain RLS1 (36–40). These reports
underscore the fact that multiple biochemical pathways and enzymes are used during
Se(VI) respiration. While the known Se(VI) reductases are part of the complex iron-sulfur
molybdoenzyme (CISM) superfamily (41), they differ enough to suggest that Se(VI)
respiration has evolved independently multiple times in the Bacteria. Whether this is
also the case for dissimilatory Se(IV) reductase was a focus of the current study.

Precious little is known about the molecular mechanisms of Se(IV) respiration, and
it is uncertain whether any of the biochemical mechanisms of Se(IV) reduction identi-
fied in the literature are involved in Se(IV) respiration or other physiological processes.
Genetic knockouts identified the fumarate reductase (encoded by the fccA gene) as a
putative Se(IV) reductase in Shewanella oneidensis MR-1; however, only 60% of the
activity was lost, and the cells were still capable of Se(IV) reduction (42). This suggests
either that the fumarate reductase of S. oneidensis is involved in mediating Se(IV)
reduction but is not actually the Se(IV) reductase or that the Se(IV) reduction phenotype
can be partially rescued by other, unknown enzymes. Regardless, the reduction of
Se(IV) via the fumarate reductase does not appear to be involved in Se(IV) respiration,
given that the same mechanism has been implicated aerobically in Enterobacter cloacae
Z0206 (43). A periplasmic protein possessing Se(IV) reductase activity has been purified
from ER-Te-48, a strain of Shewanella frigidimarina isolated from thermal vent tube
worms (44). The enzyme has been proposed to be involved in Se(IV) respiration in this
organism, but its low affinity for Se(IV), with an apparent Km of 12.1 mM, makes this
doubtful (44).

Current efforts to identify a respiratory Se(IV) reductase have been limited to
organisms that have not been shown to be capable of using Se(IV) as a terminal
electron acceptor in anaerobic respiration (45, 46). Thus far, only four microbes have
been shown definitively (i.e., using mass balance) to couple oxidation of an electron
donor to reduction of Se(IV) to Se(0) during a four-electron transfer reaction: Bacillus
selenitireducens MLS10 (14), Pyrobaculum aerophilum IM2 (18), Desulfurispirillum indicum
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S5 (17), and Bacillus beveridgei MLTeJB (47). Se(IV) respiration in these organisms, in
contrast to Se(VI) respiration and Se(IV) detoxification, results in the formation of black
Se(0), with red Se(0) appearing as an intermediate that transitions to black Se(0) as
growth approaches the stationary phase. In MLS10, this black Se(0) has been shown to
form as a result of respiratory growth on red Se(0) (48), producing selenide. It is not
known, however, if the black Se(0) allotropes in the other three taxa are also by-
products of Se(0) respiration.

As a model for a Se(IV)-respiring organism, B. selenitireducens MLS10 is a well-suited
candidate. MLS10 is a Gram-positive haloalkaliphilic firmicute isolated from Mono Lake
(14). MLS10 is the first bacterium shown to be capable of Se(IV) respiration, grows
readily on Se(IV) in large batch cultures, and has previously been used to provide
insights into the physiology and biochemistry of both selenium and arsenic respiration
(48–52). We report here on the identification and initial characterization of a putative
respiratory Se(IV) reductase (Srr) from MLS10 using genomics, proteomics, and enzy-
mology. This work provides our first insights into the biochemistry of Se(IV) respiration
from an organism definitively shown to utilize selenite as a terminal electron acceptor,
and it extends the catalytic versatility of a well-known family of enzymes within the
larger CISM superfamily.

RESULTS
Identification of a putative Srr using nondenaturing gel enzyme assays. We

performed nondenaturing gel enzyme assays using reduced methyl viologen as an
electron donor and Se(IV) as the electron acceptor to identify candidates for the
putative Srr. Periplasmic, particulate (i.e., membrane) and cytoplasmic protein fractions
from MLS10 cells grown with Se(IV) were tested. All three fractions showed activity at
the same location in the gel, but the bulk of the activity was in the periplasmic fraction
(as determined by protein quantification and gel staining). The band of activity from the
periplasmic fraction was excised and subjected to both SDS-PAGE and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to determine the identities of
the eluted proteins (Fig. 1). SDS-polyacrylamide gels indicated that the active band
consisted primarily of an approximately 80-kDa protein (Fig. 1, lane C). The LC-MS/MS
results revealed that the active band that eluted directly from the nondenaturing gel
contained 3 proteins identified with high confidence as a trimethylamine-N-oxide
(TMAO) reductase, a 4Fe-4S ferredoxin iron-sulfur protein, and a rhodanese domain-

