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Abstract

Aims: Redox regulation of cellular processes is an important mechanism that operates in organisms from
bacteria to mammals. Much of the redox control is provided by thiol oxidoreductases: proteins that employ
cysteine residues for redox catalysis. We wanted to identify thiol oxidoreductases on a genome-wide scale and
use this information to obtain insights into the general principles of thiol-based redox control. Results: Thiol
oxidoreductases were identified by three independent methods that took advantage of the occurrence of sele-
nocysteine homologs of these proteins and functional linkages among thiol oxidoreductases revealed by com-
parative genomics. Based on these searches, we describe thioredoxomes, which are sets of thiol oxidoreductases
in organisms. Their analyses revealed that these proteins are present in all living organisms, generally account
for 0.5%—-1% of the proteome and that their use correlates with proteome size, distinguishing these proteins from
those involved in core metabolic functions. We further describe thioredoxomes of Saccharomyces cerevisiae and
humans, including proteins which have not been characterized previously. Thiol oxidoreductases occur in
various cellular compartments and are enriched in the endoplasmic reticulum and cytosol. Innovation: We
developed bioinformatics methods and used them to characterize thioredoxomes on a genome-wide scale, which
in turn revealed properties of thioredoxomes. Conclusion: These data provide information about organization
and properties of thiol-based redox control, whose use is increased with the increase in complexity of organisms.
Our data also show an essential combined function of a set of thiol oxidoreductases, and of thiol-based redox
regulation in general, in all living organisms. Antioxid. Redox Signal. 16, 193-201.

Introduction

REDOX REGULATION OF CELLULAR PROCESSES is an impor-
tant and widespread regulatory mechanism (8). Much of
the redox control is provided by proteins that utilize catalytic
cysteine (Cys) residues for oxidation or reduction of their
substrates (11). These proteins are collectively known as thiol
oxidoreductases. While mechanistically similar, thiol oxido-
reductases involve structurally distinct families of enzymes,
which can act on proteins, lipids, and compounds. The past
several years have seen growing evidence for the important
roles of thiol-based redox regulation in various metabolic
pathways, as well as in aging, cancer (22), neurodegenerative
diseases (2, 3, 24, 27), diabetes (13), and other pathophysio-
logical processes. At the molecular level, thiol oxidoreduc-
tases regulate a variety of biological functions and are
involved in antioxidant defense, signal transduction, meta-
bolic processes, and protein folding and modification.

Many thiol oxidoreductases have previously been identi-
fied and characterized; however, understanding of the overall
sets of such proteins in organisms and of their combined and
protein-specific functions is quite limited (11, 12). This is be-
cause these proteins are difficult to identify by available protein
function prediction methods (5-7, 10). Two thiol-based redox

Innovation

In this study, we introduced the concept of thioredox-
omes (i.e., sets of thiol oxidoreductases in organisms). We
also developed computational tools for the identification of
these proteins on a genome-wide scale. Using these tools,
we characterized thioredoxomes in various organisms,
including those of yeast and humans, which in turn re-
vealed the composition and properties of thioredoxomes

and, therefore, of thiol-based redox control in general.
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systems, thioredoxin and glutaredoxin systems, have been
particularly well characterized (14, 15), with many thousands
of publications on each of their components, including thior-
edoxin, thioredoxin reductase, glutathione reductase, glutar-
edoxin, glutathione peroxidase, and peroxiredoxin. Several
additional systems that are based on thiol oxidoreductases in-
clude the prokaryotic disulfide bond formation (Dsb) system
(16) and the protein disulfide isomerase-based system located
in the endoplasmic reticulum (ER) of eukaryotes (4, 25). Me-
thionine sulfoxide reductases, which are proteins that repair
oxidatively damaged methionines, also received much atten-
tion (17, 18, 20), and several other thiol-based redox regulatory
processes have also been described (12).

