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Selenocysteine (Sec) residues occur in thiol oxidoreductase
families, and functionally characterized selenoenzymes typi-
cally have a single Sec residue used directly for redox catalysis.
However, how new Sec residues evolve and whether non-cata-
lytic Sec residues exist in proteins is not known. Here, we com-
putationally identified several genes withmultiple Sec insertion
sequence (SECIS) elements, one of which was a methionine-R-
sulfoxide reductase (MsrB) homolog fromMetridiumsenile that
has four in-frame UGA codons and two nearly identical SECIS
elements. One of the UGA codons corresponded to the con-
served catalytic Sec or Cys in MsrBs, whereas the three other
UGA codons evolved recently and had no homologs with Sec or
Cys in these positions. Metabolic 75Se labeling showed that all
four in-frame UGA codons supported Sec insertion and that
both SECIS elements were functional and collaborated in Sec
insertion at each UGA codon. Interestingly, recombinant
M. senile MsrB bound iron, and further analyses suggested the
possibility of binding an iron-sulfur cluster by the protein.
These data show that Sec residues may appear transiently in
genes containing SECIS elements and be adapted for non-cata-
lytic functions.

Selenium is an important biological trace element. It is co-
translationally inserted into protein in the form of selenocys-
teine (Sec),2 the naturally occurring 21st amino acid, in
response to an in-frame UGA codon (1–5). In eukaryotes, Sec

insertion requires the presence of a stem loop structure, known
as selenocysteine insertion sequence (SECIS) element, in the
3�-untranslated region (UTR) and several trans-acting factors,
such as SBP2, EFsec, and other components (5–10).
Unique features of SECIS elements and occurrence of in-

frame TGA codons have been used for in silico identification of
Sec-containing proteins (selenoproteins). The SECIS element
is composed of an apical loop, SECIS core, two helices, and an
internal loop, forming a thermodynamically stable stem-loop
structure. It contains conserved sequences including AA in the
apical loop and AUGA at the base of one of the stems (8, 9, 11).
By recruiting SBP2, AUGA is involved in the formation of the
translational complex for Sec insertion at the UGA codon. This
SECIS motif, together with an in-frame UGA, are key features
in the design of an algorithm for identification of selenoprotein
genes (8, 12, 13). By using this strategy,mammals were found to
contain 24–25 selenoprotein genes (14).
Selenoproteomes (full sets of selenoproteins) have been

characterized for a variety of organisms (15–23). Interestingly,
almost all functionally characterized selenoproteins contain a
single Sec and a single SECIS element. Prominent exceptions
include SelP (a selenium transport protein in plasma of ani-
mals) and SelL that occurs in aquatic organisms (24). It was
also reported that the single Sec in selenoproteins has a cat-
alytic function and corresponds to the position of catalytic
Cys in thiol oxidoreductases (5, 25–27). The two Sec in SelL
were also suggested to participate in redox catalysis through
a diselenide bond (24), and even several Sec residues in SelP
correspond to Cys in other homologs, including one Sec that cor-
responds to Cys in the catalytic sites of thiol oxidoreductases. The
role of Sec as a catalytic residue is supported by numerous exper-
imentaldatawhereinachangeofSec toCys reducedenzymeactiv-
ity 100–1000-fold in glycine reductase (28), methionine sulfoxide
reductase B1 (MsrB1) (29), glutathione peroxidase (30, 31), type I
deiodinase (32), and several other selenoproteins. Therefore, it is
now widely accepted that new Sec residues primarily evolve to
substitute Cys residues to carry out redox catalysis. However,
recently evolved Sec residues have not been described. The avail-
ability of sequence information for hundreds of genomes provides
an opportunity to identify transient Sec residues.
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MsrB is a thiol oxidoreductase that reduces methionine-R-
sulfoxide (Met-R-SO) toMet, and a Sec-containing form of this
protein, MsrB1 (described previously as SelR or SelX), has also
been described (18, 33, 34). MsrBs are present in most organ-
isms, but their Sec-containing forms were only found in
eukaryotes. The change of Sec to Cys led to a decrease in cata-
lytic efficiency by �500-fold. This makes MsrB a typical thiol
oxidoreductase that has both Sec and Cys forms (29).
In the present study, we identified anMsrB fromMetridium

senile that contains four in-frame TGA codons and two SECIS
elements in the 3�-UTR.We investigated the role of these mul-
tiple Sec residues and SECIS elements and report a non-canon-
ical use of Sec in this protein. This study also suggests a model
for selenocysteine evolution.