FIG 1 Identification of the respiratory Se(IV) reductase (Srr) in the periplasmic fraction of Bacillus
selenitireducens strain MLS10. Lane A, nondenaturing gel developed for Se(IV) reductase activity with
reduced methyl viologen. The clearing indicates Srr activity (arrow). Lane B, lane A after staining with
Coomassie brilliant blue, showing a protein band at the same location as the Srr activity. Lane C,
SDS-polyacrylamide gel of the excised band of Srr activity from lane A visualized by staining with
Coomassie brilliant blue.
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containing protein corresponding to proteins encoded by the genes Bsel_1476,
Bsel_1477, and Bsel_1475, respectively, from the MLS10 genome as annotated by the
Joint Genome Institute (Table 1).

Kinetics of Srr. Efforts to measure the kinetics of Srr were complicated by several
factors. We found that Se(IV) by itself could oxidize methyl viologen, benzyl viologen,
flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and NADPH at pH 7.0
and below. Methyl viologen, however, was stable at pH 7.5 and above. Thus, we were
able to test Se(IV) reduction over a pH range between 7.5 and 10. The enzyme,
however, showed no activity above pH 8.0. Further, any trace of Se(0) would also result
in spurious methyl viologen oxidation, as was the case for the whole-cell and cell lysate
fractions. Hence, a complete purification table was not possible. Nonetheless, starting
with the periplasmic fraction, we were able to obtain fractions highly enriched in Srr
(Fig. 2) after two sequential steps of anion-exchange chromatography, as determined
by LC-MS/MS analysis of the 80-kDa protein (Table 1). The enzyme was found to have
a high affinity for Se(IV), with an apparent Km of 145 � 53 �M, a Vmax of 23 � 2.5 �M
min�1, and a kcat of 23 � 2.68 s�1 (Fig. 3). It also appeared to be specific to Se(IV), as
no activity was observed using arsenate, selenate, or thiosulfate as an electron acceptor
in the assay. Inductively coupled plasma MS (ICP-MS) found evidence for both Mo and
Fe, with a ratio of about 1 mol Mo to 10 mol Fe, suggesting that metal loss had likely
occurred during purification.

Sequence analysis of Srr. The gene sequences inferred from the LC-MS/MS data for
the three subunits were used to locate the putative srr operon in the genome of B.

TABLE 1 LC-MS/MS results for proteins eluted from nondenaturing and SDS-polyacrylamide gels

Sample
Locus tag, GenBank
accession no. Protein annotation Score

No. of unique
peptides

Se(IV) reductase active band eluted from
nondenaturing gel shown in Fig. 1A

Bsel_1476, WP_013172412 Trimethylamine-N-oxide reductase 256.3 16
Bsel_1477, WP_013172413 4Fe-4S ferredoxin iron-sulfur

binding domain protein
30.7 5

Bsel_1475, WP_013172411 Rhodanese domain protein 19.3 3
80-kDa protein from SDS-PAGE shown in Fig. 1B Bsel_1476, WP_013172412 Trimethylamine-N-oxide reductase 191.7 21
80-kDa band from second anion-exchange

column shown in Fig. 2
Bsel_1476, WP_013172412 Trimethylamine-N-oxide reductase 139.8 15

FIG 2 SDS-polyacrylamide gels of the Bacillus selenitireducens strain MLS10 periplasmic fraction and
Srr-active fractions from ion-exchange columns. Lane A, periplasmic fraction. Lane B, Srr-active fraction
eluted from the first anion-exchange column loaded with the periplasmic fraction. Lane C, Srr-active
fraction obtained from a second anion-exchange column. The 80-kDa band (arrow) corresponds to the
putative SrrA.
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selenitireducens. Annotated as Bsel_1475 to Bsel_1480, it was found to contain six
genes, srrE, srrA, srrB, srrC, srrD, and srrF, with SrrA the catalytic subunit (80 kDa), SrrB a
small electron transfer subunit (17.7 kDa), SrrC (43 kDa) an anchoring subunit, and SrrD
(24 kDa) a chaperon protein (Fig. 4). Both SrrE (38 kDa) and SrrF (45.6 kDa) were
annotated as rhodanese domain-containing proteins (see Fig. S1 in the supplemental
material). Features of SrrA include a twin-arginine translocation (TAT) motif for export
to the periplasm (confirming the original observation that Srr is periplasmic), a motif
associated with a 4Fe-4S cluster, and a molybdopterin guanine dinucleotide coordina-
tion motif coordinated by a cysteine residue (Fig. S1A). The annotation by the Joint
Genome Institute (who sequenced the genome) of SrrA as a TMAO reductase, however,
is most likely incorrect for several reasons. First, the molybdopterin cofactor of TMAO
reductase is coordinated by a serine residue; second, the TMAO reductase catalytic
subunit lacks a 4Fe-4S cluster (27). The primary sequence of the annotated 4Fe-4S
ferredoxin iron-sulfur binding domain protein (SrrB) suggests that this protein contains
four 4Fe-4S clusters (Fig. S1B). SrrC is a homolog of the polysulfide reductase NrfD
membrane-anchoring subunit and has no apparent binding motifs for either a c- or
b-type heme. SrrD, encoded by Bsel_1479, is most likely a homolog of the NarJ protein,
which functions to facilitate incorporation of the molybdopterin cofactor into the active
site of the respiratory nitrate reductase of E. coli (53). The PROSITE tool (54) identified