Catalytic redox-active Cys residues in thiol oxidoreduc-
tases are highly conserved, and many such proteins have
homologs, in which Cys is replaced with selenocysteine (Sec)
(12). In these homologous selenoproteins, Sec is also the cat-
alytic redox-active residue. However, while Cys residues may
have many functions, Sec is always a catalytic redox residue.
Thus, identification of a Sec residue in the position corre-
sponding to Cys in a protein indicates a redox function of this
protein and points to the exact location of the catalytic redox-
active Cys residue. Although selenoproteins are relatively
rare, recent dramatic increase in sequence information de-
rived from various genome and other sequencing projects
allows efficient identification of both selenoproteins and the
corresponding Cys-containing thiol oxidoreductases.

In addition, many thiol oxidoreductases form protein
complexes, in which reducing equivalents are transferred
from one thiol oxidoreductase to another, both containing
conserved catalytic Cys residues. If one such protein is a
known thiol oxidoreductase, establishing a functional link
between the two proteins may identify the second protein as
an additional thiol oxidoreductase. For example, many pro-
teins that form thiol oxidoreductase pathways transfer re-
ducing equivalents from one protein to another to show
fusion events. These proteins also show similar transcrip-
tional regulation, and in bacteria, they are often located in the
same operons. These considerations suggest a second ap-
proach to identify thiol oxidoreductases. Thiol oxidoreduc-
tases can also be identified by extensive homology analyses,
as many of these proteins cluster within several protein folds,
but diverge to the extent that standard BLAST analyses do not
detect homology (12). Thus, exhaustive homology analyses
within the sequence universe offer a third independent ap-
proach to detect thiol oxidoreductases.

In this work, we used these three strategies to carry out
genome-wide searches for thiol oxidoreductases and further
characterized the overall functions of thioredoxomes in or-
ganisms. These data illustrate the universal use of thiol oxi-
doreductases in cellular life and show the essential and
widespread functions of thiol-based redox control in regula-
tion of cellular processes.

Results
Genome-wide identification of thiol oxidoreductases

Thiol oxidoreductases are involved in a variety of biologi-
cal functions (Fig. 1) and are characterized by different folds,
protein length, and location of their catalytic redox-active Cys
residues (12, 21). Various classes of thiol oxidoreductases
show no similarity with regard to patterns of occurrence in
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FIG. 1. Functions of thiol oxidoreductases. Thiol oxido-
reductases are involved in various processes, such as sulfur
metabolism, DNA synthesis and repair, signaling, protein
degradation, oxidative folding, protein modification, regu-
lation of gene expression, and ROS/RNS detoxification.
These proteins likely also have other, currently unknown,
functions in biology.

organisms. To examine the use of thiol oxidoreduction in or-
ganisms across the three domains of life, we sought to identify
these enzymes on a genome-wide scale. We used three inde-
pendent methods: (i) identification of Cys/Sec pairs in ho-
mologous sequences; (ii) comparative genomics approach
that functionally links known and unknown thiol oxidore-
ductases through domain fusions, and (iii) exhaustive ho-
mology searches starting from known thiol oxidoreductases.

The first method (Fig. 2A) is based on the observation that
the majority of known thiol oxidoreductases have homologs, in
which the catalytic redox Cys is replaced with Sec. Whereas
only some Cys residues serve thiol oxidoreductase functions in
proteins (11), Sec always serves redox function. Thus, identifi-
cation of a pair of homologs, wherein one is a Sec-containing
protein and another a Cys-containing protein, suggests a cat-
alytic redox function for the Cys that aligns with Sec and is
flanked by homologous regions. This method is relatively
simple, efficient, and is independent of protein family, protein
structure, and organism of origin (12). To identify thiol oxido-
reductases on a genome-wide scale, we used Cys-containing
protein sequences from the non-redundant NCBI database. We
also utilized a nucleotide sequence database that included all
completely sequenced genomes, expressed sequence tags
(ESTs), and environmental genome projects from NCBI. These
datasets were then cross-analyzed, with TBLASTN, to identify
Cys/Sec pairs.