EXPERIMENTAL PROCEDURES

Searches for EST Sequences with Dual SECIS Elements—The
EST database “est_others” was downloaded from the NCBI; it
contained 51,484,119 sequences (29,098,406,053 bp). It was ini-
tially scanned with PatScan to detect SECIS-like structures.
Because some SECIS elements (such as human SelM and SelO
structures) lack the unpaired AA in the apical loop, the
“default” pattern used in this search was modified to include
such cases. Only EST sequences with two or more candidate
SECIS elements were further analyzed. This subset was then
examined with standalone SECISearch (14) using the pattern
described above. In the final step, candidate sequences were
analyzed using a covariance model, and all candidates with a
score lower than 15 were dismissed. The remaining sequences
were clustered using UCLUST 2.0.591 and then manually
analyzed.
M. senile MsrB Constructs—M. senile MsrB nucleotide

sequence, including the 3�-UTR, was synthesized and inserted
into the pEGFP-C3 vector at HindIII/BamHI sites. The con-
struct was subjected to mutagenesis using QuikChange site-
directedmutagenesis kit (Stratagene, La Jolla, CA). The follow-
ing primers were used to change TGA to TGC: 264 TGA to
TGC, 5�-GCTTGGTTATAAATGCCAAAACGGATGA-
CCTG-3�; 276 TGA to TGC, 5�-CAAAACGGATGCCCTGC-
AGACAACAAGTTC-3�; 297 TGA to TGC, 5�-CAGACAAC-
AAGTTCTGCTTTTGAATCTTCTCTGC-3�; 303 TGA to
TGC, 5�-CAAGTTCTGATTTTGCATCTTCTCTGCA-
GCAC-3�; 297 and 303 TGA to TGC, 5�-CAAGTTCTGCTT-
TTGCATCTTCTCTGCAGCAC-3�. These primers were used
to change TG to AC in the SECIS element core: first SECIS
element TG to AC, 5�-CTCTTTTAAGTAGTTTAACATGT-
AATCCATCTCTATCC-3�; second SECIS element TG to AC,
5�-GGAAGCAGTTTAACATGTAATCCATCACTATCC-3�.
The following primers were used to change TGC to TCC: 264
TGC to TCC, 5�-GCTTGGTTATAAATCCCAAAACGGAT-
GCCC-3�; 264 and 276 TGC to TCC, 5�-GCTTGGTTATAA-
ATCCCAAAACGGATCCCC-3�; 297 TGC to TCC, 5�-GCA-
GACAACAAGTTCTCCTTTTGCATCTTCTC-3�; 303 TGC
to TCC, 5�-CAAGTTCTGCTTTTCCATCTTCTCTGCAGC-
3�; 297 and 303 TGC to TCC, 5�-CAAGTTCTCCTTTTGAA-
TCTTCTCTGCAGC-3�.

Transfection of Recombinant Constructs and Metabolic
Labeling of Cells with 75Se—HEK 293 cells were cultured in
DMEM (Invitrogen) containing fetal bovine serum and an anti-
biotic-antimycotic mixture (Invitrogen) of 100 units/ml peni-
cillin G sodium, 100 �g/ml streptomycin sulfate, and 0.25
�g/ml amphotericin B in 6-well plates maintained at 37 °C in
the atmosphere of 5% CO2. At 60% confluency, these cells were
transfected using LipofectamineTM 2000 reagent (Invitrogen)
according to the manufacturer’s protocol. After 24 h, 0.01 mCi
of freshly neutralized [75Se]selenious acid (specific activity
1,000 Ci/mmol, University of Missouri Research Reactor,
Columbia, MO) was added in each well, and cells were incu-
bated at 37 °C for 24 h followed by harvesting the cells. Cell
extracts (50–80 �g of total protein) were electrophoresed on
10% Bis-Tris gels and transferred onto PVDF membranes
(Invitrogen). The 75Se radioactivity pattern was visualized by
using a PhosphorImager (GE Healthcare).
Cloning, Expression, and Purification—M. senileMsrB forms

