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the SurR-binding motif, GTTttgAAC. In this study, we pre-
sent the TrxR-Pdo couple as a redox-regulator for SurR in 
T. onnurineus NA1.
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Introduction

Disulfide bonds in proteins usually function in stabilizing 
protein structures and also in various redox reactions as 
part of a catalytic or regulatory cycle (Betz 1993). The for-
mation and reduction of disulfide bonds is catalyzed by spe-
cialized thiol–disulfide exchanging enzymes, i.e., protein 
disulfide oxidoreductases. The enzymes include the fami-
lies of thioredoxin, glutaredoxin, protein disulfide isomer-
ase, and disulfide bond formation A (DsbA) proteins and 
contain a sequence motif of CXXC (where C = cysteine, 
X = any amino acid) at their active sites (Kadokura et  al. 
2003).

Thioredoxins as the major ubiquitous protein disulfide 
oxidoreductase are generally responsible for maintain-
ing proteins in their reduced state and receive electrons 
from NADPH through thioredoxin reductase (Hol-
mgren 1985). Glutaredoxins exist in all prokaryotic and 

Abstract Protein disulfide oxidoreductases are redox 
enzymes that catalyze thiol–disulfide exchange reactions. 
These enzymes include thioredoxins, glutaredoxins, protein 
disulfide isomerases, disulfide bond formation A (DsbA) 
proteins, and Pyrococcus furiosus protein disulfide oxidore-
ductase (PfPDO) homologues. In the genome of a hyper-
thermophilic archaeon, Thermococcus onnurineus NA1, 
the genes encoding one PfPDO homologue (TON_0319, 
Pdo) and three more thioredoxin- or glutaredoxin-like pro-
teins (TON_0470, TON_0472, TON_0834) were identi-
fied. All except TON_0470 were recombinantly expressed 
and purified. Three purified proteins were reduced by a 
thioredoxin reductase (TrxR), indicating that each protein 
can form redox complex with TrxR. SurR, a transcrip-
tion factor involved in the sulfur response, was tested for a 
protein target of a TrxR-redoxin system and only Pdo was 
identified to be capable of catalyzing the reduction of SurR. 
Electromobility shift assay demonstrated that SurR reduced 
by the TrxR-Pdo system could bind to the DNA probe with 
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eukaryotic cells that contain glutathione and catalyze the 
reduction of intracellular disulfides in a coupled system 
with NADPH, glutathione, and glutathione reductase and 
keeps the inside of the cell reduced (Vlamis-Gardikas 
and Holmgren 2002). Thioredoxins and glutaredoxins 
generally have a molecular mass of 9–12  kDa and con-
tain conserved active-site sequence of CGPC and CPYC, 
respectively. They are multifunctional playing an impor-
tant role in maintenance of intracellular redox homeo-
stasis and of the thiol/disulfide state of proteins for their 
structure and functions, and in regulation of vital cellular 
processes, such as regulation of cell cycle, inhibition of 
apoptosis, and control of transcription factor activities 
(Kalinina et al. 2008).

In the eukaryotic endoplasmic reticulum, protein 
disulfide isomerases catalyze the formation or rearrange-
ment of disulfide bridges in the protein-folding process, 
thus playing physiological and pathophysiological roles 
including hemostasis, facilitation of pathogen entry, and 
reactive nitrogen and oxygen signaling (Marcus et al. 1996; 
Ali Khan and Mutus 2014). In bacteria, disulfide bonds 
are introduced in the periplasm by the Dsb proteins (Naka-
moto and Bardwell 2004; Ito and Inaba 2008). DsbA with 
a thioredoxin domain is the primary disulfide bond donor 
in the periplasmic space and is reoxidized by the inner 
membrane protein DsbB. DsbC corrects incorrectly formed 
disulfide bonds and is regenerated as an active enzyme 
by the membrane protein DsbD. The system utilizes the 
oxidizing and the reducing equivalents of quinone and 
NADPH, respectively. Unlike thioredoxin, glutaredoxin, 
and DsbA, which possess only one thioredoxin-fold motif, 
protein disulfide isomerase contains two thioredoxin-like 
domains.

