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High-Throughput Identification of
Catalytic Redox-Active

Cysteine Residues

Dmitri E. Fomenko,* Weibing Xing,? Blakely M. Adair,® David ]. Thomas, Vadim N. Gladyshev'*

Cysteine (Cys) residues often play critical roles in proteins; however, identification of their specific
functions has been limited to case-by-case experimental approaches. We developed a procedure for
high-throughput identification of catalytic redox-active Cys in proteins by searching for sporadic
selenocysteine-Cys pairs in sequence databases. This method is independent of protein family,
structure, and taxon. We used it to selectively detect the majority of known proteins with redox-
active Cys and to make additional predictions, one of which was verified. Rapid accumulation of
sequence information from genomic and metagenomic projects should allow detection of many
additional oxidoreductase families as well as identification of redox-active Cys in these proteins.

elative to other amino acids in proteins,
Rcysteine (Cys) residues are often con-
served and functionally important. Cys
residues critical to protein function are frequent-
ly used at enzyme active sites; they may bind
metals such as iron, zinc, and copper; and they
may be subjected to posttranslational modifica-
tions that regulate protein function or target
proteins to a particular cellular location. A Cys
pair may form a disulfide bond that stabilizes
protein structure (/), and numerous additional
roles of Cys have been described.
However, the presence of Cys in a protein
sequence per se does not mean that this residue
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has a critical function, nor does it establish what
that function might be. Analyses of Cys con-
servation may help identify catalytic Cys, but
only for proteins with already known function
(2—4). Cys is chemically similar to seleno-
cysteine (Sec), a rare but widely distributed
amino acid encoded by UGA and known as the
21st amino acid in the genetic code (5—-9). In
functionally characterized selenoprotein fami-
lies, Sec is located in enzyme active sites and
serves various redox functions. In addition, most
selenoproteins have close homologs in which Sec
is replaced by Ciys.

Selenoproteins are found in all three do-
mains of life, but a given organism contains a
relatively small number of these proteins. A
core of about 20 selenoproteins is widespread;
however, many organisms also evolved rare or
lineage-specific selenoproteins. For example,
methionine-S-sulfoxide reductase (MsrA) oc-
curs as a selenoprotein in green algae and a
Cys-containing form in most other species (9),
whereas the Cys-containing methionine-R-
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Fig. 1. High-throughout prediction of redox-active cysteine residues. (A)
Scheme illustrating the method used for prediction of redox-active Cys
residues by homology to sporadic selenoproteins [(12); U denotes
selenocysteine]. MsrB is used as an example that illustrates the Cys-Sec
pairs. (B) Model of evolution of proteins containing catalytic redox-
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sulfoxide reductase (MsrB) evolved into a
selenoprotein in vertebrates (/0). Although Sec
occurs only in several MsrA and MsrB sequences,
it aligns with the catalytic Cys in other members of
these protein families. Only the catalytic Cys
aligns with Sec, whereas other Cys residues, such
as the conserved Cys that serve as resolving
residues or coordinate zinc, do not have Sec pairs.
Thus, identification of rare Sec-containing forms
of MsrA and MsrB indicates the thiol-based
redox function of these proteins. Moreover, it
pinpoints the location of catalytic Cys in these
protein families. Similarly, the occurrence of rare
Sec-containing forms of other protein families
containing conserved Cys may be indicative of
redox functions of these families.

