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Abstract

Thiol-dependent redox systems are involved in regulation of diverse biological processes, such as
response to stress, signal transduction, and protein folding. The thiol-based redox control is provided
by mechanistically similar, but structurally distinct families of enzymes known as thiol
oxidoreductases. Many such enzymes have been characterized, but identities and functions of the
entire sets of thiol oxidoreductases in organisms are not known. Extreme sequence and structural
divergence makes identification of these proteins difficult. Thiol oxidoreductases contain a redox-
active cysteine residue, or its functional analog selenocysteine, in their active sites. Here, we describe
computational methods for in silico prediction of thiol oxidoreductases in nucleotide and protein
sequence databases and identification of their redox-active cysteines. We discuss different functional
categories of cysteine residues, describe methods for discrimination between catalytic and
noncatalytic and between redox and non-redox cysteine residues and highlight unique properties of
the redox-active cysteines based on evolutionary conservation, secondary and three-dimensional
structures, and sporadic replacement of cysteines with catalytically superior selenocysteine residues.
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INTRODUCTION

The past ten years have seen a growing evidence for the key roles of thiol-dependent redox
processes in cellular redox regulation. This research has revealed molecular mechanisms by
which thiol-based redox systems protect cells against oxidative stress, mediate signal
transduction, support protein folding and participate in many other physiological processes.
The roles of thiol redox control in cancer and aging-related diseases (Matés et al., 2008), such
as Parkinson's disease (Andres-Mateos et al., 2007; Wassef et al., 2007), Alzheimer's disease
(Calabrese et al., 2006; Newman et al., 2007) and in other pathophysiological processes has
also been described. A growing interest in thiol-dependent processes can be illustrated by the
number of PubMed entries in the past 12 years (Fig. 1).

The thiol-based redox control in cells is provided primarily by thiol oxidoreductases, a diverse
group of enzymes which utilize their redox-active cysteine (Cys) residues for redox catalysis
(Fig. 2). Many such proteins have a thioredoxin fold (Martin, 1995), but other folds are also
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abundantly present. Identification and characterization of thiol oxidoreductases is challenging
because of high divergence of protein families that represent these enzymes and a variety of
folds that were adapted by this protein group. Specific functions are known for some thiol
oxidoreductases, whereas many other proteins are described only by their general participation
in redox processes. Several independent approaches have been advanced for prediction of thiol
oxidoreductases in sequence and structure databases. For example, one is based on the
identification of CxxC (two Cys separated by two residues) motifs in the context of protein
secondary structure (Fomenko and Gladyshev, 2002;2003). Another is based on the analyses
of structural features of these enzymes (Fetrow and Skolnick, 1998;Fetrow et al., 1998). An
additional method searches for sporadic Cys/selenocysteine (Sec) pairs in homologous
sequences (Fomenko et al., 2007). It this review, we discuss functional categories of Cys in
proteins and unique features of catalytic redox-active Cys that support their identification and
functional characterization.

Functional categories of cysteine residues

Among the 20 common amino acids in proteins, Cys is one of two least abundant yet the most
conserved residue that is frequently present in functionally important sites (i.e., catalytic,
regulatory, cofactor binding, etc.) in proteins. These properties are likely due to higher
reactivity of Cys compared to other amino acids. Organisms living in harsh environments show
a tendency for reduced use of Cys (Beeby et al., 2005). Cys residues serve numerous functions
that can be arbitrarily defined as follows:

1. Catalytic redox-active Cys residues—These Cys are present in the active sites of thiol
oxidoreductases and are directly involved in catalysis. Such Cys participate in oxidation,
reduction and isomerization of disulfide bonds as well as in other reactions that change the
redox state of these residues. These Cys residues are highly conserved in protein sequences.

2. Regulatory Cys—These Cys regulate or modulate protein activity by changing their redox
state, but themselves they are not catalytic. Such residues are present in transcription factors,
for example, in OxyR and Yapl (Azevedo et al., 2003; Delaunay et al., 2002; Wood et al.,
2004), kinases (Rhee et al., 2000; Veal et al., 2004), phosphatases (Juarez et al., 2008; Salmeen
et al. 2003), chaperone Hsp33 (llbert et al., 2007; Jakob et al., 2000), mitochondrial branched
chain aminotransferase (Conway et al., 2004) and many other proteins. Redox regulation
involving these regulatory Cys residues may involve reversible intramolecular and
intermolecular disulfide bonds as well as glutathionylation, S-nitrosylation (Dalle-Donne et
al., 2007; 2008; Sun et al., 2006) are other Cys modifications.