In contrast to the wealth of information on protein 
disulfide oxidoreductases of bacteria and eukaryotes, our 
knowledge concerning archaeal enzymes is very limited. 
Intriguingly, the small (12 kDa) redox protein of Methano-
thermobacter thermautotrophicus have the active site motif 
CPYC, which is conserved in all glutaredoxins, but can 
catalyze the reduction of insulin disulfides, although it did 
not react with either thioredoxin reductase or glutathione 
(McFarlan et  al. 1992). The thioredoxin homologues of 
Methanocaldococcus jannaschii and an aerobic archaeon 
Aeropyrum pernix K1 were capable of reducing insulin and 
were reduced by thioredoxin reductases, but have unusual 
sequence CPHC, which is the same as that of Escherichia 
coli DsbA (Lee et  al. 2000; Jeon and Ishikawa 2002). In 
Methanosarcina acetivorans, seven thioredoxin homo-
logues with various active site sequences were identified, 
and a protein, which is encoded adjacent to a thioredoxin 
reductase gene, catalyzed the reduction of insulin disulfides 
together with thioredoxin reductase (McCarver and Lessner 
2014).

Specific protein disulfide oxidoreductases have been rec-
ognized as a potential key player in intracellular disulfide-
shuffling in archaea such as Pyrococcus furiosus, Pyrococ-
cus horikoshii, and Sulfolobus solfataricus (Ladenstein and 
Ren 2006; Pedone et al. 2004, 2006; Kashima and Ishikawa 
2003). These proteins display the unique features of having 
molecular masses of 25–27 kDa and two thioredoxin-folds 
with a distinct CXXC active site motif each. They resem-
ble protein disulfide isomerases in having two thioredoxin-
like motifs, but domain architectures are fairly different 
(Ren et al. 1998). The functional studies have revealed their 
multifunctional features. They exhibited not only isomer-
ase activity, but also foldase/chaperone activity, which are 
related to protein disulfide isomerase (Pedone et al. 2004, 
2006). They can utilize glutathione, glutathione reduc-
tase, and NADH to reduce disulfide substrates and thus 
showed thioltransferase activity, which is typical for glutar-
edoxin (Guagliardi et al. 1995). However, there is no report 
on the existence of glutathione or glutathione reductase 
in archaea. Above all, the fact that they are the substrate 
of thioredoxin reductase strongly suggests that they are 
involved in a thioredoxin-like system (Pedone et al. 2006; 
Kashima and Ishikawa 2003). The unusual structural fea-
tures of these proteins suggest that they are new members 
of the protein disulfide oxidoreductase superfamily and are 
classified as a separate P. furiosus protein disulfide oxidore-
ductase (PfPDO)-like family.

Little is known about physiological roles of archaeal 
protein disulfide oxidoreductases. Proteomic analyses in 
a methanogen, M. jannaschii, revealed that a thioredoxin 
homologue targets 152 polypeptides which participate in 
fundamental processes such as methanogenesis, biosyn-
thesis, transcription, translation, and oxidative response. 
Among them, two enzymes, an  F420-dependent sulfite 
reductase and an  F420-dependent methylenetetrahydrometh-
anopterin dehydrogenase, were confirmed as thioredoxin 
targets by in vitro activation assay (Susanti et al. 2014). It 
has been reported that in S. solfataricus, protein disulfide 
oxidoreductase (SsPDO) was involved in a cell defense 
mechanism against reactive oxygen species (ROS) accu-
mulation by connecting thioredoxin reductase system 
with peroxiredoxins, bacterioferritin comigratory protein 
(Bcp)1, Bcp3, and Bcp4 (Limauro et al. 2008, 2009, 2010, 
2014). Our understanding of members of the PfPDO-like 
family has been limited to its biochemical and structural 
properties (Ladenstein and Ren 2006). Recently, one of 
PfPDO homologues, named as a Pdo, has exhibited that it 
works together with thioredoxin reductase to catalyze the 
reduction of cystine to cysteine, which then was utilized 
for reduction of extracellular dimethyl sulfoxide (DMSO) 
probably to dispose excess reducing power in a hyperther-
mophilic archaeon, Thermococcus onnurineus NA1 (Choi 
et al. 2016).
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In this study, we identified a new protein target for Pdo 
in T. onnurineus NA1. The gene encoding Pdo is known as 
a regulon of the target protein and thus, we can establish a 
feedback loop of regulation between them.