We used this property of homologous Cys-
Sec pairs to develop a procedure for large-scale
identification of catalytic redox-active Cys in
proteins. To identify Cys-Sec pairs, we analyzed,
with tblastn (/7), all Cys-containing proteins in
National Center for Biotechnology Information
(NCBI) databases against NCBI nucleotide
sequences to identify pairs of homologous protein
sequences, in which one sequence was a Cys-
containing protein and the other was a candidate
selenoprotein derived from a nucleotide sequence
translated in all six open reading frames (ORFs)
(i.e., Cys in a protein sequence aligned to TGA in
a translated nucleotide sequence) (Fig. 1A). Using
this procedure, we screened major nucleotide
sequence databases, including completed ge-
nomes as well as environmental, whole-genome
shotgun (WGS), and expressed sequence tag (EST)
sequences. Independently, blastp (1/) searches
were carried out to identify Cys-containing homo-
logs of a manually compiled set of previously
identified selenoproteins. The two data sets were
then combined and clustered into protein families,
and a nonredundant set of Cys proteins in which
each protein contained a predicted catalytic redox-
active Cys was developed.
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active Cys. Redox-active Cys residues are conserved during evolution. In
some organisms, these proteins may evolve into selenoproteins such
that Sec replaces the catalytic Cys. Detection of such Cys-Sec pairs could
reveal redox function for the entire protein family (or subfamily) and
indicate location of the redox-active Cys.
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The set of proteins containing predicted
redox-active Cys had 10,412 unique sequences,
which were organized into 40 protein families
and superfamilies (Table 1 and table S1). Each
sequence had a conserved Cys that corresponded
to Sec in at least one homolog found in any of the
analyzed sequence databases. The functional
diversity of the identified proteins exceeded the
40 families, as some proteins with distinct
functions belonged to the same family. For
example, thioredoxins, protein disulfide isom-
erases, DsbA, DsbC, and DsbG were present in
one cluster, although each of these proteins has a
distinct function. The 10,412 Cys-containing
sequences accounted for ~0.5% of the initial set
of tested proteins and represented all completely
sequenced genomes. The number of proteins
found in a particular genome generally correlated
with the size of the proteome, although archaea
had fewer such proteins than other organisms
(figs. S1 and S2).

We divided proteins represented by Cys-
Sec pairs into functionally characterized pro-
teins and proteins of unknown function. Most
functionally characterized proteins detected in
our search were those that used redox-active
Cys in the active site for thiol-based redox catal-
ysis, including the well-known oxidoreductases

A
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47220314 T. nigroviridis
21228345 M. mazei

B

thioredoxin (fig. S3), glutaredoxin (fig. S4), per-
oxiredoxin (fig. S5), and glutathione peroxidase
(fig. S6). Many contained a CxxC motif (two Cys
separated by two residues) or motifs derived from
it [e.g., CxxS in arsenate reductase (fig. S7),
TxxC in peroxiredoxin, and CxxT in glutathione
peroxidase] (/2). A common property of the
detected proteins was the use of a conserved
nucleophilic redox-active Cys residue. During
catalysis, this Cys changes redox state to a
disulfide (e.g., in thioredoxin, glutaredoxin, and
AhpD) or a sulfenic acid intermediate (e.g., in
glutathione peroxidase, peroxiredoxin, MsrA,

and MsrB). These observations suggested that
the remaining Cys-containing proteins detected
in the search may also be redox proteins that use
redox-active Cys residues.

Conserved Cys residues are frequently
used to coordinate metal ions (most often zinc,
iron, and copper). However, such Cys were not
present in our data set. Likewise, the data set
had no proteins in which catalytic Cys residues
carried out nonredox functions or were in-
volved in posttranslational modifications or
structural disulfides. Further analysis (table S1)
revealed that the identified proteins represented

Table 1. Proteins identified in the searches for Cys-Sec pairs in homologous sequences. Each cell shows
numbers of detected redox-active Cys—containing sequences (left) and numbers of Sec-containing
sequences that support predictions of redox-active Cys residues (right). See also table S1.