3. Structural Cys—These Cys residues participate in protein structure and folding through
formation of stable intramolecular and intermolecular disulfide bonds. Such Cys are present
in numerous proteins, many of which are secreted, membrane-bound or endoplasmic reticulum
(ER)-resident proteins.

4. Metal-coordinating Cys—This is a large and diverse group of highly conserved Cys
residues that coordinate metal ions. Metal-binding Cys frequently occur in the form of CxxC
motifs (Gladyshev et al., 2004). Because of that, discrimination between redox-active and
metal-binding Cys by sequence and structure analysis is challenging as both frequently utilize
such motifs.

5. Catalytic non-redox Cys—These residues participate in catalysis but do not change their

redox state in the reaction. Catalytic non-redox Cys are typically highly conserved, serve as
nucleophiles and occur in diverse protein families. Examples of enzymes with such Cys
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residues are glyceraldehyde-3-phosphate dehydrogenase and various Cys proteases (Fermani
etal., 2007).

6. Cys as sites of posttranslational modifications—Reactivity of Cys residues is also
utilized for targeting proteins to membranes and as sites of posttranslational modifications. For
example, a C-terminal Cys can form a thioether bond with farnesyl and geranylgeranyl groups,
leading to protein lipidation. Such modifications may influence biological activities of proteins,
attach proteins to membranes or engage them in protein-protein interactions (Zhang and Casey,
1996).

It should be mentioned, however, that in some cases a Cys can fall into more than one of the
above categories: for example, the catalytic non-redox Cys in glyceraldehyde-3-phosphate
dehydrogenase also undergoes regulation by reactive oxygen species and thiols (Fermani et
al., 2007; Hook and Harding, 1997). Finally, there are Cys residues without any specific
function. These Cys show low conservation in protein sequences and their abundance may be
influenced by environment (Beeby et al., 2005). They share some features such as low exposure
of the sulfur atom, no proximity to other Cys residues and high pKa (often higher than 9),
which are consistent with their lower reactivity (Sanchez et al., 2008).

Among the six functional categories of Cys residues, our focus has been on the catalytic redox-
active Cys, which are the functional sites in thiol oxidoreductases. Since different folds are
utilized in these enzymes, their defining feature must be a conserved catalytic redox Cys.
However, other functional Cys also exhibit strong conservation. Thus, while query proteins
can be initially screened for Cys conservation, identification of thiol oxidoreductases should
also involve procedures for specific recognition of these enzymes based on unique features of
their Cys residues as well as specific discrimination of these enzymes from proteins with other
Cys functions.

Conservation of protein sequences can be determined by collecting homologous sequences and
building multiple sequence alignments. The most popular sequence analysis and alignment
tools are a set of BLAST programs (Altschul et al., 1997). These programs exist as stand-alone
tools for most computer platforms and systems and as web-versions, for example, at
http://www.ncbi.nlm.nih.gov/BLAST/. Conservation of a Cys in a protein sequence would
suggest a possibility that this residue may have a functional role, but would not tell what that
function might be. We further discuss the application of computational tools with regard to
Cys classification with focus on catalytic redox-active Cys residues.

Regulatory cysteines

This Cys class is common in regulatory and metabolic proteins. Signaling mechanisms
involving regulatory Cys are based on disulfide bond formation, S-nitrosylation,
glutathionylation or other types of Cys modifications (Biswas et al., 2006). Regulatory Cys
are generally conserved; however, their conservation level is not as high as that of metal-
coordinating or catalytic Cys residues. Most data on the identity and function of regulatory
Cys have been derived from experimental work. Only several specific features, such as acid-
base motifs and high frequency of charged amino acids in Cys-flanking regions, have been
described, but they are insufficiently specific. For example, while these features seem to better
recognize S-nitrosylated Cys (Greco et al., 2006), they fail with other common Cys
modifications such as the oxidation of Cys thiol to sulfenic acid (Salsbury et al., 2008).