FIG 3 Kinetics of Srr from Bacillus selenitireducens strain MLS10. The kinetics of the enzyme are expressed
in terms of methyl viologen oxidized.

FIG 4 Operon organization of the Wolinella succinogenes (WS) polysulfide reductase, Salmonella enterica serovar
Typhimurium (STM) thiosulfate reductase, and putative Bacillus selenitireducens MLS10 (Bsel) selenite reductase. The
genes psrA, phsA, and srrA encode the catalytic subunits of the Psr/Phs/Srr reductase complex; psrB, phsB, and srrB
encode the electron transfer subunits; and psrC, phsC, and srrC encode the membrane anchor subunits. The gene
srrD encodes a protein with strong sequence homology to the NarJ protein, which is involved in facilitating the
incorporation of the molybdopterin cofactor into the catalytic subunit NarG. The genes srrE and srrF encode
rhodanese domain-containing proteins. The arrows refer to the direction of transcription.
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two structural motifs in the rhodanese domain proteins annotated by Bsel_1475 (SrrE)
and Bsel_1480 (SrrF). Both SrrE and SrrF contain a lipoprotein motif for attachment to
the cytoplasmic membrane at the N termini of the proteins and two rhodanese
domains, with the rhodanese domain closest to the N terminus containing an active-
site cysteine residue (Fig. S1E and F).

Phylogenetic analysis of SrrA. In order to place SrrA more accurately within the
CISM superfamily, Bayesian phylogenies of SrrA homologs were constructed using
the catalytic subunit of formate dehydrogenase N from E. coli as the outgroup (Fig. 5).
The ProtTest tool (55) and MrBayes (56) program indicated the appropriate amino acid
substitution and rate variation models. The ProtTest tool showed that the LG amino
acid substitution model (57) and the WAG amino acid substitution model (58) (each
with a gamma distribution [59] or with a gamma distribution with a portion of invariant
sites) best described the observed differences in the amino acid sequences of the SrrA
homologs. MrBayes also concurred that the WAG amino acid substitution model best
fit our data with a confidence of 1.0.

All four models (i.e., LG with a gamma distribution, LG with a gamma distribution
with a portion of invariant sites, WAG with a gamma distribution, and WAG with a
gamma distribution with a portion of invariant sites), strongly supported the position-
ing of SrrA within the polysulfide/thiosulfate reductase (Psr/Phs) family of CISM mo-
lybdoenzymes. They also yielded identical topologies, with each node showing robust
support (posterior probabilities greater than or equal to 0.9). When the Tracer program
(60) was used to assess convergence in the log likelihood of Markov chain Monte Carlo

FIG 5 Bayesian phylogenetic tree of SrrA from MLS10 and related homologs. The phylogenetic analysis was done using MrBayes, using the LG amino acid
substitution model with a gamma distribution. The protein annotation after each species name is the annotation assigned by the Joint Genome Institute
Integrated Microbial Genomes database. All but two bootstrap values were 100 (as shown). The tree scale bar refers to 0.1 amino acid substitution per site.
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(MCMC) runs and compare the likelihoods of the four evolutionary models, it suggested
that the LG amino acid substitution model best fit our data, with either a gamma or a
gamma with a proportion of invariant sites being equally likely (Fig. 5).