including either TGC for Cys or TCC for Ser in place of the
TGA codon were transferred to the pET28a vector (Novagen,
Madison, WI) without SECIS elements, and then these recom-
binant vectors were transformed into Escherichia coli BL21
(DE3) cells for protein expression. Also, recombinant MsrB1-
Cys in the pET21b vector was transformed into E. coli BL21
cells (29). These cells were grown in LBmedium containing 100
�g/ml ampicillin until A600 reached 0.5, and then isopropyl-1-
thio-�-D-galactopyranoside was added to a final concentration
of 0.5mM. Induction of protein synthesis proceeded at 37 °C for
4 h, and cells were then harvested by centrifugation at 4,000
rpm.Cell pellets werewashedwith PBS and recentrifuged.Har-
vested cells were stored at �70 °C until use.
To purify recombinant proteins, cell pellets were mixed with

the resuspension buffer (50 mM Tris-HCl, pH 7.5, 15 mM imid-
azole, 300 mM NaCl), and protease inhibitor mixture (Roche
Applied Science, Basel, Switzerland) was added to this mixture.
After sonication, the supernatant was collected by centrifuga-
tion at 8,000 rpm for 30 min and loaded onto a Cobalt Talon
resin (Clontech) pre-equilibrated with the resuspension buffer.
Following washing with the same buffer, proteins were eluted
with elution buffer (50mMTris-HCl, pH7.5, 300mM imidazole,
300 mM NaCl). The eluted fractions were analyzed by SDS-
PAGE, the fractions containing MsrBs were pooled, and then
their buffer was exchanged to PBS by using Amicon Ultra 3K
(Millipore, Billerica, MA).
MsrB Activity Assays and Metal Analysis by ICP-MS—MsrB

activity was assayed in cell lysates (400 �g) and with purified
proteins (50–100 �g). Briefly, the reaction (100 �l) was carried
out at 37 °C for 30min in the presence of DTT (20mM), and 200
�M dabsyl-methionine-R-sulfoxide was added to the reaction
mixture. After the reaction was stopped by adding 200 �l of
acetonitrile, it was centrifuged at 4 °C for 15min at 13,000 rpm,
and then supernatant (50 �l) was injected onto a C18 column
(ZORBAXEclipse XDB-C18, Agilent Technologies, Lexington,
MA) to quantify dabsyl-methionine in an HPLC procedure.
To analyze for metal content of M. senile MsrB and mouse

MsrB1-Cys, elemental analysis was performed using induc-
tively coupled plasma mass spectroscopy (ICP-MS). The sam-
ples were digestedwith 2% v/v ofHNO3 and 0.5 MH2O2with 50
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ppb of gallium added as an internal standard. The analysis was
performed using an Agilent ICP-MS model 7500ce using 3.5
ml/min ofH2 and 1.5ml/min of helium in the reaction/collision
cell. Purified M. senile MsrB forms, which alternatively con-
tained Cys or Ser in place of Sec, were also subjected to spec-
trophotometric analysis using an HP 845x spectrophotometer
(Hewlett-Packard, Palo Alto, CA).
Complementation Assay—Each Cys mutant of M. senile

MsrB and yeast MsrB was cloned into the yeast high copy
p423GPD vector and overexpressed in triple MSR (MsrA�/
MsrB�/fRMsr�) mutant cells. Wild-type cells transformed

with an empty vector served as control. Logarithmically grow-
ing wild-type and triple mutant cells, cultured in YNBmedium,
were harvested and washed with distilled water. The cultures
were diluted to anA600 of 0.25 and spotted on appropriate YNB
plates missing methionine but containing a racemic mixture of
methionine sulfoxide (20 mg/liter). Plates were then incubated
at 30 °C for 4 days and photographed.