Materials and methods

Strain, media, and culture conditions

T. onnurineus NA1 (KCTC 10859) was previously isolated 
from a deep-sea hydrothermal vent area in the Papua New 
Guinea–Australia–Canada–Manus field and YPS (yeast 
extract–peptone–sulfur) medium was used to culture the 
strain as previously reported (Bae et  al. 2006). T. onnu-
rineus NA1 cells were serially cultured in a 20-ml serum 
bottle and 1-liter anaerobic jar, the working volumes of 
which were 20 and 700 ml, respectively, at 80 °C for 20 h. 
E. coli DH5α was used for plasmid propagation and for 
nucleotide sequencing. E. coli Rosetta(DE3)pLysS (Strata-
gene, La Jolla, USA) were used for gene expression. E. 
coli strains were cultivated in Luria–Bertani (LB) medium 
at 37 °C. Kanamycin and chloramphenicol were added to 
the medium at a final concentration of 50 and 12.5 µg/ml, 
respectively.

In silico analysis

A homology search of deduced amino acid sequences of 
genes encoding Trx- or Grx-like proteins, TON_0319 (Gen-
Bank accession no. ACJ15804), TON_0470 (ACJ15956), 
TON_0472 (ACJ15958), and TON_0834 (ACJ16322), 
was performed using the Basic Local Alignment Search 
Tool (BLAST) program against the non-redundant pro-
tein database from the National Center for Biotechnology 
Information (NCBI, Bethesda, USA). Nucleotide sequence 
alignment was conducted using the LALIGN program on 
web server (http://www.ebi.ac.uk/Tools/psa/lalign/). Multi-
ple sequence alignment for proteins was performed using 
the ClustalW program (Thompson et  al. 1994) or Clustal 
Omega program on web server (http://www.ebi.ac.uk/
Tools/msa/clustalo/). The phylogenetic tree was con-
structed using Molecular Evolutionary Genetics Analysis 
(MEGA 7) software (Kumar et  al. 2016) via the neigh-
bor-joining algorithm with a bootstrap support value (500 
replicates).

Cloning, gene expression, and protein purification

Genes encoding Trx- or Grx-like proteins (TON_0470, 
TON_0472, and TON_0834) and SurR (TON_0318, Gen-
Bank accession no. ACJ15803) were amplified by PCR 
using genomic DNA isolated using a standard procedure 

(Ramakrishnan and Adams 1995). All the PCR prim-
ers used in this study are listed in Table S1. Cloning and 
expression of those genes were performed as described 
previously with some modifications (Choi et  al. 2016). 
Briefly, the amplified DNA fragments were used to clone 
into the pET-28a(+) vector (Novagen, Madison, USA) via 
the one-step sequence- and ligation-independent cloning 
(SLIC) method (Jeong et  al. 2012). After confirmation of 
the correct sequences, the resulting constructs were trans-
formed into E. coli Rosetta(DE3)pLysS (Stratagene, La 
Jolla, USA). E. coli transformants were grown at 37 °C 
in LB medium containing 12.5  µg/ml of chloramphenicol 
and 50  µg/ml of kanamycin to an  OD600nm of 0.6. Over-
expression was induced by the addition of isopropyl-β-D-
thiogalactopyranoside (IPTG) and further incubation at 
37 °C for 3  h. Cells were harvested by centrifugation at 
6000×g for 20  min and resuspended in 50  mM Tris–HCl 
(pH 8.5) containing 100 mM NaCl, 19 mM KCl, 10% glyc-
erol, and a protease inhibitor cocktail (cOmplete ULTRA 
Tablet; Roche Diagnostics, Mannheim, Germany). In the 
case of TON_0834 protein, the protease inhibitor cocktail 
was excluded. The cells were disrupted by sonication and 
centrifuged at 25,000×g for 50  min. The proteins puri-
fied using a column containing TALON metal affinity 
resin (Clontech, Mountain View, USA) were examined via 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) using standard procedures (Laemmli 1970).