The Psr/Phs family mediates polysulfide and thiosulfate respiration in bacteria, both
of which are crucial components of the sulfur biogeochemical cycle (53). The involve-
ment of Psr in polysulfide respiration has been studied most extensively in Wolinella
succinogenes (61–63), whereas Salmonella enterica serovar Typhimurium has been used
to elucidate the involvement of Phs in thiosulfate respiration (64, 65). The Psr operon
of W. succinogenes encodes a catalytic subunit (PsrA), a four-4Fe-4S electron transfer
subunit (PsrB), and a membrane anchor subunit that lacks heme groups (PsrC). The Phs
operon of S. enterica serovar Typhimurium has an identical organization, with the
exception that the membrane anchor subunit (PhsC) harbors two heme b groups.
PsrA/PhsA catalytic subunits and the PsrB/PhsB electron transfer subunits are closely
related, while PsrC is closely related to the membrane anchor of nitrite reductases and
PhsC is closely related to the membrane anchor of formate dehydrogenases (27). Thus,
genome structure was used to suggest other potential Srr candidates. In examining the
genomic context of srrA homologs, three operon types were apparent. Several SrrA
homologs were found to be encoded in putative Psr operons (Fig. 4). Other SrrA
homologs were encoded in putative Phs operons (Fig. 5). The third operon organization
encoded a catalytic subunit, a four-4Fe-4S electron transfer subunit, a membrane
anchor subunit that lacks heme groups, and one or two additional rhodanese domain
proteins. We propose that this operon organization is typical for the Srr operon. When
these operon organizations were mapped onto the phylogenies, we found that the Psr,
Phs, and Srr operons did not form monophyletic clades. This suggests that the
differences in the physiological functions of these enzymes do not stem from evolu-
tionarily conserved differences in the primary sequences of the putative PsrA/PhsA/SrrA
homologs.

DISCUSSION

Our work substantially advances our knowledge of the biology of selenium by
providing the first report of a putative respiratory Se(IV) reductase in a bona fide
Se(IV)-respiring organism. It is especially significant that we have strong evidence that
SrrA is a member of the PsrA/PhsA clade of the CISM superfamily. The PsrA/PhsA clade
of the CISM superfamily has representatives from both Bacteria and Archaea and is
deeply branched in phylogenies of CISM family enzymes, suggesting that this protein
family is ancient (27). These enzymes mediate crucial reactions involving transient
sulfur species in the sulfur biogeochemical cycle. While little is known about the
environmental distribution and availability of polysulfide and thiosulfate, a number of
reports suggest that polysulfide respiration is an important component of the sulfur
biogeochemical cycle in a number of environments, including soda lakes and oceans
(66–68). Our identification of SrrA as a member of the PsrA/PhsA clade thus not only
expands our knowledge of the catalytic diversity of this clade but also implicates these
enzymes in a crucial step of the selenium biogeochemical cycle.

Phylogenetic evidence suggests that the CISM oxidases and terminal reductases for
several toxic oxyanions, including the T. selenatis selenate reductase (SerA), the Ideo-
nella dechloratans chlorate reductase (ClrA), and the anaerobic arsenite oxidase (ArxA)
of Alkalilimnicola ehrlichii, diverged from more deeply branched clades within the CISM
superfamily, namely, the respiratory nitrate reductase (NarG) and arsenate reductase
(ArrA) families (1, 69). Further, it appears that SrrA defines neither a monophyletic
group nor a distinct branch of the PsrA/PhsA clade. This is very surprising given that
members of the Psr/Phs enzyme family mediate electron transfer of substrates with
remarkably different redox potentials. Both polysulfide and thiosulfate are highly
reduced substrates, with redox potentials of �260 mV and �402 mV, respectively (23,
70). Se(IV), however, has a redox potential of 216 mV (7). While it is possible that the
oxidation state of the Srr involves the rhodanese domain-containing proteins, these
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proteins are found in other enzymes of the clade. Alternatively, the modulation could
be due to features unique to the catalytic pocket and the ligand binding site.