The second method (Figs. 2B-2D) took advantage of the
observation that thiol oxidoreductases often form functional
complexes/modules, wherein one thiol oxidoreductase acts
on another. For example, thioredoxin reductase provides re-
ducing equivalents to thioredoxin, which in turn reduces
peroxiredoxin. All these proteins are thiol oxidoreductases
containing catalytic redox-active Cys residues. These linkages
can be captured by comparative genomics methods (i.e., these
proteins often form fusions or are located in the same operon
in prokaryotes). Continuing with the example shown above,
both thioredoxin reductase-thioredoxin and thioredoxin-
peroxiredoxin fusion proteins are known, and, sometimes,
these proteins cluster in operons. Thus, to identify novel thiol
oxidoreductases, we employed known thiol oxidoreductases,
searched for domains fused with these proteins in represen-
tative organisms, and further filtered out the set to select the
fused domains that contained conserved Cys residues.
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FIG. 2. Methods for high-through-
put identification of thiol oxidore-
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For comparison, we developed a third set of predicted thiol
oxidoreductases by carrying out exhaustive PSI-BLAST sear-
ches starting with known thiol oxidoreductases. By this
method, distant homologs of these proteins could be identi-
fied that conserve the catalytic redox Cys. The three ap-
proaches were then applied to various sets of open reading
frames (ORFs), proteomes of model organisms, and other
protein datasets (Fig. 3A). All three approaches were efficient
in detecting thiol oxidoreductases. For example, the Cys/Sec
method detected 27,701, domain fusion 17,799, and PSI-BLAST
20,367 proteins in 803 completely sequenced bacterial genomes
(Fig. 3B). In addition, these sets of proteins were highly over-
lapping, with the domain fusion and PSI-BLAST protein sets
being essentially a subset of the Cys/Sec set. Since the PSI-
BLAST set included all known thiol oxidoreductases, the Cys/
Sec approach was clearly highly efficient in identifying these
proteins: it found essentially all such proteins (and also pre-
dicted additional candidate thiol oxidoreductases). Based on
this information, we defined sets of thiol oxidoreductases in
organisms as those included in either Cys/Sec or PSI-BLAST
sets. We further designate these sets as thioredoxomes. It
should be noted that, in this work, we did not analyze non-
catalytic redox Cys, which are subject to posttranslational
modification, such as glutathionylation and S-nitrosylation.

Properties of thioredoxomes

The basic properties of thioredoxomes were further exam-
ined. First, we observed a consistent increase in the number of
thiol oxidoreductases with the increase in the proteome size.

The dependence was approximately linear (Fig. 4A). This
pattern contrasted with the changes in the abundance of basic
metabolic enzymes, such as glycolytic enzymes (Fig. 4A),
whose numbers only slightly increased in organisms with the
larger proteomes. This observation held for thiol oxidore-
ductases identified with any of the three methods (Fig. 4B).
The thioredoxin fold dominated thioredoxomes, accounting
for approximately 50% of thiol oxidoreductases in organisms
(Supplementary Fig. S1A; Supplementary data are available
online at www .liebertonline/ars). In addition, we found that
thiol oxidoreductases occurred in all organisms, indicating an
essential function of thiol oxidoreduction (even though many
proteins in this system are not essential).

We also found a strong correlation between the number of
thiol oxidoreductases and the number of catalytic redox-
active Cys residues (Supplementary Fig. S1B). The latter was
slightly larger: the majority of thiol oxidoreductases had a
single catalytic Cys, but some of these enzymes were com-
posed of two or more thiol oxidoreductase domains, each
having the catalytic redox Cys. The largest number of catalytic
redox-active Cys in a thiol oxidoreductase was four (in pro-
tein disulfide isomerase). We observed a correlation with the
proteome size for both thioredoxin-fold and non-thioredoxin-
fold thiol oxidoreductases (Supplementary Figs. S1C and
S1D), suggesting an even distribution of these protein groups
in organisms.