Neither structure nor sequence determinants have been reported for regulatory Cys. Regulatory
redox Cys are often direct targets for thiol oxidoreductases and these interactions influence
cellular pathways. Computational identification of regulatory Cys is one of the major
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challenges in redox biology, but as of now, low reliability of experimental data and low
conservation preclude in silico prediction of proteins with such residues.

Structural cysteines

Intramolecular disulfide bond formation is one of the major mechanisms of protein structure
stabilization. It is often used in secreted proteins and those located in oxidizing environments,
such as bacterial periplasm and eukaryotic ER, and is much less frequent in reducing
environments (e.g., cytosol, nucleus and mitochondrial matrix). However, in some
thermophilic bacteria, structure stabilization through disulfide bonds is used even for
intracellular proteins (Pedone et al., 2008). Structural disulfide bonds are formed between two
specific Cys residues in a process of oxidative folding involving specialized machinery (Coller
etal., 2002; Tu etal., 2004). This class of conserved Cys can be characterized computationally
through protein structure analysis. A current version of PDB (http://www.rcsb.org) contains a
redundant set of 51,663 protein structures (as of June 2008). An interesting approach for
automated screening of structural databases for intermolecular and intramolecular disulfide
bonds is based on the analysis of distance between any two sulfur atoms of Cys residues in the
same protein (Beeby et al., 2005). This distance-based approach has been implemented via
PDB advanced search engine (with the user-defined Cys-Cys distance), and thus can be
effectively employed by the user to directly scan the database. A growing flow of protein
structures from structural genomics projects should help improve functional analysis of
disulfide bonds in proteins.

Metal-binding cysteines

Metal-binding Cys residues are found in structurally and evolutionary distinct groups of
proteins which are present in all branches of life. Zinc, iron, copper, nickel, cobalt, manganese,
selenium, molybdenum, calcium and perhaps other metals and metalloids could be coordinated
by Cys residues in proteins. Metals in proteins can function as structure-stabilizing elements
or be involved directly in catalysis, function or regulation as cofactors. Metal-binding proteins
can be identified using conserved protein domain and pattern identification tools, for example,
PROSITE (Gattiker et al., 2002; Hulo et al., 2008) profiles and patterns
(http://ca.expasy.org/prosite/). A current version of PROSITE database contains 1316 patterns
and 801 profiles. Information about amino acids which are involved in metal coordination is
based on prior experimental data, such as protein structures, and the results of site-directed
mutagenesis experiments. The growth of sequence and structure databases provides
opportunities for better definition of metalloproteomes in organisms (Zhang et al., 2008a;
2008b). Some metal-binding Cys are sensitive to oxidation and may release metal and in turn
form disulfide bonds (Giles et al., 2003; llbert et al., 2007), but at present there are no reliable
criteria for the identification of such redox-regulated metal-binding proteins. Cys and histidines
are most frequently involved in metal coordination and the presence of proximal conserved
Cys, when in combination with other conserved Cys and histidines, may help predict metal
binding sites in proteins. Metal-coordinating Cys are frequently present in the form of
conserved CxxC motifs, but these motifs are also typical of thiol oxidoreductases.
Nevertheless, the presence of several proximal conserved CxxC motifs in protein sequences
almost always indicates a metal-binding rather than redox function. Attempts have been made
to collect metal-binding proteins and organize the data in the form of database, e.g.,
http://metallo.scripps.edu (Castagnetto et al., 2002).

Catalytic non-redox cysteines

At present, this broad group of evolutionary conserved proteins with conserved nucleophilic
Cys could be predicted only by sequence or structure similarity to functionally characterized
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proteins. Perhaps, approaches that analyze enzyme active sites and their structural
environments may help detect these proteins, but this has not been tried thus far.

Catalytic redox-active cysteines

Catalytic redox-active Cys are functional, evolutionary conserved residues. Although in
silico prediction of Cys classes in general is difficult, several methods have been developed
for prediction of thiol oxidoreductases, with the key method searching for Cys/Sec pairs in
homologous sequences.

