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Abstract

Thioredoxin (Trx) is a major thiol-disulfide reductase that plays a role in many biological
processes, including DNA replication and redox signaling. Although selenocysteine (Sec)-
containing Trxs have been identified in certain bacteria, their enzymatic properties have not been
characterized. In this study, we expressed a selenoprotein Trx from 7reponema denticola, an oral
spirochete, in Escherichia coli and characterized this selenoenzyme and its natural cysteine (Cys)
homologue using £. coli Trx1 as a positive control. 7>Se metabolic labeling and mutation analyses
showed that the SECIS (Sec insertion sequence) of 7. denticola selenoprotein Trx is functional in
the E. coli Sec insertion system with specific selenium incorporation into the Sec residue. The
selenoprotein Trx exhibited approximately 10-fold higher catalytic activity than the Sec-to-Cys
version and natural Cys homologue and £. coli Trx1, suggesting that Sec confers higher catalytic
activity on this thiol-disulfide reductase. Kinetic analysis also showed that the selenoprotein Trx
had a 10-fold higher K}, than Cys-containing homologues, suggesting that this selenoenzyme is
adapted to work efficiently with high concentrations of substrate. Collectively, the results of this
study support the hypothesis that selenium utilization in oxidoreductase systems is primarily due
to the catalytic advantage provided by the rare amino acid, Sec.
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Introduction

Selenium is an essential trace element in mammals that is incorporated into proteins in the
form of the rare amino acid selenocysteine (Sec) during protein translation [1]. Sec-
containing proteins, which are known as selenoproteins, are found in all three kingdoms of
life. Oxidoreductases, including formate dehydrogenase H, glutathione peroxidase, and
methionine sulfoxide reductase, are among the most well characterized selenoproteins
[2,3,4]. In selenoprotein forms of oxidoreductases, Sec replaces cysteine (Cys) residue in
catalytic sites of their orthologue proteins. Sec is translationally inserted into protein using
an UGA codon, which is normally a stop codon. A stem-loop structure known as the SECIS
(Sec insertion sequence) element on the selenoprotein mMRNA is necessary to recode the
UGA codon for the Sec insertion [1,5]. SECIS elements are located immediately
downstream of the Sec UGA codons in bacteria, whereas they are present in the 3’-
untranslational regions in archaea and eukaryotes. A consensus bacterial SECIS structural
model has been suggested in which a conserved G nucleotide in the apical loop of SECIS is
critical to the function of SECIS [6].

The thioredoxin (Trx) system is a major disulfide reductase system that controls cellular
redox status [7]. The Trx system is composed of NADPH, Trx reductase, and Trx, wherein
electrons are transferred from NADPH to Trx via Trx reductase. Trxs, typically 12 kDa
small thiol-disulfide oxidoreductases, were originally discovered as a hydrogen donor of
Escherichia coliribonucleotide reductase [8], and are now a well-known multifunctional
protein involved in a variety of physiological processes, including DNA replication,
transcription, antioxidant defense, and redox signaling [9]. Trxs involve two Cys residues in
catalysis and contain a characteristic CGPC motif in the active site, in which the N-terminal
Cys residue acts as a catalytic residue and the C-terminal Cys residue as a resolving Cys.

Sec-containing forms of Trx have been found in bacteria such as 7reponema denticola [10],
but have not been previously characterized. 7. denticolais a Gram-negative, obligate
anaerobic bacterium associated with periodontitis [11]. 7. denticola growth is dependent on
selenium in medium [12], and this organism contains at least seven selenoproteins, including
Trx [10]. In this study, we expressed the 7. denticola selenoprotein Trx in E. coliand
characterized this selenoenzyme and its natural Cys homologue using £. coli Trx1 as a
positive control.

Materials and Methods

Cloning of the T. denticola Sec- and Cys-containing Trxs

A coding region of the 7. denticola selenoprotein Trx gene, #rxZ, was amplified by PCR
using genomic DNA from 7. denticola ATCC 33521 and forward (5'-
GCGCCATATGATTATGGCAGTATTGG-3") and reverse (5-
GCGCCTCGAGGATATGCTTTGAAACAAAG-3") primers. The amplified DNA fragment
digested with Ndel and Xhol was cloned into pET21b (Novagen). The resulting construct,
designated pET21-Td-Trx1, encoded full-length selenoprotein Trx1 (tTrx1) with a C-
terminal His-tag (LEHHHHHH). The Cys-containing homologue Trx gene, &x2, was also
PCR-cloned into Ndel/ Xhol sites of pET21b using forward (5'-
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GCGCCATATGATTGAATTGACAAAAG-3") and reverse (5'-
GCGCCTCGAGGATGTATTTTTTTACCATC-3") primers. The resulting plasmid, pET21-
Td-Trx2, encoded full-length Trx2 (tTrx2) with a C-terminal His-tag (LEHHHHHH). We
also generated Sec-to-Cys version (tTrx1/U32C) and Trp mutant (tTrx1/U32W) of
selenoprotein tTrx1 in which Sec32 was replaced with Cys and Trp, respectively, by site-
directed mutagenesis.