Two proteins, TrxR (GenBank accession no. ACJ17093) 
and Pdo (ACJ15804), had been purified in the previous 
study (Choi et al. 2016) and were used in this study.

Enzyme assay

Sulfhydryl groups of the proteins were oxidized by 200 µM 
diamide to form disulfide bonds. 50 nM TrxR was incu-
bated with 1–2  µM Trx- or Grx-like proteins in 50  mM 
potassium phosphate buffer (pH 7.6) containing 2  mM 
EDTA and 100  µM NADH in the presence or absence 
of 4  µM SurR. The reaction was carried out at 70 °C for 
15 min in a final volume of 100 µl. Sulfhydryl groups were 
visualized as their fluorescent monobromobimane (mBBr, 
Sigma-Aldrich, St. Louis, USA) derivatives. Aurothio-
malate (Sigma-Aldrich, St. Louis, USA) was added up to 
0.5  µM concentration to inhibit the reducing activity of 
TrxR. After incubation, 100 µM mBBr was added and the 
reaction was continued for another 15 min. mBBr-labeled 
protein samples were separated in 15% polyacrylamide 
gels. After electrophoresis, fluorescent images of protein 
spots were captured with a ChemiDOC MP Imaging Sys-
tem (Bio-Rad, Hercules, USA). Gels were then stained 
with Coomassie brilliant blue for visualization of all sepa-
rated proteins.

http://www.ebi.ac.uk/Tools/psa/lalign/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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Electromobility shift assay (EMSA)

The 95-base pair (bp) mbh promoter probe (genome coor-
dinates 1,452,063–1,452,157) with the SurR binding motif, 
GTTttgAAC, was PCR amplified from T. onnurineus NA1 
genomic DNA using primers (Table S1). EMSA reactions 
were carried out in 50  mM potassium phosphate buffer 
(pH 7.6) containing 2 mM EDTA. 30 nM DNA probe was 
added to the SurR and then incubated for 10 min at 70 °C. 
The EMSA reaction samples were treated with 20  µl of 
50% glycerol prior to load onto 5% native polyacrylamide 
gel. The resulting gel was stained with ethidium bromide 
(EtBr) and analyzed to visualize the presence of proteins in 
the shifted bands.

Results

Trx‑ or Grx‑like proteins in the T. onnurineus NA1 
genome

SurR was identified as a transcription factor involved in 
the response of a hyperthermophilic archaeon P. furiosus 
to sulfur  (S0) (Lipscomb et al. 2009). The activity of SurR 
was demonstrated to be modulated by the redox status of 
cysteine residues in a CXXC motif that constitutes a redox 
switch, in which the active form contains reduced thiols 
and the inactive form contains an intramolecular disulfide 
bond (Yang et  al. 2010). Oxidation of the switch with  S0 
inhibits sequence-specific DNA binding by SurR, leading 
to deactivation of genes related to  H2 production and dere-
pression of genes involved in  S0 metabolism. The pdo was 
also identified as a member of the SurR regulon (Lipscomb 
et al. 2009). The pdo was upregulated during the primary 
 S0 response as shown in microarray expression profiling 
experiments (Schut et al. 2007) and was repressed by SurR 
which binds pdo promoter DNA in the absence of  S0 (Lip-
scomb et al. 2009). It has been thought that SurR would be 
converted back to its reduced active state once oxidizing  S0 
species are depleted inside the cell, but the mechanism has 
not been demonstrated (Yang et al. 2010).

It is generally admitted that the thiol/disulfide redox bal-
ance is controlled by the glutathione and thioredoxin (Trx) 
pathways. Among thiol-based redox sensors that specifi-
cally sense ROS via thiol-based mechanisms, several have 
been shown to be redox regulated by Trx or glutaredoxin 
(Grx), with either their activation or inactivation depend-
ent on Trx (or Grx)-catalyzed reduction (Hillion and Antel-
mann 2015). Therefore, we attempted to search for a Trx 
or Grx capable of catalyzing the reduction of SurR in T. 
onnurineus NA1, where surR gene product was identified 
to have considerable amino acid sequence homology (62% 
identity) with the SurR protein of P. furiosus.