RESULTS

Multiple In-frame TGA Codons and SECIS Elements in
M. senile MsrB—By searching for EST sequences with multiple
SECIS elements (Table 1), we identified anMsrB homolog from
M. senile (brown sea anemone) that had four in-frame TGA
codons and two nearly identical SECIS elements in the 3�-UTR
(Fig. 1). This is only the second selenoprotein identified
(besides SelP) to have more than one Sec and more than one
SECIS element. In addition, two Sec residues that form a cata-
lytic diselenide bond were reported for SelL, a selenoprotein
present in aquatic organisms (24). Also, certain selenoprotein
genes were found to have two SECIS elements, e.g. SelW1 in
Ciona intestinalis (35, 36), but only its second SECIS element

FIGURE 1. Multiple in-frame TGA codons and two nearly identical SECIS elements in M. senile MsrB. A, multiple nucleotide sequence alignment of MsrBs.
Conserved nucleotides are highlighted and in-frame TGA codons are colored in red. Accession numbers are: M. senile (FC834691.1), Amaranthus viridis
(FK755697.1), Saccoglossus kowalevskii (FF491760.1), Montastraea faveolata (GW275275.1), Acropora millepora (GH999895.1), Rattus norvegicus (FM079831.1),
Oryzias latipes (DK011817.1), Nematostella vectensis (DV084978.1), Suberites domuncula (GH567716.1), Carteriospongia foliascens (GO082776.1), Danio rerio
(NM_178288.4), Homo sapiens (NM_016332.2), and Gallus gallus (NM_001135558.1). B, mRNA organization of M. senile MsrB. This transcript contains four
in-frame TGA codons and two nearly identical SECIS elements. C, alignment of two SECIS elements (FC826394.1 and FC834690.1) of M. senile MsrB. Conserved
nucleotides are highlighted, and those essential for SECIS function are colored in red.

TABLE 1
Search for EST sequences containing more than one SECIS element

Number of hits

PatScan search for SECIS-like structures 8,723,411
Sequences containing two SECIS elements 800,484
SECISearch hits 282,870
SECISearch with two SECIS elements 45,288
90% identity clusters 22,591
50% identity clusters 13,977
Cove score �15 2,282
Final list of candidates 535
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was compatible with the strict pattern when analyzed by
SECISearch (35). Thus, four in-frame TGA codons and two
SECIS elements inM. senile MsrB represent a unique case, and
studying the role of multiple Sec and SECIS elements in this
protein may provide insights into selenoprotein evolution.
Evolution ofM. senileMsrB—Sec often evolves to replace cat-

alytic Cys, and thus, Cys homologs of nearly all selenoproteins
are known. M. senile MsrB possesses one TGA codon that
codes for the conserved catalytic Sec (Fig. 1, A and B, Sec resi-
due 4) but also three non-conserved TGA codons (Fig. 1,A and
B, Sec residues 1–3). Analysis of MsrB sequences revealed that
the first three TGAcodons can be obtained by single nucleotide
replacements (or two nucleotides in one case) from other
MsrBs (Fig. 1A).Moreover, theseTGAcodons are only found in
M. senile MsrB, i.e. they are absent in all other MsrB sequences
available in NCBI databases (supplemental Figs. S1 and S2).
These observations suggest that M. senile MsrB only recently
evolved these three in-frame TGA codons.
4 Selenocysteines and Low Conservation near the Catalytic

Site inM. senileMsrB—We aligned Sec-containingMsrBs (Fig.
2) and their Cys-containing forms (supplemental Fig. S1).
MsrBs have two conserved CXXCmotifs (Fig. 2) for zinc bind-
ing and a single catalytic Sec (or Cys). Zinc serves a structural
role, and this function is preserved inM. senileMsrB. However,
this protein has additional changes in conserved amino acids
near the catalytic site. For example, Sec-containingMsrBs have
well conserved Leu-84,Gly-85,His-86, Glu-87, Phe-88, Asp-91,
Gly-92, Pro-93, Ser-98, Arg-99, Phe-100, Sec-101, Ile-102, and