Sporadic cysteine/selenocysteine pairs in proteins—Sec is known as the 21st amino
acid in the genetic code and differs from Cys by a single atom (i.e., Se versus S) (Hatfield and
Gladyshev, 2002; Stadtman, 1996; Wessjohann et al., 2007). Sec is inserted cotranslationally
in protein sequences in response to a stop codon, UGA, when a specific RNA hairpin structure,
SECIS element, is present in selenoprotein genes. Replacement of S with Se (i.e., Cys with
Sec) may significantly improve catalytic properties of thiol oxidoreductases (Bock et al.,
1991; Jacob et al., 2003; Kim and Gladyshev, 2005; Kim et al., 2006). In contrast to the many
functions of Cys, Sec is always (at least in functionally characterized selenoproteins) located
inthe active sites of redox proteins and serves as the catalytic group in these enzymes (Fomenko
etal., 2007). In addition, most selenoproteins have close Cys-containing homologs, whose
catalytic Cys are highly conserved. These observations were used to develop a method for
high-throughput identification of catalytic redox Cys in protein sequences by searching for
sporadic Cys/Sec pairs in homologous sequences.

Table 1 shows 41 selenoproteins families which have at least one Cys homolog (note that
several protein families, such as PDI, DsbA, DshC, DsbG, and DsbE are included in a large
thioredoxin superfamily). Most of these Cys-containing proteins have previously been
described as thiol oxidoreductases. Only six thiol oxidoreductases (some belonging to the same
family), including DsbB, dihydrolipoamide dehydrogenase, glutathione reductase, Ervl, Erv2,
and Erol do not have known Sec-containing homologs. Thus, occurrence of selenoprotein
homologs and location of Sec in these proteins may in itself be indicative of a redox function
of the corresponding Cys in Cys-containing proteins. A method that employs this observation
is thus not dependent on sequence motifs, structure or origin of sequences. It first identifies
unique Cys/Sec pairs flanked by homologous sequences within a pool of translated nucleotide
sequences. These pairs then serve as seeds for sequence analysis at the level of protein families
and subfamilies. As shown in Table 1, application of this method identifies the majority of
known proteins containing catalytic redox-active Cys, while filtering out proteins in which
conserved Cys are involved in other functions (i.e., non-redox catalysis, regulation, structural
disulfides, posttranslational modifications, and metal binding) (Fomenko etal., 2007; Fomenko
and Gladyshev, unpublished). It should be noted that for oxidoreductases containing multiple
conserved Cys, identity of the attacking nucleophilic Cys could be determined by the location
of Sec in the selenoprotein homolog.

In a real search, a query Cys-containing sequence is analyzed against available nucleotide
databases using TBLASTN. This program translates nucleotide sequences in six open reading
frames and they are further searched for similarity to proteins in a query protein database, such
as NCBI non-redundant database. The output is analyzed for Cys residues corresponding to
TGA codons in the translated nucleotide sequences. This analysis is accompanied by searches
for SECIS elements (thus avoiding sequencing errors that result in in-frame TGA codons)
(Kryukov et al., 2003; Zhang and Glodyshev, 2005). A publicly available SECISearch
(genomics.unl.edu/SECISearch.html) is used for the identification of eukaryotic SECIS
elements, and a separate tool exists for bacterial structures
(http://genomics.unl.edu/bSECISearch/). The presence of both a TGA codon aligning with Cys
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and a SECIS element in the TGA-containing nucleotide sequence could be used as a strong
evidence for the occurrence of a functional Sec and also indicates the corresponding redox-
active Cys. Eukaryaotic selenoprotein genes contain SECIS elements in the 3’ untranslated
regions and prediction of such SECIS elements could be complicated for large genes. A
requirement for the occurrence of multiple Sec-containing proteins homologous to a candidate
thiol oxidoreductase can further decrease false predictions. A general scheme for the
identification of thiol oxidoreductases by similarity of query proteins to selenoproteins as well
as to known thiol oxidoreductases is shown in Fig. 3. This combined method detects all thiol
oxidoreductases currently known (Table 1). Since most thiol oxidoreductase families have Sec-
containing homologs, it is likely that most thiol oxidoreductases which are currently unknown
also have homologous selenoproteins. Indeed, there are many proteins with no known function,
whose Cys residues align with Sec in selenoproteins, and we predict that many of such proteins
are thiol oxidoreductases. Moreover, we expect further growth in the predictive power of the
method with an increased output of genomics and metagenomics projects.