The affinity of SrrA for Se(IV) is much higher than that reported for other selenium
oxidoreductases. Previously reported Km values have ranged from high micromolar to
millimolar (44). A curious feature shared by this enzyme family is that the electron
transfer subunit does not appear to be necessary for enzyme activity. This contrasts
strongly with previous work on CISM superfamily enzymes, where the electron trans-
port subunit is necessary for activity (28, 52, 71). The observable pH optimum for the
enzyme was also unexpected. As a haloalkaliphile, MLS10 grows at a pH of 9.8, and the
previously published purification of the MLS10 respiratory arsenate reductase found
that that enzyme had an optimal pH of 9.5 (52). No Se(IV) reductase activity was
observed above pH 8.0, despite the fact that Srr should also have a periplasmic
topology (e.g., presence of a TAT motif). More puzzling still was the apparent specificity
of SrrA for Se(IV). Mono Lake, where MLS10 was isolated, is particularly rich in arsenic
(72), with lake water containing 200 �M arsenic. This is decidedly not the case for
selenium, as previous work estimated the concentration of selenium in Mono Lake
water at 38 nM (47). Further, the arsenate reductase (Arr) from MLS10 can use Se(VI) and
Se(IV) to oxidize reduced methyl viologen in vitro (52). It seems that MLS10 cells express
SrrA specifically for Se(IV) respiration, despite the fact that Se(IV) is not readily available
as an energy source in the environment from which it was isolated. Regardless, both
Se(IV) and Se(VI) are rich sources of energy compared to many other terminal electron
acceptors (73), and this may offer an important selective advantage to microorganisms
that can respire selenium oxyanions, even in environments not particularly rich in
selenium.

Neither SrrE nor SrrF appears to be essential for Se(IV) respiration in vitro, yet our
nondenaturing in-gel enzyme assays suggest that SrrE at least functions in vivo with
SrrA and SrrB to reduce Se(IV) to Se(0). The use of rhodanese domain-containing
proteins during anaerobic respiration has previously been documented in W. succino-
genes during polysulfide respiration (74). The Sud protein, while not part of the Psr
operon, is a single-active-site rhodanese domain-containing protein that increases the
affinity of PsrA in W. succinogenes by nearly an order of magnitude when W. succino-
genes is grown on polysulfide. Curiously, there appears to be no relation between the
Sud protein and SrrE and SrrF, as both Srr rhodanese proteins contain two active sites
rather than one, and BLAST searches for the Sud protein in the MLS10 genome did not
identify any homologs. Nonetheless, it is possible that SrrE and SrrF perform an
analogous role in MLS10 in increasing the affinity of Srr for Se(IV). It should be noted
that a putative Srr operon has been reported previously in Desulfitobacterium hafniense
TCE1; it encodes a protein homologous to the SrrF from MLS10 and likely is involved
in sulfide detoxification (75). Curiously, the authors could not stimulate expression of
any other components of the putative Srr operon on any growth substrates tested.
While the authors did not test for expression of this operon when growing TCE1 on
Se(IV), previous attempts to cultivate D. hafniense strains on Se(IV) have not been
successful (76).

This report is part of a growing body of literature that emphasizes the extraordinary
catalytic diversity of CISM superfamily enzymes (36). It extends these findings by
offering evidence that dissimilatory Se(IV) reduction in B. selenitireducens is mediated by
a Psr/Phs homolog. Although gene knockouts will provide definitive proof that Srr is
the respiratory Se(IV) reductase in MLS10, this work underscores the importance of,
establishing that reduction of selenium is coupled to energy conservation. Our phylo-
genetic analyses suggest that there may be more species capable of respiring Se(IV);
thus, including it as a possible electron acceptor when characterizing new isolates is
warranted. It remains to be seen if Srr-mediated Se(IV) respiration is conserved in other
Se(IV)-respiring organisms or if multiple pathways for Se(IV) respiration have evolved.
Lastly, it is appears that Srr may mediate the reduction of Se(IV) to Se(0), an overall
four-electron transfer reaction. This would be unique among CISM superfamily mem-
bers, as they typically catalyze oxygen atom transfers involving two electrons (41).
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Whether an intermediate step involving a transient selenium species, two cycles of
reduction, or additional components are involved remains to be determined.

MATERIALS AND METHODS
Cultivation and fractionation of MLS10 cells and determination of protein content. Cells of

MLS10 were cultivated in the medium described by Switzer Blum et al. (14). The medium consisted of
(grams liter�1) (NH4)SO4 (0.1), MgSO4·7H2O (0.025), K2HPO4 (0.15), KH2PO4 (0.08), NaCl (40), Na2CO3 (10.6),
NaHCO3 (4.2), and yeast extract (0.2) with 5 ml liter�1 of SL-10 trace element solution. The pH of the
medium was adjusted to 9.8, and the medium was made anaerobic by degassing under a 100% N2