Ser-104 residues (Fig. 2). In particular, His-86 and Arg-99 are
essential for MsrB activity. However, inM. senileMsrB, His-86
is replaced with Tyr, Glu-87 is replaced with Lys, Asp-91 is
replaced with Gly, and Ser-98 is replaced with Phe (Fig. 2).
Interestingly, no Cys homolog was found for any of the three
newly evolved Sec. The presence of four Sec residues in the
M. senile protein indicates a non-catalytic function for at least
some of them.
Characterization of Four Sec inM. senileMsrB and the Role of

SECIS Duplication—Metabolic labeling of cells with 75Se was
used to examine the roles of in-frame TGA codons in inserting
Sec residues (Fig. 3). Three of the four TGA codons were
changed to TGC codons (to insert Cys in place of Sec), and a
single remaining TGA codon was left unchanged. This
approach was individually applied to all four TGA codons, the
resulting constructs were transfected into HEK 293 cells, and
cells were metabolically labeled with 75Se. We found that Sec
was inserted at each TGA position, indicating that each TGA
codes for Sec (Fig. 3).
As mentioned above, M. senile MsrB has two nearly iden-

tical SECIS elements in the 3�-UTR (Fig. 1C), suggesting that
they recently evolved by duplication. On the other hand, in
Sepp1, two SECIS elements are of different types, e.g. they
show no homology. To investigate the functions of dupli-
cated SECIS elements, we mutated conserved nucleotides in
the SECIS core to disrupt one or both SECIS elements and
examined Sec insertion by these structures by metabolic 75Se
labeling (Fig. 4). Single SECIS mutants still supported Sec

FIGURE 2. Multiple sequence alignment of MsrB proteins. MsrB homologs were collected from protein and EST databases by using BLASTp and tBLASTn.
Conserved amino acids are highlighted. Four conserved Cys in two CXXC motifs are marked with an asterisk. Sec residues are highlighted in red. Accession
numbers are: M. senile (FC834691.1), A. viridis (FK755697.1), S. kowalevskii (FF491760.1), M. faveolata (GW275275.1), A. millepora (GH999895.1), R. norvegicus
(FM079831.1), O. latipes (DK011817.1), N. vectensis (DV084978.1), S. domuncula (GH567716.1), C. foliascens (GO082776.1), D. rerio (AAH67380.1), H. sapiens
(NP_057416.1), G. gallus (NP_001129030.1), and Mus musculus (NP_038787.1).
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insertion regardless of the position of the TGA codon,
whereas mutation of both SECIS elements completely dis-
rupted Sec insertion. Thus, both SECIS elements inM. senile
MsrBwere functional and supported Sec insertion at all TGA
positions. Interestingly, the data suggested that the two
SECIS elements collaborated for Sec insertion. For example,
expression of MsrB from the construct with either SECIS
element mutated was less efficient thanMsrB expression when
both SECIS elements were intact (Fig. 4B). Therefore, we con-
clude that SECIS duplication led to an increase in Sec insertion
efficiency inM. senileMsrB. This appears to be the first finding
of SECIS elements collaborating in Sec insertion (SECIS ele-
ments in SelP show position-specific Sec insertion).
Selenoproteins withDual SECIS Elements—By searching EST

databases for sequences withmore than one SECIS element, we
found that the majority of identified sequences corresponded
either to SelP (the only previously known selenoprotein that
requires two SECIS elements for incorporation of multiple Sec
residues) or to “orphan” sequences (i.e. there was insufficient

sequencing data to identify ORFs). We also detected C. intesti-
nalis SelW, which was recently reported to contain two SECIS
elements (35). Of interest was also the observation of three
unique EST sequences/clusters (GenBankTM accession num-
bers FC826394.1�FC834690.1; FC842550.1; and FC850510.1
�FC849224.1) inM. senile (supplemental Fig. S3).One of them
corresponded to MsrB, whereas the other two were orphan
sequences. It appears that M. senile is enriched for duplicated
SECIS elements, but further studies are needed to examine this
possibility.
Curiously, we identified a C. intestinalis sequence (GenBank

accession number FK073247.1) that was predicted to have five
SECIS-like elements. Although four of them satisfied all search
criteria, most likely they do not represent real SECIS elements
because they belong to the sequence that is homologous to a
heavy neurofilament protein, and no suitable upstream ORF
with in-frameUGAcodons could be found. This case highlights
the importance of multiple criteria used in selenoprotein iden-
tification (37).