Analysis of thioredoxomes of various bacterial phyla re-
vealed a highly variable occurrence of thiol oxidoreductases
(Fig. 4C). This distribution correlated with the genome/
proteome size rather than with being a part of a particular
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FIG. 3. High-throughput identification of thiol oxidore-
ductases. (A) Identification of thiol oxidoreductases in pro-
tein databases and proteomes of individual organisms. Three
approaches were used: (i) Sec/Cys pairs in homologous se-
quences; (ii) Domain fusion events involving thiol oxidore-
ductases; and (iii) PSI-BLAST-based searches for distant
homologs of known thiol oxidoreductases with conserved
catalytic redox-active Cys. (B) Predicted sets of thiol oxido-
reductases in 803 completely sequenced bacterial genomes.
Cys/Sec, Fusion, and PSI-BLAST refer to the three ap-
proaches used to predict thiol oxidoreductases. Total num-
bers of thiol oxidoreductases predicted by each approach are
listed and their overlap is shown in the figure.

bacterial group or phylum. These properties of prokaryotic
thioredoxomes were also evident in eukaryotes. Eukaryotes
had larger thioredoxomes, but only because their proteomes
were larger. When prokaryotic and eukaryotic thioredoxomes
were normalized to the proteome size or compared in or-
ganisms with equivalent proteome size, the prokaryotic
thioredoxomes were actually slightly larger (Fig. 4D).

The smallest thioredoxomes corresponded to the archaeon
Nanoarchaeum equitans and seven bacteria from the Borrelia
taxon (B. afzelii, B. burgdorferi, B. burgdorferi, B. duttonii,
B. garinii, B. recurrentis, and B. turicatae). N. equitans has three
thiol oxidoreductases: thioredoxin reductase, thioredoxin and
peroxiredoxin (Fig. 5A), whereas Borrelias have thioredoxin
reductase, thioredoxin, and coenzyme A disulfide reductase.
Interestingly, B. hermsii has an additional glutathione perox-
idase. The largest detected thioredoxome, that of Arabidopsis
thaliana, consisted of 194 proteins (Fig. 5B).

An NADPH-dependent thioredoxin system, consisting of
thioredoxin reductase, thioredoxin, and peroxiredoxin, is the
main system that controls the redox state of Cys in proteins,
and we found that it was present in essentially all analyzed
organisms. However, host-associated Phytoplasma asteris
Onion Yellows (an organism with 1021 ORFs) lacked the
thioredoxin system. Yet, this organism still had four thiol
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oxidoreductases: arsenate reductase, rhodanese-like protein,
lipoamide dehydrogenase, and hydroperoxide reductase
OsmC. Further analysis of bacterial habitats shown that host-
associated organisms had fewer thiol oxidoreductases (Sup-
plementary Fig. S2). We hypothesize that phytoplasma Onion
Yellows and certain other host-associated organisms may
access thiol oxidoreductases of the host for their metabolic/
regulatory needs. In contrast to host-associated organisms,
terrestrial organisms had greater numbers of thiol oxidore-
ductases (Supplementary Fig. S2).

Representative thioredoxomes

Next, we examined thioredoxomes of model organisms.
The S. cerevisiae set of thiol oxidoreductases had 47 proteins
covering 31 conserved domains, including 10 that previously
have not been characterized with regard to thiol oxidore-
ductase function. It would be of interest to characterize these
candidate thiol oxidoreductases. Subdivided by protein
family, the largest families of thiol oxidoreductases in Sac-
charomyces cerevisine were glutaredoxin-like proteins (five
monothiol and three dithiol glutaredoxins), protein disulfide
isomerases (six proteins), peroxiredoxins (five proteins), ubi-
quitin-activating-like proteins (three proteins), thioredoxins
(three proteins), and sulfhydril oxidases and methionine
sulfoxide reductases (Fig. 6). The majority of yeast thiol oxi-
doreductases localized to cytosol (20 proteins) and the ER (10
proteins).

The human thioredoxome consisted of 111 proteins con-
taining catalytic redox-active Cys and 25 proteins containing
Sec, for a total of 136 proteins (Fig. 7A). The largest protein
families were thioredoxin-like (19 proteins) and protein dis-
ulfide isomerase-like proteins (12 proteins) (Fig. 7B). As in
yeast, the majority of these proteins localized to the cytosol
and the ER (42 and 34 proteins, respectively), whereas there
was lower abundance of mitochondrial thiol oxidoreductases
(based on the presence of a predicted signal peptide and
available localization data) (Fig. 7C).