atmosphere. The medium was amended with sodium lactate (10 mM) and sodium selenite (10 mM) as
the electron donor and acceptor, respectively, and with cysteine-HCl (0.025%) as a reducing agent. Cells
were cultivated in 2-liter Pyrex bottles with lids modified to accommodate black rubber septa to prevent
O2 contamination. The cells were harvested via centrifugation at 9,000 rpm for 20 min at 4°C as described
previously (52). Periplasmic protein fractions were obtained by suspending the harvested cells in a buffer
containing 50 mM Tris-HCl (pH 8.0), 5 mM EDTA, and 500 mM sucrose. The cells were treated with
lysozyme (0.6 mg ml�1) and incubated at 37°C for 15 min and subsequently at 4°C for 30 min. The cells
were centrifuged at 7,232 � g for 15 min using an Eppendorf 5810R refrigerated centrifuge (Eppendorf
AG, Hamburg, Germany). The supernatant was the periplasmic fraction. The spheroplasts were sus-
pended in a buffer containing 20 mM Tris-HCl (pH 8.0) and 1 mM EDTA and sonicated with a Microson
XL-2000 sonicator (Misonix Incorporated, Farmingdale, NY) three times at 12 W. The spheroplasts were
centrifuged at 7,232 � g for 15 min. The sonicated cells were treated with DNase (0.1 mg ml�1) for
approximately 15 min and centrifuged at 7,232 � g for 15 min. The resulting cell lysate was ultracen-
trifuged (Optima XE-90; Beckman Coulter Inc., Brea, CA) at 100,000 � g for 1 h to obtain the cytoplasmic
(the supernatant) and particulate fractions. The particulate fractions were suspended in the buffer of
20 mM Tris-HCl (pH 8.0) and 1 mM EDTA. The concentration of protein in the different fractions was
determined using the Lowry method (77).

Nondenaturing gel enzyme assays for Se(IV) reductase activity. Nondenaturing gels were
made according to standard protocols (78), with the exception that CHAPS [3-(3-cholamidopropyl)-
dimethylammonio)-1-propanesulfonate] was used in lieu of SDS (sodium dodecyl sulfate). Nondenatur-
ing gels consisted of an 8% acrylamide running gel and a 4% acrylamide stacking gel. Approximately
125 �g each of the periplasmic, particulate, and cytoplasmic fractions was incubated overnight in a
nondenaturing 4� Laemmli buffer without both reducing agents and SDS and with 1% CHAPS. The
nondenaturing gels were run for 6 h at 4°C and 60 V in a reservoir that contained a nondenaturing
Tris-glycine buffer with 0.05% CHAPS substituted for 0.1% SDS.

The gel was transferred to a Bactron IV anaerobic chamber (Sheldon Manufacturing Inc., Cornelius,
OR), and the nondenaturing gel enzyme assay was performed under anoxic conditions. The nondena-
turing gel was incubated in a solution containing 10 mM methyl viologen reduced with 10 mM sodium
dithionite, 20 mM Tris-HCl (pH 8.0), and 1 mM EDTA for several minutes. The gel was incubated in a
solution containing 20 mM sodium selenite, 20 mM Tris-HCl (pH 8.0), and 1 mM EDTA until a band of
Se(IV) reductase activity was observed. The nondenaturing gel was stained overnight in a solution of
0.1% Coomassie brilliant blue R-250, 40% methanol, and 10% glacial acetic acid and was destained the
following day in a solution of 50% methanol and 10% glacial acetic acid. The destained nondenaturing
gels were visualized using a GS-800 densitometer (Bio-Rad, Hercules, CA). Se(IV) reductase active bands
were excised from the nondenaturing gels and soaked overnight in 4� Laemmli buffer. The Laemmli
buffer supernatant was used in SDS-PAGE to evaluate the protein composition and estimate the
molecular weights of the proteins. SDS-polyacrylamide gels were made following standard protocols (78)
and run at 160 V for approximately 1.5 h.

Phylogenetic analysis of the MLS10 SrrA. Phylogenetic trees were constructed using homologs of
the MLS10 SrrA protein subunit obtained using the DELTA-BLAST tool (79). The formate dehydrogenase
N alpha subunit of E. coli was selected as an outgroup (80). The genomic context of each putative MLS10
SrrA homolog was then evaluated using the Integrated Microbial Genomes tool (81). The homologs were
aligned using the MUSCLE tool (82) available in the MEGA 7 program (83). The alignments were trimmed
using the trimAl tool (84). The sequence alignments were trimmed such that all columns with gaps in
more than 20% of the SrrA homolog sequences or columns with a similarity score below 0.001 were
omitted, with the caveat that 60% of the columns were to be conserved. This resulted in a trimmed
sequence alignment of 722 amino acids for phylogenetic analysis. The alignment was inspected manually
to ensure that the putative 4Fe-4S sequence motif at the N termini of the SrrA homologs and the E. coli
formate dehydrogenase N alpha subunit was aligned, as was the cysteine residue predicted to coordi-
nate the molybdopterin guanine dinucleotide cofactor.