FIGURE 3. Insertion of four Sec residues into M. senile MsrB. A, HEK 293 cells expressing EGFP alone (Control), wild-type EGFP-MsrB with four Sec (UUUU), or
single Sec-containing EGF-MsrBs (UCCC, CUCC, CCUC, or CCCU) were labeled with 75Se and analyzed by SDS-PAGE and PhosphorImager detection of 75Se.
EGFP-MsrBs (wild-type and Sec forms) were detected at �43 kDa. B, expression of EGFP-MsrB confirmed by Western blotting (WB) using anti-GFP antibodies.

FIGURE 4. Function of two SECIS elements in M. senile MsrB. A, constructs used in Fig. 3 were mutated wherein conserved TG nucleotides were changed to
AC separately in each SECIS element (i.e. SECIS a and SECIS b). Expression of selenoproteins was analyzed by 75Se labeling and Western blotting (WB) with
anti-GFP antibodies. Mu, mutant. B, quantification of relative Sec insertion into each Sec site in M. senile MsrB based on 75Se labeling experiments.
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Other selenoprotein genes with dual SECIS elements identi-
fied in our search (Table 1) included SelP, MsrB, SelW, gluta-
thione peroxidase, deiodinase, Sep15, and membrane seleno-
protein (MSP) selenoproteins. In most cases, both SECIS
elements were highly similar, suggesting that duplication
events took place. However, unlike M. senile MsrB, no newly
evolved Sec residues were detected in these proteins. It is pos-
sible that these dual SECIS elements increase efficiency of Sec
insertion in just one position.
Based on the observations described so far, we propose the

following evolutionary model. Initially, the anemone M. senile
(or its ancestor) possessed a regular, single-Sec MsrB. Then, at
some point, an additional in-frame UGA codon appeared.
Because all components of the Sec insertion machinery were
readily available, this mutation did not result in early termina-
tion of translation. Instead, an additional Sec was inserted. This
process was repeated with two additional Sec residues. Subse-
quently, SECIS duplication occurred to support more efficient
incorporation of multiple Sec residues. The extremely high
similarity between two SECIS elements indicates that this event
took place recently.
Thus, we identified a gene with multiple in-frame UGA

codons that likely occurred as a result of randommutations. In
the absence of a SECIS element in the 3�-UTR, these mutations
would have resulted in early termination, counterselecting this
sequence. However, availability of the existing SECIS element
and Sec insertionmachinery allowedM. senile to overcome this
problem, generating a functional proteinwith four Sec residues.
Perhaps the presence of multiple Sec sites required more effi-
cient Sec insertion, and to increase its efficiency, a segment of
the 3�-UTR, including the SECIS element, was duplicated.

M. senile MsrB Does Not Have MsrB Activity—M. senile
MsrB contains a conserved catalytic Sec, whereas its sequence
near the active site is not fully conserved. To examine forMsrB
activity of this protein, we assayed its ability to reduce dabsy-
lated Met-R-SO in the presence of DTT. We examined both
cells expressing M. senile MsrB and purified Cys-containing
M. senile MsrB (in which all Sec residues were replaced with
Cys) (Fig. 5, A and B). Cell lysates of HEK 293 cells expressing
MsrB with four Sec residues (UUUU) or a single Sec wherein
other Sec positions were occupied by Cys or Ser (UCCC,
CUCC, CCUC, CCCU, or SSSU) showed noMsrB activity (Fig.
5A). To further characterize MsrB activity of theM. senile pro-
tein, we prepared recombinant MsrB forms in which all Sec
residues were replaced with Cys. It is known that Cys mutants
of selenoproteins show a significant decrease in catalytic activ-
ity, but the activity is still detectable. We used mouse MsrB1-
Cys (in which Sec was replaced with Cys) as a positive control.
Again, no activity was detected inM. senileMsrB preparations,
whereas MsrB1-Cys showed activity (�4200 pmol/min/mg).
We also carried out in vivo complementation assays of yeast
cells lacking all three Msrs and supplemented with Met-R-SO
in place ofMet. The yeast strain lackingMsrA,MsrB, and fRMsr
was transformed with the construct coding for Cys-containing
M. senileMsrB (CCCC) or its othermutant forms (CCSS, SSSS,
SSSC, or CCCS) and then tested for growth onMet-R-SO-sup-
plemented, Met-deficient medium. Except for controls, all
tested yeast strains failed to grow. Overall, these analyses sup-
ported the idea that M. senile MsrB does not have a typical
MsrB activity.
Iron-Sulfur Cluster in M. senile MsrB—The finding that