In addition to the pdo, three other genes encoding Trx- 
or Grx-like proteins were detected in the T. onnurineus 
NA1 genome. These three genes, TON_0470, TON_0472, 
and TON_0834, were annotated as encoding Grx-related 
protein, Grx/Trx-like protein, and thiol reductase Trx, 
respectively. Each one contains an active site CXXC-motif, 
but in comparison with the conventional Trx (CGPC) or 
Grx (CPYC) active site motifs, only TON_0472 has the 
archetypical motif, CPYC (Fig. S2). TON_0834 has an 
unusual CPPC motif, distinct from any of the other known 
Trxs and Grxs. The CPPC motif was previously found in 
Staphylococcus aureus NrdH redoxin, which has been 
identified as a Grx-like protein with a Trx-like activity 
profile (Jordan et  al. 1997; Rabinovitch et  al. 2010). The 
motif CPHC detected in TON_0470 is identical to the ones 
identified in periplasmic protein disulfide oxidoreductases 
from Escherichia coli (DsbA), Vibrio cholera (TcpG), and 
Haemophilus influenza (Por) (Bardwell et al. 1991; Kami-
tani et al. 1992; Peek and Taylor 1992; Tomb 1992). Inter-
estingly, the CPHC motif was also found in M. jannaschii 
MjTrx with a Grx-like fold and Trx-like activities, and in A. 
pernix ApTrx with biochemical activities similar to classi-
cal Trx (Lee et al. 2000; Jeon and Ishikawa 2002). In addi-
tion to the distinctive active site motif, multiple sequence 
alignment revealed remarkable sequence difference 
between these four proteins. They exhibited very low level 
of sequence identities between them, with a range from 12 
to 20% only. We collected all the sequences of their hom-
ologues from the Thermococcales genomes available in 
the public databases and performed phylogenetic analysis 
using Molecular Evolutionary Genetics Analysis (MEGA 
7) software (Kumar et al. 2016). We found that the homo-
logues of each gene clustered tightly together into separate 
groups (Fig. S1). The pdo and TON_0470 genes are very 
highly conserved across all 24 the Thermococcales species, 
while others are relatively less conserved (Table S2). The 
homologue of TON_0472 and TON_0834 was missing in 
several Thermococcus and Pyrococcus species. While the 
pdo and TON_0472 genes exhibited high level of amino 
acid identity (70–94%) to their homologues, intriguingly, 
TON_0470 and TON_0834 genes showed relatively low 
level of identity (40–63%) to their homologues, with excep-
tions of two homologues in Thermococcus paralvinellae 
(87% identity) and Palaeococcus pacificus (80% identity).

Pdo as a SurR‑reducing factor

To specify the system involved in the SurR disulfide switch, 
all four genes were cloned and expression was attempted 
in E. coli. Three genes, pdo, TON_0472, and TON_0834, 
were highly expressed and gene products were accumu-
lated after induction, but TON_0470 gene product (23 kDa) 
was not detected under all tested conditions due to growth 
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impairment. Two recombinant proteins, Pdo (26 kDa) and 
TON_0834 (12  kDa), were purified to homogeneity by 
affinity chromatography via N-terminal His-tag whereas 
TON_0472 proteins (13 kDa) were partially degraded and 
degraded products of different sizes were observed (Fig. 
S3). Heat treatment (15 min at 70 °C) or addition of a pro-
tease inhibitor cocktail could not prevent further degrada-
tion of the proteins during experiments.