Expression and purification of the Sec- and Cys-containing Trxs

To express tTrx1 in £. coli, the plasmid pET21-Td-Trx1 was introduced into BL21(DE3)
cells also harboring a plasmid pSUABC [13], which encodes £. coliselA, selB, and selC.
The transformed cells were grown in LB media containing 2 uM sodium selenite, 100 pg/ml
ampicillin, and 25 pg/ml chloramphenicol at 37°C. IPTG (0.1 mM) was added when the
culture reached an optical density at 600 nm of ~0.6-0.8, and the cells were cultured for an
additional 4 h at 30°C. After centrifugation, the cell pellets were resuspended in extraction
buffer (50 mM sodium phosphate, pH 7.0, 300 mM NaCl, 10 mM imidazole, and 1 mM
phenylmethylsulfonyl fluoride) and lysed by sonication. The supernatant of the lysate was
then loaded onto a Talon-metal affinity resin (Clontech), washed with extraction buffer, and
eluted with buffer containing 50 mM sodium phosphate (pH 7.0), 50 mM NaCl, and 150
mM imidazole. The eluted proteins were concentrated and dialyzed against 50 mM sodium
phosphate (pH 7.5) and 50 mM NaCl. The typical yield of the purified selenoprotein Trx1
was 40-70 pg from 500 ml culture broth based on Western blot assays.

To express the 7. denticola Cys-containing Trx forms (tTrx1/U32C or tTrx2) or Trp mutant
tTrx1/U32W, E. coli BL21(DE3) cells transformed with the corresponding plasmids were
cultivated in LB media containing 100 pug/ml ampicillin at 37°C until the optical density at
600 nm reached ~0.6-0.8, at which time 0.1 mM IPTG was added and the cells were
cultured for an additional 4 h at 30°C. The proteins were purified as described above for
selenoprotein tTrx1. We also expressed and purified £. coli Trx1 (eTrx1) by a Talon-metal
affinity chromatography as previously described [14]. The samples were analyzed for purity
by SDS-PAGE and found to consist almost exclusively of the ectopic protein.

’5Se metabolic labeling

To verify expression of 7. denticola selenoprotein Trx1 in £. coli, "°Se metabolic labeling
was performed as previously described [15]. Briefly, £. co/i BL21(DE3) cells transformed
with an empty vector, pET21-Td-Trx1, or pET21-Td-Trx1/U32C were grown at 37°C in 5
ml LB media containing ampicillin until the optical density at 600 nm reached ~0.6. Next,
0.05 mCi of freshly neutralized ["®Se]selenous acid and 1 mM IPTG were added to the cell
culture, after which the cells were cultured at 37°C for 4 h. The harvested cells were then
washed with phosphate-buffered saline and lysed. A total of 30 pg protein was separated by
SDS-PAGE and transferred onto a PVDF membrane. Finally, the 7>Se radioactivity pattern
on the membrane was visualized using a Phosphorimager (GE Health Care).

Determination of protein concentration

Due to small amounts of purified recombinant selenoprotein tTrx1, the concentration of this
selenoprotein was determined by Western blot analysis using anti-His antibodies, followed
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by quantification of the blot signals using the ImageJ (National Institute of Health) program.
The tTrx1/U32C protein was used as an internal standard. Concentrations of purified Cys-
containing Trxs and Trp mutant tTrx1/U32W were determined by the Bradford method
using a BioRad protein assay reagent and bovine serum albumin as a standard.

Trx activity assay and analysis of kinetics

Results

Trx activity was measured by the insulin disulfide reduction assay as described by Holmgren
[16]. The reaction mixture (200 pl) contained 100 mM sodium phosphate (pH 7.0), 2 mM
EDTA, 5-100 pM insulin (Sigma—Aldrich), and 0.8-2 uM Trx. The reaction was started by
the addition of 0.5 mM dithiothreitol. Reduction of insulin was monitored as an increase in
turbidity at 650 nm for 50 min due to insulin precipitation. Non-enzymatic reduction of
insulin by dithiothreitol was measured as a negative control. Trx activity was defined as the
increase in absorbance per min (AA/min) in the interval below 1.0 of optical density. Vinax
and K, values were determined by non-linear regression using the Prism 5 (GraphPad)
software.