M. senileMsrB was not active in reducing Met-R-SO offered a

FIGURE 5. Lack of reduction of Met-R-SO by M. senile MsrB. A, lysates of HEK 293 cells expressing control EGFP, wild-type EGFP-MsrB with four Sec (UUUU),
or mutant EGFP-MsrBs with single Sec (UCCC, CUCC, CCUC, CCCU, or SSSU) were subjected to activity assays, and specific activities are shown. B, purified
Cys-containing MsrB forms in which Cys (C) or Ser (S) replace the four Sec residues (CCCC, SSSS, SSSC, or CCCS forms) and a Cys mutant of mouse MsrB1
(MsrB1-Cys) were subjected to activity assays. Error bars in panels A and B represent S.D. C, triple mutant yeast strain (MsrA�/MsrB�/fRMsr�) was transformed
with a control vector or plasmids coding for Cys-containing MsrB forms (CCSS, CCCC, SSSS, SSSC, or CCCS) and subjected to complementation assay by
replacing methionine with free Met-R-SO in the medium.
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challenge to identify the role of the four Sec residues. A cluewas
provided by anMsrB form containing fourCys residues in place
of four Sec. This recombinant protein had brownish color (Fig.
6A) and showed absorbance peaks at 338 and 412 nm (Fig. 6B).
These properties were compatible with the occurrence of a
cofactor, most likely an iron-sulfur cluster. To test for the pres-
ence of iron in this protein, recombinant M. senile MsrB (the
CCCC form), its mutants (SSSC, SSSS, CCSS, and CCCS), and
mouse MsrB1-Cys were subjected to metal analysis using ICP-
MS. Indeed, 0.3 equivalents of iron were found in M. senile
MsrB (CCCC), whereas iron was not detected or was present at
very low levels in other mutant forms (SSSC, SSSS, CCSS, and
CCCS) and inMsrB1-Cys (Fig. 6C). In addition,M. senileMsrB
and its mutants (as well as MsrB1-Cys) had approximately one
equivalent of zinc (Fig. 6D), indicating preservation of this
structuralmetal ion.We also observed substoichiometric levels
of arsenic and copper (Fig. 6, E and F), which were dependent
on the same four Cys. Overall, the biochemical data suggested
the presence of an iron-sulfur cluster that was coordinated by
four Cys residues in theM. senilemutant MsrB.

DISCUSSION

Cys residues are often engaged inmetal binding and disulfide
bonds. The presence of selenium in place of sulfur would make
these residues even more reactive because Sec has a higher

polarizability and lower pKa (�5.2) than Cys (�8.3) and
therefore could readily react with incoming substrate or other
proximal residues. On the other hand, Cys often requires assis-
tance from its microenvironment for deprotonation and
nucleophilic attack. Thus, the use of Sec in place of Cys could
greatly enhance catalytic efficiency of a thiol oxidoreductase
and explain the need for Sec as the 21st proteinogenic amino
acid.
M. senile MsrB has one conserved Sec, which is located in

place of the catalytic Sec (or Cys) in otherMsrBs, but it also has
three other Sec that could not be all catalytic as they are located
in the same domain and in positions that correspond to neither
Sec nor Cys in homologs. Moreover, activity assays and growth
complementation data revealed no activity ofM. senileMsrB in
reducing free Met-R-SO. These data show that some, if not all,
Sec residues in this protein function as non-catalytic residues.
Consistent with this idea, we found that Cys residues in the
recombinant MsrB (which replaced Sec in the wild-type pro-
tein) bound 0.3 equivalents of iron, suggesting a possibility that
they coordinated an iron-sulfur cluster. Selenium is positioned
below sulfur in the periodic table of elements, and so its chem-
ical properties are similar to those of sulfur (38). Therefore, the
use of Sec to bind a metal is not unexpected from a physico-
chemical point of view. In support of this possibility, Sec-metal