First of all, the ability of the Trx- or Grx-like proteins 
to serve as a substrate of thioredoxin reductase (TrxR) was 
examined in the presence of an electron donor NADH. 
Assay was performed by measuring the fluorescence of 
proteins labeled with monobromobimane (mBBr), a fluo-
rescent thiol-specific probe, when they are reduced (Craw-
ford et al. 1989). All three purified Trx- or Grx-like proteins 
could be reduced when incubated with TrxR (36 kDa) and 
NADH (Fig. 1). This result reveals that each Trx- or Grx-
like protein could form a complete redoxin redox system 
with TrxR as a redox partner. Then, the capability of TrxR-
dependent redoxin system was tested for the SurR reduction 
(Fig. 2). SurR was oxidized by diamide, a thiol-specific oxi-
dant, before the addition of TrxR-redoxin system, so it was 
not labeled by mBBr and thus not fluorescent. When TrxR 
and each Trx- or Grx-like protein was added to SurR, fluo-
rescent SurR bands (27 kDa) were detected, but not in the 

absence of any Trx- or Grx-like protein, indicating the flow 
of electrons from NADH to SurR by TrxR-redoxin cataly-
sis process (Fig. 2). However, the fluorescence intensity of 
SurR reduced by Trx- or Grx-like proteins was the highest 
with Pdo than TON_0834 or TON_0472. When the SurR 
reduction was measured as a function of the Pdo concen-
tration, the fluorescence intensity of mBBr-labeled SurR 
increased proportionally as the Pdo concentration increased 
(Fig. S4). The addition of aurothiomalate, a TrxR-specific 
inhibitor (Smith et al. 2001), led to the gradual decrease of 
the fluorescence intensity of the Pdo and SurR as the inhib-
itor concentration increased (Fig. 3). These results demon-
strate that Pdo mediated the electron transfer between TrxR 
and SurR.

Binding of SurR, reduced by TrxR‑Pdo system, to DNA

It has been reported that aerobically purified SurR was 
present approximately 80% in the reduced state, so it was 
not necessary to reduce the protein to show DNA binding 
in electromobility shift assays (EMSAs) and fluorescence 

Fig. 1  Reduction of Trx- or Grx-like proteins by TrxR. Disulfide 
bonds of 2 µM Pdo, TON_0834, or TON_0472 were reduced by incu-
bating with 50 nM TrxR in the presence of 100 µM NADH. All pro-
teins (oxidized and reduced) were detected by staining with Coomas-
sie brilliant blue as a loading control (upper panel) and mBBr-labeled 
proteins were detected by fluorescence illumination (lower panel) on 
15% SDS-PAGE gels. M Molecular mass marker, − No addition of 
TrxR, + addition of TrxR

Fig. 2  Reduction of SurR by Trx- or Grx-like proteins. Disulfide 
bonds of 4 µM SurR were reduced by incubating with 50 nM TrxR 
and 1 µM Pdo, TON_0834, or TON_0472 in the presence of 100 µM 
NADH. All proteins (oxidized and reduced) were detected by staining 
with Coomassie brilliant blue as a loading control (upper panel) and 
mBBr-labeled proteins were detected by fluorescence illumination 
(lower panel) on 15% SDS-PAGE gels. M Molecular mass marker, 
Control Only SurR oxidized by diamide, − No addition of Trx- or 
Grx-like protein
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DNase I footprinting experiments (Lipscomb et al. 2009). 
However, once SurR was oxidized by  S0, excess reduct-
ant DTT, but not cysteine, sodium dithionite, and sodium 
sulfide, could almost completely reverse the effect of oxida-
tion by  S0 by demonstrating that the protein was capable of 
DNA binding (Yang et al. 2010). We performed an EMSA 
to determine whether SurR can bind to DNA after its oxi-
dized form is treated with TrxR-Pdo system. We identified 
a palindromic DNA sequence, GTTttgAAC, in the pro-
moter region (−30 to −22 relative to the translation start 
site) of the open reading frame, mbh1 (TON_1582) (Fig. 
S5). The sequence was quite similar to the SurR DNA bind-
ing motif  GTTn3AAC, which has been determined by foot-
printing experiment in P. furiosus (Lipscomb et al. 2009). 
Using the DNA probe covering this motif, we could detect 
SurR–DNA complex formation (Fig.  4a). SurR bound to 
the DNA probe in a concentration dependent manner so 
that DNA probe was completely shifted at 0.5  µM SurR 
while there was no shift with diamide-oxidized SurR. For 
DNA binding of SurR, DTT could be replaced by NADH 
and TrxR only in the absolute presence of Pdo (Fig.  4b). 
In the presence of a TrxR inhibitor, no shift of DNA probe 

was observed with SurR reacted with TrxR and Pdo. This 
result is consistent with the inhibition of SurR reduction by 
a TrxR inhibitor observed in an mBBr-labeling experiment 
(Fig. 3).