Bayesian phylogenies were constructed using the MrBayes 3.2.6 phylogenetic program (56). The
phylogenetic analysis consisted of 2 parallel Metropolis-coupled Markov chain Monte Carlo (MCMC)
analyses (85) with 4 chains each. Both the ProtTest software program (55) and MrBayes (56) were used
to evaluate probable amino acid substitution models and rate variation models. The four most probable
combinations of amino acid substitution and rate variation models were chosen from the ProtTest
program, and the most probable amino acid substitution model was chosen using MrBayes by specifying
a mixed amino acid substitution model prior to the analysis when analyzing the data using rate variation
models with a gamma distribution and with a gamma distribution with a proportion of invariant sites.
All tested models were run in triplicates and yielded identical topologies, with consistent levels of
posterior probability support at each node. Convergence of the MCMC runs was tested using the Tracer
1.6.0 software program (60). The resulting trees were visualized with the iTOL program (86).
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Enrichment of MLS10 SrrA. Protein fractions highly enriched in Se(IV) reductase activity were
obtained using a Toyopearl GigaCap DEAE 650M anion-exchange resin (Tosoh Bioscience, Tokyo, Japan)
for anion-exchange chromatography. Chromatographic separation of proteins was performed using the
Bio-Rad (Hercules, CA) BioLogic LP chromatography system. Periplasmic protein fractions were loaded
onto the resin for the first anion-exchange chromatography run, and the proteins were eluted in a 20 mM
Tris-HCl (pH 8.0) buffer using an NaCl gradient (0 to 500 mM NaCl). Elution of proteins from the column
was monitored using a UV detector at 280 nm. Se(IV) reductase activity was assessed in a 100 mM
phosphate (KH2PO4-NaOH) buffer (pH 7.5) with 500 �M methyl viologen and 500 �M sodium selenite.
Assays were performed in 2-ml volumes with approximately 50 �g total protein, and the solution was
made anaerobic by degassing in a 100% N2 atmosphere (oxygen was removed by passage through a
heated copper oven). The reaction was initiated by adding sodium dithionite to a final concentration of
50 �M. Oxidation of methyl viologen was monitored at 600 nm using a T3 single-beam spectrophotom-
eter (Persee, Auburn, CA). After screening of the first Se(IV) reductase active fractions, two fractions
showing the most Se(IV) reductase activity were run on a smaller column using the identical anion-
exchange resin. The fractions were diluted in an equal volume of 20 mM Tris-HCl–1 mM EDTA (pH 8.0)
buffer to reduce the salt concentration. The NaCl gradient was identical to that in the first run, as was
the procedure for screening Se(IV) reductase activity. The purity of the fractions demonstrating Se(IV)
reductase activity was assessed using SDS-PAGE. SDS-polyacrylamide gels were made according to
standard protocols (78). Running gels consisted of 8% acrylamide, and stacking gels consisted of 4%
acrylamide. Approximately 20 �g total protein was suspended in 4� Laemmli sample buffer and then
incubated at 90°C for 5 min. Gels were run at 160 V for approximately 1.5 h. The gels were stained
overnight, destained, and visualized as described above for nondenaturing gels.

Kinetic analysis of SrrA. The Km of the MLS10 SrrA was obtained using the Se(IV) reductase assay
described above, with the exception that the concentration of Se(IV) was adjusted to include the
following concentrations: 10 �M, 50 �M, 100 �M, 250 �M, 500 �M, and 750 �M. Each Se(IV) concentra-
tion was assessed in triplicate. All Se(IV) reductase assay mixtures contained approximately 150 �g total
protein from enriched fractions, and reactions were initiated with the addition of sodium dithionite to a
final concentration of 50 �M and monitored at 600 nm using a T3 single-beam spectrophotometer
(Persee, Auburn, CA). Se(IV) reductase activity was determined by calculating the amount of methyl
viologen oxidized (�M min�1) using the extinction coefficient for methyl viologen of 13 mM�1 cm�1 (52).
The Km, Vmax, and kcat of SrrA were calculated with the Prism 7 (GraphPad Software, La Jolla, CA) statistical
analysis software package using the Michaelis-Menten equation with a nonlinear regression fit. The kcat

was calculated using the concentration of SrrA in the 2-ml cuvette as a constant. The substrate specificity
of SrrA was assessed using the same assay but with a 500 �M concentration of the following alternative
electron acceptors: arsenate, selenate, and thiosulfate.