Sec- and Cys-containing Trxs from T. denticola

The T. denticola genome contains at least seven selenoprotein genes (six known and one
predicted) [10]. The known selenoproteins identified include SelD, glutathione peroxidase,
glycine reductase A, two glycine reductase Bs, and Trx. Sec-containing Trxs have also been
found in other bacteria, including Geobacter metallireducens and Anaeromyxobacter
dehalogenans, but are absent from eukaryotes [10]. In addition, the 7. denticola genome
harbors a separate Cys-containing Trx. We designated the 7. denticola selenoprotein Trx as
tTrx1 and the Cys-containing Trx as tTrx2. tTrx1 consists of 107 amino acids and contains
the 32UPGC3 (U, Sec) catalytic motif (Figure 1). There are no other Cys residues in the
sequence. tTrx2 protein has 105 amino acids, including the catalytic 22CVPC32 motif
(Figure 1). tTrx1 protein shows 29.4% identity with tTrx2. Both selenoprotein tTrx1 and
Cys-containing tTrx2 belong to the typical small Trx family. Multiple sequence alignment
revealed differences between 7. denticola Trxs and other known Trxs around the catalytic
CxxC motif (Figure 1).

SECIS structure of T. denticola selenoprotein Trx and its functionality in E. coli

The SECIS element of tTrx1 had a conserved G nucleotide in the apical loop (Figure 2),
which was consistent with the consensus bacterial SECIS structural model [6]. However, the
tTrx1 SECIS element lacked a bulged U in the stem, which is present in the £. coli SECIS
element and known to be important for the function of £. co/i SECIS [17]. To determine
whether the SECIS element of tTrx1 can be functional in £. coli, we metabolically labeled
E. coli cells expressing tTrx1 with 7°Se. Cells expressing a Sec-to-Cys mutant were also
labeled to determine whether selenium incorporation is specific into Sec residue. As a result,
a 12 kDa radioactive band corresponding in size to the calculated molecular mass of
recombinant tTrx1 was detected (Figure 3, lane 2 of the upper panel). In contrast, no
apparent Sec-to-Cys mutant protein band was observed (lane 3) in the Phosphor image,
despite its higher expression level versus the native selenoprotein form (middle panel). We
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also confirmed the expression of recombinant selenoprotein tTrx1 with a C-terminal His tag
by Western blot analysis using anti-His antibodies (middle panel). These results clearly
demonstrated that selenoprotein tTrx1 can be expressed in £. coli with specific selenium
incorporation into Sec. Therefore, our data indicate that the SECIS element tTrx1 is
functional in the £. coli Sec insertion system.

Catalytic properties of Sec- and Cys- containing Trxs

To investigate catalytic properties of tTrx1 and tTrx2, we purified these proteins from E. coli
cells. We also expressed and purified eTrx1 for comparison. We conducted an insulin
disulfide reduction assay to measure Trx activity as described in the materials and methods.
The Vhax value of tTrx1 was 11-fold higher than that of its Sec-to-Cys mutant (tTrx1/U32C)
(Table 1). As expected, the Trp mutant tTrx1/U32W was completely inactive. These data
show that Sec is the catalytic residue of tTrx1 and is critical to its catalysis. Although the
Sec-to-Cys form (tTrx1/U32C) had a much lower activity than its original selenoprotein
form, this protein showed activity comparable to eTrx1. Conversely, tTrx2 enzyme had
activity similar to tTrx1/U32C. The K}y, value of selenoprotein tTrx1 was 10-fold higher than
those of the Cys homologues, tTrx1/U32C, tTrx2, and eTrx1, suggesting that the tTrx1
selenoenzyme is adapted to work efficiently with high concentrations of substrate.

Discussion

Here, the first characterization of a selenoprotein Trx is presented. Sec residue, which is
chemically characterized by a lower pKa, is normally more reactive than Cys residue. Sec-
containing oxidoreductases that have been characterized to date, including Trx reductase and
methionine sulfoxide reductase, exhibit higher catalytic activities (at least 10-fold) than their
Sec-to-Cys mutants or natural Cys-containing counterparts [18,19,20]. The higher catalytic
activity provided by Sec residue is thought to be a primary reason for selenium utilization in
oxidoreductase systems. Consistent with this assumption, our data show that Sec confers a
higher catalytic activity on the selenoprotein Trx.

The catalytic activity of selenoprotein tTrx1 was 7 to 17-fold higher than those of its Sec-to-
Cys version and natural Cys-containing tTrx2 and eTrx1. However, this selenoprotein tTrx1
activity might have been underestimated because, to the best of our knowledge, no
recombinant selenoproteins have contained 100% Sec insertion when expressed in £. coli. It
has been reported that Trp insertion through opal suppression at the UGA codon always
occurs during translation of recombinant selenoproteins in £. coli cells [15,21,22].