Discussion

Our results showed that TrxR-Pdo couple acted as a redox 
system to reduce the transcription factor SurR. SurR reduc-
tion by TrxR-Pdo redox system was only demonstrated 
in  vitro, but the data have a special meaning that it can 
reverse the  S0-response regulation by SurR in the absence 
of  S0. For the in vivo testing to assess the indispensability 
of TrxR-Pdo system in SurR reduction, we tried to make 
TrxR or Pdo deletion mutants, but failed. It is worth noting 
that pdo is a member of the SurR regulon and plays a role 
in reducing SurR as well. The pdo expression is repressed 
by reduced form of SurR in the absence of  S0. The pdo 
expression is derepressed when SurR is oxidized by  S0 and 
then the expressed Pdo reduces SurR, thereby establishing 
a feedback loop of regulation. In this regard, Pdo may play 
a similar role to the Trx or Grx proteins which have been 
known to deactivate yeast Yap1 or E. coli OxyR. It has 
been shown that Yap1 and OxyR are activated through the 
formation of a disulfide bond and are deactivated by enzy-
matic reduction with Trx1/Trx2 and Grx1 and the genes 
encoding TRX2 and Grx1 are transcriptionally regulated by 
Yap1 and OxyR, respectively, demonstrating the autoregu-
latory feedback control (Kuge and Jones 1994; Zheng et al. 
1998; Delaunay et  al. 2000; Carmel-Harel et  al. 2001; 
Toledano et  al. 2004). In addition to pdo, surR was also 
found to be conserved in all investigated genomes of Ther-
mococcales species (data not shown), reflecting their com-
mon sulfur-metabolizing activity to use  S0 as an electron 
acceptor. It should be noticed that the genomic context for 
surR is identical in all known Thermnococcales genomes, 
i.e., surR and pdo are arranged adjacent to each other in the 
divergent organization. The genetic organization implicates 
that their action has to be tightly coordinated in vivo.

We previously reported that cystine is the substrate for 
TrxR-Pdo redox couple in T. onnurineus NA1 (Choi et al. 
2016), but other Trx- or Grx-like proteins were not tested 
for cystine-reducing activity. Thus, it cannot be said that 
cystine is a specific substrate for Pdo. In this study, we 
present a protein substrate for the TrxR-Pdo couple in T. 
onnurineus NA1. At this moment, we cannot provide a 
conclusive answer to the possibility that TON_0470 and 
TON_0472 gene products can reduce SurR due to failure in 
expressing recombinant gene and obtaining stable proteins, 
respectively. More efforts will be required to conclude this 
issue. The redox regulation of SurR by the thioredoxin 
system might influence on the  H2 and sulfur metabolism, 

Fig. 3  Effect of TrxR-specific inhibitor, aurothiomalate, on the 
reduction of Pdo and SurR. Reduction of disulfide bonds of 2 µM 
Pdo (a) or 2 µM Pdo and 4 µM SurR (b) by 50 nM TrxR in the pres-
ence of 100 µΜ NADH was detected with increased concentration of 
aurothiomalate. All proteins (oxidized and reduced) were detected 
by staining with Coomassie brilliant blue as a loading control (each 
upper panel) and mBBr-labeled proteins were detected by fluores-
cence illumination (each lower panel) on 15% SDS-PAGE gels
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which is involved with energy conservation. This finding 
is important in that the phenomenon might not seem to be 
restricted to T. onnurineus NA1, but extends to other mem-
bers belonging to the order Thermococcales. An in  vivo 
demonstration of the redox regulatory network by the 
TrxR-Pdo couple awaits further studies.
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