Cysteine-based redox motifs—Many thiol-oxidoreductases contain a conserved CxxC
motif or matifs derived from it (Chivers et al., 1996; 1997). Typically, the first Cys (attacking
residue) occurs in the form of a reactive thiolate and the second Cys (resolving residue) in the
redox motif stabilizes the first Cys through hydrogen bond. Properties of the CxxC motif have
been studied in detail (Igbalsyah et al., 2006), which suggested structural and chemical-
physical determinants behind its high reactivity (i.e., favorable pKa and redox potentials). The
CxxC motif is often present in thioredoxins, glutaredoxins, protein disulfide isomerases and
numerous other thiol oxidoreductases. Sometimes, a resolving Cys in the redox motif may be
replaced with serine or threonine, which could also stabilize the thiolate. In rare cases, a
resolving Cys could be replaced by other amino acids (Fomenko and Gladyshev, 2002;
2003). Most frequently, the attacking Cys is located in the N-terminal position of the redox
motif e.g., in thioredoxins, glutaredoxins, glutathione peroxidases, and arsenate reductases.
However, a C-terminal position of Cys in the redox motif may also be functional (e.g., in
peroxiredoxins).

Secondary structure context of redox-active cysteines—Thiol oxidoreductases are
members of diverse protein families which evolved independently, and protein sequence
similarity tools alone could not be used for the identification of new thiol oxidoreductases.
However, comparison of secondary structure context of redox-active Cys for the majority of
known thiol oxidoreductases revealed that -strands are frequent upstream of the redox-active
Cys, and B-helices are frequent downstream of these residues. Redox-active Cys themselves
are most frequent in loops (Fig. 4A).

A thioredoxin-fold superfamily represents approximately half (if not more) of known thiol
oxidoreductases, and therefore it is of interest to determine if the observed secondary structure
context of catalytic Cys also holds for other protein folds. Fig. 4B shows the occurrence of
secondary structure elements in non-thioredoxin fold thiol oxidoreductases, and the general
trend is similar to that for thioredoxins. The downstream a-helix might stabilize the reactive
thiolate and could be used as an additional predictor of oxidoreductase function (Kortemme
and Creighton, 1995). In contrast, most metal-binding CxxC motifs lack this property
(Fomenko and Gladyshev, unpublished). Detailed structure-based analysis of the CxxC motif
in thiol oxidoreductases has been reported that pointed to strong local secondary structure
effects with positive influence on the reactivity of catalytic Cys (Igbalsyah et al.,
2006;Moutevelis and Warwicker, 2004).

Recent progress in structural bioinformatics led to increased accuracy of secondary structure
analysis. There are numerous secondary structure prediction tools available on the web, such
as at http://ca.expasy.org/tools/#secondary. For example, PSIPRED
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(http://bioinf.cs.ucl.ac.uk/psipred/) is an effective secondary structure prediction method,
which is based on sequence alignment outputs obtained from PSI-BLAST (Jones, 1999). The
use of more than one method for secondary structure prediction is encouraged and often will
result in more accurate prediction. For example, simultaneous use of PSIPRED and PROFSEC
(http://www.predictprotein.org/) is routinely carried out by some automated methods in the
CAFASP blind tests (http://www.cs.bgu.ac.il/~dfischer/CAFASP5/). In addition, along with
the secondary structure predictive tools, independent methods specifically evaluating
disordered regions in proteins, such as DISOPRED (http://bioinf.cs.ucl.ac.uk/disopred/) could
be employed to exclude highly unstructured regions (Jones and Ward, 2003) which, for the
reasons described before, are less likely to contain a catalytic redox-active Cys.

Structure modeling—Redox-active Cys in thiol oxidoreductases should be accessible for
interactions with redox partners. This consideration may result in improved accuracy of
predictions when searches are carried out at the level of protein structures. Protein structure
could be modeled based on sequence similarity to proteins with already known structures. One
popular 3D structure prediction tool is Structure Prediction Meta Server
(http://bioinfo.pl/meta), which combines various independent methods for homology
modeling, fold recognition and local structure prediction. This server is indeed particularly
useful when analyzing proteins sharing low similarity with known structures. In simpler cases,
a faster yet effective homology modeling methods such as Swiss model
(http://swissmodel.expasy.org/SWISS-MODEL.html) or MODELER
(http://www.salilab.org/modeller/) could be used for structure prediction.