Proteins Bacterial Cys-Sec Archaeal Cys-Sec Eukaryotic Cys-Sec
sequences sequences sequences
Functionally characterized
proteins containing catalytic 6222/363 257121 1514/194
redox-active Cys
Proteins with predicted redox
function and catalytic 2045/256 59/9 315/360
redox-active Cys
Total 8267/619 316/30 1829/554

_| AdoMet -dependent methyltransferase

Cc

Fig. 2. Arsenic methyltrans-
ferases. (A) Amino acid sequence
alignment of arsenic methyltrans-
ferases (12). The alignment is
limited to the region that cor-
responds to the active site and its
flanking sequences. GenBank ac-
cession numbers of sequences
and organisms from which these
sequences are derived are shown at
the left. Predicted Sec are shaded in
red, the corresponding catalytic Cys
in blue, and the resolving Cys in 20-
green; conserved residues are in
gray. (B) Domain structure of
mouse AS3MT. The methyl-
transferase domain contains a
resolving Cys, whereas the redox-

% Total As

active Cys-Sec is located downstream of this domain. (C) Activity of mouse
AS3MT and its Cys®>” — Ser and Cys?®” — Ser mutants. AS3MT catalyzes
AdoMet-dependent methylation of inorganic arsenicals (iAs) to its methyl-

- iAs
B was

DMAs

- TMAs

ated forms. MAs, monomethylated arsenicals; DMAs, dimethylated ar-
senicals; TMAs, trimethylated arsenicals. (D) Structural model of mouse
AS3MT. Cys?®” and Cys™>’ are shown as ball-and-stick models.
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essentially all known families of oxidoreduc-
tases that carry out thiol-based catalysis. For
example, both protein families that reduce
methionine sulfoxides (MsrA and MsrB) were
detected, as were all known thiol peroxidase
families. The data are consistent with the idea
that the presence of Sec in a protein family,
even if represented by only one or a few seleno-
protein sequences, can indicate a redox function
for the entire protein family and the location of
redox-active Cys in proteins in this family. Sever-
al detected proteins had multiple conserved
Cys. For example, thioredoxin, glutaredoxin,
and AhpD contained conserved Cys in the
form of CxxC motifs, whereas peroxiredoxin,
MsrA, and MsrB had conserved Cys that were
separated by variable distances. However, only
those Cys that carried out catalytic functions
(e.g., attacking nucleophiles) were identified
by the Cys-Sec pairs, whereas Cys that served
supporting functions (e.g., resolving Cys) were
not detected. We further discuss several pro-
tein families predicted to use catalytic redox-
active Cys.

A Cys-Sec pair represented by five Sec-
containing sequences and numerous Cys-
containing homologs revealed a redox-active
Cys in S-adenosylmethionine (AdoMet)—
dependent methyltransferases (Fig. 2A). Howev-
er, only some members of this superfamily had
Cys in this position. We constructed a phy-
logenetic tree and found that the methyltrans-
ferases containing the predicted redox-active Cys
clustered and were present in both prokaryotes
and eukaryotes. Thus, a protein family within a
superfamily of AdoMet-dependent methyltrans-
ferases contained a catalytic redox-active Cys.
Analysis of gene neighborhoods of bacterial
methyltransferase genes revealed a functional
link to arsenic detoxification.

In the detected methyltransferases, the pre-
dicted redox-active Cys was located in a C-
terminal portion of the protein downstream of
the common methyltransferase domain (Fig.
2B). In addition, these enzymes had a second
conserved Cys residue. The common mamma-
lian homolog of the detected methyltransferases
is known as arsenic (+3 oxidation state) methyl-
transferase (AS3MT) (13, 14). The production
of methylated arsenicals in reactions catalyzed
by AS3MT requires a reductant (/5). Earlier
studies with recombinant rat AS3MT found that
the replacement of Cys'*® with Ser led to a loss
of catalytic activity (/6). However, the Cys-Sec
pair predicted that a different Cys donates the
reducing equivalents to arsenic during the
methylation reaction. We cloned the mouse
AS3MT homolog and prepared Cys'>” — Ser
(corresponding to rat Cys'*®) and Cys**” — Ser
mutants. Both proteins were completely inac-
tive, whereas the wild-type form efficiently con-
verted inorganic arsenicals to monomethylated,
dimethylated, and trimethylated forms (Fig. 2C).
These data verified the function of the predicted
redox-active Cys in arsenic methylation. We
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modeled the structure of mouse AS3MT (Fig.
2D). In the model, the active-site Cys was
surface-exposed and protein topology sup-
ported the formation of an intramolecular di-
sulfide during the catalytic cycle.