Roles of environmental factors in influencing
thioredoxome composition

We examined a possible influence of environmental factors,
such as growth temperature and oxygen content, on the size
of thioredoxomes. Thermophilic and hyperthermophilic
showed smaller thioredoxomes in comparison with psyco-
philic organisms (Supplementary Fig. S3). Oxygen content
also did not influence thioredoxomes significantly, with the
exception of the microaerobic group, which had fewer thiol
oxidoreductases (Supplementary Fig. 54). It should be noted
that our observations do not exclude a possible role of envi-
ronmental factors in regulating thiol oxidoreductase gene
expression.

Distribution of thiol oxidoreductase families in bacterial
phyla. We analyzed the distribution of thiol oxidoreductase
families in various bacterial phyla and found that common
thioredoxin-fold proteins, such as thioredoxins and peroxir-
edoxins, were present in almost all searched organisms.
However, other thiol oxidoreductases, such as DsbB, GST,
DsrE, and HesB, had scattered patterns of occurrence. This
observation suggested that some thioredoxin-fold oxidore-
ductases formed a core of thioredoxomes while other thiol
oxidoreductases had more specialized functions.
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Database and computational resources
As a result of our work, several web tools were developed
(located at two mirror sites: http://genomics.unl.edu/
THIOREDOXOME and http://gladyshevlab.org/THIOR-
>gi|41614986| Peroxiredoxin [N, h equitans Kind-M]

EDOXOME) to facilitate identification and classification of
thiol oxidoreductases. They utilize a non-redundant dataset of
known selenoproteins and their Cys homologs (1065 pro-
teins), a database of thiol oxidoreductase domain fusions
events (513 proteins), a database of known thiol oxidoreduc-
tases (597 proteins), and a non-redundant database of thiol
oxidoreductases (1185 proteins). A query can be entered as a
separate protein or a set of proteins, and the output identifies
the type of thiol oxidoreductase and highlights its catalytic
redox Cys. In addition, we provide a database of identified
thiol oxidoreductases in various organisms.