FIGURE 6. Metal binding by M. senile MsrB. A, purified Cys-containing MsrB forms (CCCC, SSSS, and SSSC) and mouse MsrB1-Cys. B, spectrum of a purified
Cys-containing MsrB form (CCCC). AU, absorbance units. C–F, purified Cys-containing MsrBs (CCCC, SSSS, SSSC, CCSS, and CCCS forms) and mouse MsrB1-Cys
were subjected to metal analysis by ICP-MS. C, iron (Fe). D, zinc (Zn). E, arsenic (As). F, copper (Cu). (Data are shown for two isotopes, Cu-63 and Cu-65.) Error bars
in panels B–F represent S.D.
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complexes were reported in several proteins, e.g. E. coli (39) and
Desulfovibrio gigas (40) formate dehydrogenases. Moreover,
genetically engineered azurin was shown to possess an Se-Cu
bond (41). Molybdenum, tungsten, copper, and nickel are
known to be coordinated by Sec residues, and it is also feasible
that other transition metals (including iron) could be coordi-
nated by Sec.
Sec often evolves in place of Cys to serve as a catalytic redox

residue. One exception has been SelP. It has multiple Sec resi-
dues, at least some of which are not used for catalysis. SelP is a
selenium transport protein that delivers this trace element from
liver to other organs by incorporating it into multiple Sec resi-
dues in its C-terminal region. Other functionally characterized
selenoproteins contain a single Sec. The idea of interchange-
ability of catalytic redox Sec and Cys has been used for devel-
oping a strategy for identifying catalytic redox Cys residues in
proteins (27).
In this regard, our analysis of M. senile MsrB revealed an

unusual Sec occurrence. Three Sec residues in this proteinwere
not found in any other MsrB sequences. Moreover, even Cys
could not be found in these sites in other homologs. Together
with the observation that the three non-conserved Sec could
originate by simple nucleotide substitutions, this finding sug-
gested that these Sec residues evolved recently. Previous anal-
yses of Sec evolution focused on the incidence of Sec in catalytic
sites, but the identification of three non-conserved Sec suggests
that additional Sec may evolve if a selenoprotein sequence
already has SECIS element(s). The three Sec could have disap-
peared immediately; instead, inM. senileMsrB, they appear to
have acquired a new function, i.e.metal binding.

The lack of other non-conserved Sec residues in examined
protein sequences suggests that new Sec residues appear and
rapidly disappear from the sequence universe, probably
because Sec decreases the rate of protein synthesis and it is too
reactive a residue to be maintained in a protein unless it is
functional. In this regard, M. senile MsrB offers a useful case
because it represents a rare example when newly evolved Sec
residues were preserved. It is likely that further searches will
yield additional examples of newly evolved Sec residues in
proteins.
M. senileMsrB contains two nearly identical SECIS elements

in the 3�-UTR, which is also an extremely rare situation in sel-
enoprotein genes. Except for SelP, very few sequences are
known to possess two SECIS elements. Both SECIS structures
inM. senile MsrB are functional, and Sec insertion efficiency is
maximal when both are present. Their nearly identical
sequences strongly suggest that they evolved recently by dupli-
cation, further supporting the idea of recent evolution of
M. senile MsrB. Interestingly, our search for multiple SECIS
elements in ESTs identified 535 candidates. Although further
characterization is required to confirm the function of these
SECIS elements, this finding showed that multiple SECIS ele-
ments do occur in genes.
Overall, our study identified the first example of recently

evolved Sec residues. These residues are non-catalytic as: (i)
they replace non-conserved residues; (ii) they are present in a
thiol oxidoreductase domain, which in all known cases has a
single Cys or Sec acting as the catalytic residue; and finally (iii)

the enzyme has four Sec, which cannot all be catalytic. Some of
these Sec residues must possess a different function or, less
likely, theymay be non-functional. Regardless of these possibil-
ities, we identified a new situation with respect to Sec distribu-
tion and function in proteins.
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