Predicted redox-active Cys were also found
in other protein families, such as HesB-like (fig.
S8), whose homologs participate in the bio-
synthesis of iron-sulfur proteins (/7); DsrE (fig.
S9), a small soluble protein first identified as part
of the bacterial dsrABEFHCMK gene cluster
(18); a subfamily of glutathione-S-transferases
(19) (fig. S10); four families within the super-
family of rhodanese-like sulfurtransferases (20)
(fig. S11); MoeB (fig. S12), which is thought to
regenerate a thiocarboxylate group at the C
terminus of MoaD in the molybdopterin synthase
complex (21); heterodisulfide reductases (22)
(fig. S13); and other proteins (figs. S14 to S19).

We examined the sequences that flank Cys-
Sec pairs and found that a second Cys is often
present in the vicinity of the redox-active Cys
(fig. S20). In particular, a CxxC motif was
abundant in the data set. Either the first or second
Cys in this motif could serve as a redox-active
residue. In addition, an increased frequency of
glycine residues was found both upstream and
downstream of the redox-active Cys. By contrast,
negatively charged residues were extremely rare
around the redox-active Cys and were absent in
positions —3, +1, and +2 relative to the Cys.
Analysis of secondary structures, either for the
entire set of proteins or for non—thioredoxin-fold
proteins (because thioredoxin-fold was the
dominant fold in the data set), revealed a high
frequency of B strands upstream and o helices
downstream of the redox-active Cys. The Cys
itself was most often present in loops (fig. S21).
This distribution held for both thioredoxin-fold
and non-thioredoxin-fold proteins.

It is remarkable that the searches for Cys-
Sec pairs in homologous sequences could so
selectively identify proteins with catalytic redox-
active residues and filter out not only nonfunc-
tional Cys but also conserved Cys that do not serve
a catalytic redox function. Although this procedure
selected only 0.5% of the initial sequences, it
identified the majority of known families that use
catalytic redox-active Cys. Our search strategy was
not limited to organisms that contained selenopro-
teins. Moreover, it was sufficient to identify a
single selenoprotein sequence (even if it was
present as a hypothetical sequence from an
unknown source, such as a metagenomics project)
to predict a redox function for the entire family of
proteins homologous to this selenoprotein. Arsenic
methyltransferase provides a good illustration of
this idea. Its Sec-containing sequences were
detected in environmental soil sequences from a
Minnesota farm (23), yet predictions of occurrence
and location of redox-active Cys could be made
for the entire protein family, which occurs in
organisms from bacteria to mammals.

Our view on the evolution of Cys-Sec pairs is
illustrated in Fig. 1B. In this model, most

REPORTS

selenoproteins evolve from their redox-active
Cys—containing homologs. To be selected during
evolution, Sec must provide substantial advan-
tages, as its use also results in disadvantages (slow
Sec insertion, dependence on selenium, sensitivity
to oxidation reactivity, and side reactions of Sec)
(10). Thus, the Cys-to-Sec changes occur only in
situations in which the catalytic properties of Sec
are maximized, as is the case in redox proteins.

The major advantages of our method are its
simplicity and strong predictive power. Redox-
active Cys appears to be unique in that it could be
so selectively identified, whereas other Cys (such
as those involved in nonredox catalysis, structural
disulfides, posttranslational modifications, and
metal binding) could be filtered out. The set of
predicted redox proteins described here should
form the basis for further experimental verifica-
tion. Increased availability of sequences, particu-
larly from completed genomes and environmental
projects, should further increase the predictive
power of our method and lead to the identification
of additional redox-active Cys.
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