Discussion

Thiol oxidoreductases form a group of functionally-related
proteins that utilize redox chemistry of their catalytic Cys for
redox regulation of cellular processes. These proteins are re-
presented by several protein families and folds (2, 3, 11-13, 22,
24, 27) and the extent of their utilization in biology has been
unclear. Thiol oxidoreductases are also important because
they could serve as a tool to understand organization and
mechanisms of thiol-based redox control. Nearly every cel-
lular process is now known to be regulated by the redox status
of catalytic Cys residues in proteins, as well as by post-
translational modifications, such as S-nitrosylation, glu-
tathionylation, and disulfide bonding. However, Cys residues
in proteins have many functions, such as metal coordina-
tion, structural stabilization, membrane targeting, post-
translational modifications, and redox and non-redox
catalysis (11). Thus, sequence- and structure similarity-based
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FIG. 5. Smallest and largest thioredoxomes detected. (A)
One of smallest thioredoxomes. An archaeon Nanoarchaeum
equitans has 535 ORFs, among which three are thiol oxido-
reductases, each having a single catalytic redox Cys. (B) The
largest thioredoxome. 194 thiol oxidoreductases were iden-
tified in Arabidopsis thaliana.
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Domain Protein name Protein Function Localization Redox motif
cd03016 PRX1 Peroxiredoxin Mitochondria TPVC
cd03015 TSA1 Peroxiredoxin Cytosol TFVC
cd03015 TSA2 Peroxiredoxin Cytosol SFVC
cd03013 AHP1 Peroxiredoxin Cytosol CTVS
cd03017 DOT5 Peroxiredoxin Nucleus TPGC
cd00340 GPX1 Glutathione peroxidase Cytosol CAFT
cd00340 GPX2 Glutathione peroxidase Cytosol CGFT
cd00340 GPX3 Glutathione peroxidase Cytosol CGFT
cd03419 GRX1 Glutaredoxin Cytosol, nucleus CPYC
cd03419 GRX2 Glutaredoxin Cytosol CPYC
cd03028 GRX3 Monothiol glutaredoxin Cytosol, nucleus CGFS
cd03028 GRX4 Monothiol glutaredoxin Nucleus CGFsS
cd03028 GRX5 Monothiol gl doxin Mitochondria CGFS
cd0341 GRX6 Monothiol glutaredoxin Vacuole CPYS
cd0341 GRX7 Monothiol glutaredoxin Vacuole CsyYs
cl00388 GRX8 Glutaredoxin-like Cytosol CPDC
clo9162 TRR1 Thioredoxin reductase Cytosol C
cl09162 TRR2 Thioredoxin reductase Mitochondria Cc
pfam04756 0ST3 Thiol oxidoreductase from OST complex ER CSLC
pfam04756 0STé Thiol oxidoreductase from OST complex ER caLc
cd02947 TRX1 Thioredoxin Cytosol CGPC
cd02947 TRX2 Thioredoxin Cytosol CGPC
cd02947 TRX3 Thioredoxin Mitochondria CGPC
cd02989 PLP1 Phosducin-like protein Cytosol [
cd02995 PDI1 Protein disulfide isomerase ER CGHC, CGHC
cd02995 EUG1 Protein disulfide isomerase ER CLHS, CIHS
cd03002 MPD1 Protein disulfide isomerase ER CGHC
cd02961 MPD2 Protein disulfide isomerase ER CQHC
cd02961 ESP1 Protein disulfide isomerase ER CPHC
cd01490 UBA1 Ubiquitin activating enzyme (E1) Cytosol, nucleus C
cd01489 UBA2 SUMO activating enzyme complex Nucleus Cc
cl00287 UBA3 Ubiquitin activating enzyme Cytosol Cc
cd00757, cd01526 | UBA4 URM1 activating enzyme Cytosol c,C
cd01449 YOR251C Thiosulfate sulfurtransferase Cytosol [+]
cd01519 YOR285W Rhodanese ER, Mitochondria [+]
cd01519 AlMa2 Rhodanese-like Mitochondria [
clD0366 MSRA Methionine sulfoxide reductase A Cytosol [
cl00369 MSRB Methionine sulfoxide reductase B Mitochondria CVNS
cl00853 MSRC Free methionine sulfoxide reductase Cytosol, Mitochondria c
¢l00400 ISA1 Isalp (HesB-like) Mitochondria [+]
cl01497 MGT1 DNA repair methyltransfi Nucleus Cc
PRK06327 LPD1 Lipoamide dehydrog Mitochondria [+
COG5061 ERO1 ERO1 ER [+]
clo2107 ERV1 ERV1 Mitochondria Cc
cl02107 ERV2 ERV2 ER [+]
PRK06116 GLR1 Glutathione reductase Cytosol, mitochondria, nucleus | C
cl00428 YPL222W Selenoprotein O Mitochondria [

FIG. 6. The Saccharomyces cerevisiae thioredoxome. This thioredoxome has 47 proteins, which are listed in the figure with
regard to domain name, protein name, protein function, cellular localization, and the redox motif that includes a catalytic

redox-active Cys residue.

algorithms alone cannot be used for the identification of thiol
oxidoreductases and characterization of sets of these proteins
in organisms (5-7, 9, 10).

In this work, we defined the overall use of thiol oxidore-
ductases by organisms in the three domains of life. Much of
the previous work focused on the characterization of known
thiol oxidoreductases, especially proteins of the thioredoxin
fold, such as thioredoxins, glutaredoxins, protein disulfide
isomerases, peroxiredoxins, and glutathione peroxidases.
However, how many such proteins as well as other (especially
nonthioredoxin fold) thiol oxidoreductases are present in or-
ganisms was not clear. We applied three independent meth-
ods for genome-wide identification of thiol oxidoreductases.
The most efficient approach was the one that identified Sec/
Cys pairs flanked by conserved sequences (12, 19). This
method is based on the observation that Sec residues in pro-
teins exclusively serve redox functions and that these redox
Sec are replaceable with Cys only in the catalytic sites of thiol
oxidoreductases. Therefore, identification of Sec/Cys pairs
indicates the identity of redox-active catalytic Cys residues in

proteins. This approach had the best sensitivity of all tested
approaches and detected nearly all known thiol oxidoreduc-
tase families. Two other methods analyzed fusions of thiol
oxidoreductases to other domains containing conserved Cys
residues and carried out exhaustive searches for distant ho-
mologs of known thiol oxidoreductases. These two methods
were somewhat less sensitive than the Sec/Cys approach;
however, their selectivity was still sufficient to use them as
alternative methods for thiol oxidoreductase prediction (Fig.
4B). A combination of the three methods then offered an op-
portunity to describe the sets of thiol oxidoreductases in or-
ganisms.