Structure modeling may help filter out structural Cys and, often, metal-coordinating Cys. One
of the structural methods, Fuzzy Functional Forms (FFF), was used for prediction of
thioredoxin-fold proteins (Fetrow et al., 2001). This method employs three-dimensional
structure information to identify functional sites in proteins. A similar structural approach has
been recently applied to active site functional profiling for the identification of common
properties of catalytic sites (Cammer et al., 2003) and redox-active Cys residues (Salsbury et
al., 2008).

Comparative sequence analysis of thiol-based oxidoreductases—As discussed
above, thiol oxidoreductases could be predicted by sequence similarity to known thiol
oxidoreductases and selenoproteins (Fig. 3). In addition, comparative genomics may help in
annotation and functional characterization of thiol oxidoreductases. STRING
(http://string.embl.de/) (von Mering et al., 2007) is a search tool for functional associations of
proteins; it features a precalculated database containing over 1,5 million proteins from 373
species. This tool combines information from gene neighborhoods in completely sequenced
genomes, domain fusion and protein co-occurrence in phylogenetic profiles and can be used
for prediction of pathways in which thiol oxidoreductases are involved, prediction of their
interacting partners and substrates, and for the identification of evolutionary relationships
among different thiol oxidoreductases.

CONCLUDING REMARKS

In this review, we analyzed various groups of functional Cys residues and described
computational methods that could predict specifically thiol oxidoreductases and their catalytic
redox-active Cys. These proteins are directly involved in thiol-based redox regulation and act
as key components of thiol networks in cells. High divergence and lack of evolutionary
relationships among many thiol oxidoreductase families make traditional methods of protein
function prediction inefficient for these proteins. An overall procedure for prediction for redox-
active Cys is shown in Fig. 5. Most steps in the procedure can be performed automatically.
Query proteins may be viewed as candidate thiol oxidoreductases if they pass step 2 or steps
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3—6. Significant progress in genomics and metagenomics projects during the last several years
resulted in a dramatic growth of sequence databases, and we therefore expect further
improvements in the predictive power of the described methods.
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Fig. 1.

Publications involving thiol oxidoreductases and their functions. Articles were counted by their
year of their publication in PubMed using indicated keywords.

Mol Cells. Author manuscript; available in PMC 2009 September 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Fomenko et al. Page 13

Fig. 2.

Thiol oxidoreductases and their catalytic mechanisms. (A) A 3D-structure of a thiol
oxidoreductase (human glutaredoxin 2, accession code 2FLS). The attacking catalytic Cys is
indicated as Cys1 and the resolving Cys as Cys2. Both Cys residues are located near the protein
surface and are accessible for protein-protein interactions. (B) Catalytic mechanism of a
representative thiol oxidoreductase, thioredoxin. The attacking Cys is shown as thiolate,
stabilized by hydrogen bond with the resolving Cys. A transient intermolecular disulfide bond
is formed with the target protein during the reaction. The resolving Cys in the thiol
oxidoreductase attacks this intermolecular disulfide forming a disulfide with the catalytic Cys,
releasing the reduced substrate.
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Fig. 3.

High-throughput identification of catalytic redox-active Cys residues. The scheme illustrates
the method for prediction of redox-active Cys residues by homology to sporadic Sec-containing
proteins and known thiol oxidoreductases using TBLAST and BLASTP searches.
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Fig. 4.

Secondary structure context of redox-active Cys residues. (A) Frequency of secondary
structures was determined for ten residues upstream and ten residues downstream of the
catalytic redox-active Cys (position zero) in the ten-protein sets representing 27 protein
families. (B) Secondary structure context was determined for 17 non-thioredoxin fold protein
families, each represented by ten proteins. In each case, B-strand is most abundant upstream
of the redox-active Cys, a-helix downstream of this residue and the redox active Cys itself is
most often located in loops.
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Fig. 5.

Overall procedure for the identification of thiol oxidorductases. The algorithm consists of six
steps. A protein is viewed as a candidate thiol oxidoreductase if Cys/Sec pair is identified (step
2) or the protein passes all other steps (steps 3—6). In the latter case, proteins are identified
whose Cys residues are conserved, not involved in metal binding, contain a downstream a-
helix, and are accessible for interactions with redox partners.
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