UV-visible spectroscopy analysis of enriched fractions of SrrA. Fractions enriched with SrrA were
analyzed with a UV-1800 dual-beam spectrophotometer (Shimadzu Scientific Instruments, Columbia,
MD). A 1-ml aliquot of the enriched fraction was analyzed in a cuvette over a wavelength range of 800
to 300 nm to obtain a spectrum of the enzyme in its oxidized state. A spectrum of the enzyme in its
reduced was obtained by the addition of crystals of sodium dithionite. In both cases, 1 ml of blank
Tris-HCl (pH 8.0) containing 20 mM Tris-HCl, 1 mM EDTA, and 500 mM NaCl was used as a control in the
reference cuvette.

Analysis of metals associated with SrrA. Approximately 3.6 mg total protein (�800-�l volume)
from active fractions after elution from the first anion-exchange column was filtered through a 0.22-�m
PES filter (VWR, Bridgeport, NJ) to remove particles and diluted 1:100 in a 2% nitric acid solution. The
samples were analyzed on a NexION X300 ICP-MS with S10 autosampler and the NexION 300� ICP-MS
software (Perkin-Elmer, San Jose, CA). CPI International single-element standards were used to create
multielement standards for ICP-MS. All solutions were stabilized in 2% nitric acid (trace metal grade,
sub-boil distilled). All blanks, standards, and samples were spiked in-line with an internal standard
composed as a mixture of beryllium, germanium, and thallium mix solution single-element standards
(CPI International, Santa Rosa, CA), and 2% nitric acid was used as the rinse solution.

LC-MS/MS analysis of protein bands. Bands displaying Se(IV) reductase activity in nondenaturing
gels and protein bands in SDS-polyacrylamide gels of fractions enriched in SrrA were excised and diced
into approximately 1-mm-long pieces. The Coomassie brilliant blue R-250 stain removed by several
washes in a 50% acetonitrile–25 mM ammonium bicarbonate buffer. The gel pieces were stored in a
25 mM ammonium bicarbonate buffer. Samples were digested with trypsin and loaded onto a 100-�m-
by-2-cm Acclaim PepMap 100 C18 Nanotrap column (5 �m, 100 Å) with an Ultimate 3000 liquid chro-
matograph (Thermo Fisher, Pittsburgh, PA) at 3 �l/min. The peptides were separated on a custom silica
capillary column packed with C18 reverse-phase material (Halo peptide; 2.7 �M, 160 Å). The samples were
run at 0.3 �l/min starting with 96% solvent A (100% water, 0.1% formic acid) and 4% solvent B (100%
acetonitrile, 0.1% formic acid) over 25 min, followed by a 45-minute gradient from 10% to 90% solvent
B. The column effluent was directly coupled to the Q-exactive orbitrap mass spectrometer using a Flex
ion source (Thermo Fisher, Pittsburgh, PA). The mass spectrometer was controlled by Xcalibur 2.2
software and operated in data-dependent acquisition mode. Spectra of peptide mass were acquired from
an m/z range of 300 to 2,000 at a high mass-resolving power. The top 25 most abundant charged ions
were subjected to higher-energy collisional dissociation (HCD) with an m/z range of 300 to 2,000 with an
intensity threshold of 3.3e4, with charge states of less than 7 and unassigned charge states excluded.

Data analysis. The higher-energy collisional dissociated data were extracted using Proteome Dis-
coverer implemented in Sequest version 1.4.1.14 (Thermo Fisher, Pittsburgh, PA). The files were searched
against the UniProt Bacillus selenitireducens MLS10 database, which contains 3,231 proteins. Sequest was
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searched with a fragment ion tolerance of 0.020 Da and a parent ion tolerance of 10 ppm. Carbamidom-
ethylation of cysteine was specified as a fixed modification. The enzyme specificity was set to trypsin with
missed cleavage of 3. A target decoy database search was performed. Peptide identifications were
accepted with a target false-discovery rate (FDR) between 0.05 (relaxed, moderate confidence) and 0.01
(strict, high confidence). The validation was based on the q value, which is the minimal FDR at which the
identification is considered correct. A post-database search filter was applied with an Xcorr value greater
than 2 for high peptide confidence.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00614-18.
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