With this approach, we showed that thiol oxidoreductases
are present in all living organisms (for which genome se-
quences are available) and generally account for 0.5%-1% of
the proteome, establishing thioredoxomes as essential and
unexpectedly abundant enzymatic systems in cells. We ob-
served that host-associated organisms have smaller thior-
edoxomes, but surprisingly, we did not find strong influence
of environmental factors. However, environmental factors
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A Protein Number ___Localization
o 5 [GiLT 1 Ly (Cys 1)
Arseni 1 1 ERV1 1
I i 5 2 HESB like 4
MoeB-like 5 i i 1
iredoxin 3 Rhodanese 1
- R 1 Mitochondria (14)
Hboidanase-fike L Gutaredoxin 1 Cys (11)
ze{hlon}m‘: su_lfoxlde reductase A 1 CﬂOSOI (42) Tllloredo.xln-llke 1 Sec (3)
utaredoxin-like 3 y i y 1
Thioredoxin-like 0 Cys (34) Thioredaxin reduciasn 1
Glutathione reductase 1 Sec [SJ Selenoprotein O
Peroxiredoxin 1 Glutathions Duromd:&\ 1
Thiored T ~ DA Cys methyltransterase 1 =
loredoxin reduclase “ Gutaredoxin-like 2 19 {E)
Selenoprotein R 1 Nucleoredoxin 1 CYS (4)
Selenoprotein W 1 Selenoprotein H Sec (2)
Selenoprotein W 1 Selenophosphate synthetase 1
Glutathione peroxidase 3 Glulathione peroxidase 1
ERO1 : 2 Quiescin 06 sullhydryl oxidase 1
- [ Transporting ATPase 1 Plasma membrane
ELlike L Glulathione-S lranslerase-like 7 (18)
Glutathione peroxid 2 Peroxiredoxin 1 Cys (15)
R 1 Thioredoxin-like 1 Sec (3)
Anterior gradient protein 3 Delodinase 2
Protein disulfide 9 Selenoprotein | 1
OST thiol oxidored 2 ER (34) Thioredoxin-like 1 Secreted (3)
Thioredoxin-like ] Cys {2?) Selenoprotein P Cys (1)
Quiescin 06 sulfhydryl oxidase 1 Glutathione peroxidase Sec (2)
15kDa Selenoprotein 1 Sec (7) ¥ lik 3
Selenoprotein M 1 Rhodanese-like
Deiodinase 1 SELU
Selenarprotein N 1 g“‘"'l"::’:“;"':: - Unknown (Cys 17)
eroxiredoxin-like
Seisnonratii K ! Protein disulfide isomerase 2
Selenoprotein § 1 Thioredoxin-ike yl
Selenoprotein T 1 ———
Thioredoxin-like 1

Golgi (Cys 1)

Thioredoxin (19)

isomerase (12)

Rhodanese-like (4)
Transporting ATPse (5)
MoeB-like (5)
Glutaredoxin (5)

Peroxiredoxin (&)

Protein disulfide

C

Mitochondria
14 (11/3)

Plasma
membrane 17 (14/3)

Endoplasmic reticulum 34 (27/7)

FIG. 7. The human thioredoxome. (A) The human thioredoxome consists of 136 proteins, including 111 proteins with
catalytic Cys residues and 25 selenoproteins. (B) Occurrence of thiol oxidoreductase families in the human thioredoxome. (C)

Subcellular localization of human thiol oxidoreductases.

could regulate gene expression of thiol oxidoreductases and
thus influence their function. An interesting observation was
that the size of thioredoxomes correlated with the proteome
size. Such correlation was observed in all branches of life, and
it was especially pronounced in prokaryotes.