We previously characterized a natural selenoprotein glutaredoxin (Grx) from Clostridium
oremlandii [15]. Grx is another major cellular thiol-disulfide oxidoreductase that constitutes
the glutathione redox system. Sec also provides a catalytic advantage with the C. orem/andii
selenoprotein Grx (200-fold higher activity than Sec-to-Cys mutant). In addition to the
higher catalytic activity provided by Sec, our previous study suggested that selenium
utilization by Grx was due to substrate specificity. C. oremlandii selenoprotein Grx
efficiently reduces selenoprotein methionine sulfoxide reductase A of this species, whereas
Cys-containing Grxs from C. oremlandiiand E. coli poorly reduce this selenoenzyme.
Among the known selenoproteins identified in 7. denticola, glycine reductase A would be a
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strong candidate substrate of selenoprotein Trx since Trx is a well-known reductant of
glycine reductase A [23]. Therefore, it would be interesting to determine if Sec-containing
tTrx1 specifically reduces selenenylsulfide (Se-S) bonds in oxidized glycine reductase A
from 7. denticola relative to the reduction ability of Cys-containing tTrx2.

Interestingly, the results of the present study indicate that the selenoprotein tTrx1 expression
in £. coliregulates the expression of £, colihost selenoproteins. 7>Se metabolic labeling
data showed that a radioactive protein band of 80 kDa is significantly elevated by the
expression of selenoprotein tTrx1, whereas all other radioactive protein bands were
diminished (Figure 3). The expression of Sec-to-Cys mutant (tTrx1/U32C) did not affect the
expression of E. coli host selenoproteins. The 80 kDa protein band corresponds well in size
to £. coliformate dehydrogenase H. These data suggest that expression of Sec-containing
Trx in £. coli may modulate specific Sec incorporation into host selenoproteins.

In summary, we report for the first time the catalytic properties of Sec-containing Trx. The
selenoprotein Trx exhibited approximately 10-fold higher catalytic activity versus Cys-
containing Trx forms. Our study supports the hypothesis that Sec utilization in
oxidoreductase systems is primarily due to the higher catalytic activity provided by this rare
amino acid.
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Figure 1. Multiple sequence alignment of Sec- and Cys-containing Trxs
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Catalytic Sec (U) or Cys residues are highlighted in red and resolving Cys residues in blue.

GenBank accession numbers are as follows: 7. denticola Trx1, 499259163; 7. denticola

Trx2, 488746655; £. coli Trx1, 388479466; Saccharomyces cerevisiae Trx1, 135747; Mus

musculus Trx1, 6755911; Homo sapiens Trx1, 9280551.
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T. denticola Trx1

U C E. coli FdhH
+23 G C

AU +23 G U
Cs3 G C
U-A A-U
C-G C-G
G-C G-C
A-U U-A
C+G +17 U

A C G-C
U-A G-C

G G C A
C-G U-A
G-C A-U

C C
A-U C-G
G G C+G
G-C G-U
G-C G-C
UGACC*GAGGC UGACAC'GGUA
+1 +1

Figure 2. Structures of SECIS elements of T. denticola Trx1 and E. coli formate dehydrogenase H
The SECIS of 7. denticola Trx1 contains a conserved G nucleotide (bold) in the apical loop,

but lacks a bulged U, which is present in the minimal step-loop structure (boxed) in £. coli
formate dehydrogenase H (FdhH) SECIS. Sec UGA codons are shown in italics and
numbering of nucleotides is stated at these Sec codons. The SECIS structure of 7. denticola
Trx1 was predicted using RNAfold [24].

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 November 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kim et al.

Page 10

17—
14 —

<+ FdhH

75Se
labeling

< tTrx1
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Figure 3. °Se metabolic labeling

Amido black

E. coliBL21(DE3) cells containing an empty vector (lane 1), pET21-Td-Trx1 (lane 2), or
pET21-Td-Trx1/U32C (lane 3) were metabolically labeled with ">Se. Proteins were
separated by SDS-PAGE, transferred onto a PVDF membrane, and visualized with a
Phosphorlimager (upper panel). The same membrane was immunoblotted with anti-His
antibody (middle panel) or stained with Amido black (lower panel).
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Table 1

Kinetic parameters of 7. denticola Trx forms

Protein Vinax (AA/Min/mg) K insutiny (LM)
tTrx1 494 1240 + 230
tTrx1/U32C 4.2+0.6 40 13
tTrx1/U32W  ND -

tTrx2 28+0.8 35+18

eTrxl 70+14 46 =20

Page 11

Trx activity was measured by an insulin disulfide reduction assay and defined as the increase in absorbance at 650 nm per min. Vinax and Km

values were determined by non-linear regression using the Prism 5 program. tTrx1, wild-type selenoprotein 7. denticola Trx1; tTrx1/U32C, Sec-to-
Cys mutant of tTrx1; tTrx1/U32W, Sec-to-Trp mutant of tTrx1; tTrx2, Cys-containing 7. denticola Trx2; eTrx1, E. coli Trx1. ND, activity not

detectable.
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