Many thiol oxidoreductases are strategically located in
between electron donors (e.g., NADPH) and acceptors (e.g.,
hydrogen peroxide, oxygen, reactive nitrogen species) and
establish a flow of reducing equivalents that is linked to di-
verse cellular processes, such as antioxidant defense, repair of
oxidative protein modifications, protein folding, DNA syn-
thesis and repair, and other processes. A correlation of the
number of proteins in a system with the proteome size is not
unique for thiol oxidoreductases. Similar trends were ob-
served for signaling proteins, such as kinases, phosphatases,
and transcription factors (1, 23, 26). It appears that the extent
of the use of such proteins supports organismal complexity.
The role of thiol oxidoreductases in regulation and signaling is
an interesting, yet poorly studied area of redox biology.
Known signaling functions are limited to a group of thior-
edoxin-fold proteins, such as thioredoxins, glutaredoxins, and

thiol peroxidases. The observed correlation between pro-
teomes and thioredoxomes suggests a general role of thior-
edoxomes in biology, which provide the backbone of thiol
interaction and redox regulation in the cell.

The sets of thiol oxidoreductases also illustrate the com-
plexity of thiol-based redox control in cells and organisms and
provide tools for the analyses of these processes. We believe it
would be important to further examine the combined function
of thiol oxidoreductases (i.e., the thioredoxome). In this re-
gard, this research area could benefit from the previous studies
that characterized systems, such as kinomes and phospho-
proteomes, in cells. Currently, identification of redox-regulated
Cys residues in proteins is difficult and there are no known
sequence- or structure-based motifs that could describe these
residues. Therefore, an ability to efficiently identify proteins
that act on these redox-regulated Cys should be of great value,
and these proteins could be used as tools for comparative ge-
nomic analyses of thiol-based redox regulation. From our
work, it is already clear that since thiol oxidoreductases are
presentin all living organisms, the thiol-based redox control is a
widespread, basic, essential process in all life forms.
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Materials and Methods

Thiol oxidoreductases were identified by three indepen-
dent methods. First, these proteins were found through
sequence similarity to selenoproteins and their catalytic
redox-active Cys were defined as the amino acid corre-
sponding in sequence alignments to Sec. In this method, Cys-
containing proteins from NCBI non-redundant database and
completely sequenced genomes were searched against a local
non-redundant dataset of known selenoproteins and their
Cys-containing homologs, which was separately compiled
based on our previous research, literature searches, and
additional homology analyses that identified distant homo-
logs of known selenoproteins. A standalone TBLASTN pro-
gram was used with the expectation value of 1le-3. Proteins
with Cys corresponding to Sec in multiple alignments were
considered as thiol oxidoreductases.

Second, a collection of protein domains that are fused to
known thiol oxidoreductases was generated using STRING
(http://string.embl.de/, accessed July 7, 2011) NCBI CDART,
and standalone RPS BLAST from NCBI BLAST package with
the expectation value le-5. Domains fused to known thiol
oxidoreductases were analyzed for occurrence of conserved
Cys using a standalone BLAST program with the expectation
value le-5. Domains fused with thiol oxidoreductases and
containing at least one conserved Cys were considered as
candidate thiol oxidoreductases.

Third, all predicted ORFs from NCBI were searched against
a database of known thiol oxidoreductases using NCBI
BLAST program with the expectation value of 1e-3 to identify
distant homologs of thiol oxidoreductases. These analyses
were supplemented with exhaustive PSI BLAST searches
starting involving known thiol oxidoreductases.

Thiol oxidoreductases identified in these searches were
analyzed separately and were also used to create a combined
database of thiol oxidoreductases. In addition, associated
web tools were prepared, including the Sec/Cys pair method,
a tool to search for homologs of known thiol oxidoreduc-
tases, a tool to search for thiol oxidoreductase domain fu-
sion events, and a method combining all three search
strategies. These search tools are located at two mirror sites:
http://genomics.unl.edu/ THIOREDOXOME and http://
gladyshevlab.org/ THIOREDOXOME. Glycolytic enzymes in
completely sequenced bacteria were identified using E. coli
glycolytic enzymes as seeds. NCBI BLAST standalone pro-
gram with the expectation value 1le-5 was used for automatic
genome parsing.
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