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Abstract

Glutathione peroxidase (GPx) is a widespread protein superfamily found in many organisms throughout all
kingdoms of life. Although it was initially thought to use only glutathione as reductant, recent evidence sug-
gests that the majority of GPxs have specificity for thioredoxin. We present a thorough in silico analysis per-
formed on 724 sequences and 12 structures aimed to clarify the evolutionary, structural, and sequence deter-
minants of GPx specificity. Structural variability was found to be limited to only two regions, termed
oligomerization loop and functional helix, which modulate both reduced substrate specificity and oligomer-
ization state. We show that mammalian GPx-1, the canonic selenocysteine-based tetrameric glutathione perox-
idase, is a recent “invention” during evolution. Contrary to common belief, cysteine-based thioredoxin-specific
GPx, which we propose the TGPx, are both more common and more ancient. This raises interesting evolu-
tionary considerations regarding oligomerization and the use of active-site selenocysteine residue. In addition,
phylogenetic analysis has revealed the presence of a novel member belonging to the GPx superfamily in Mam-
malia and Amphibia, for which we propose the name GPx-8, following the present numeric order of the mam-
malian GPxs. Antioxid. Redox Signal. 10, 1501–1513.
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Introduction

GLUTATHIONE PEROXIDASES (GPxs) belong to a widespread
family of proteins that, over the years, have been dis-

covered in almost all kingdoms of life (51). They are included
in the heme-free thiol peroxidase class together with perox-
iredoxins and catalyze the reduction of H2O2 or organic hy-
droperoxides to water or corresponding alcohols, thus miti-
gating their toxicity (72). Novel functions have been recently
ascertained for this protein superfamily, and their original
role in the cell metabolism should be revisited and extended
(6, 7). To date, seven members have been discovered in mam-
mals, taking into account their high sequence similarity, con-
served sequence patterns, known biochemical function, and
characteristic catalytic triad formed by selenocysteine/cys-
teine, glutamine, and tryptophan (17). Most of the mam-
malian enzymes are selenoproteins using selenocysteine
(Sec) in the catalytic site and glutathione (GSH) as reducing
substrate. Sec, the 21st amino acid, is encoded by an in-frame
UGA stop codon recognized by a specific Sec t-RNA when

a particular stem loop, called selenocysteine insertion se-
quence (SECIS), forms immediately downstream or in the 3’
untranslated region (UTR) of the transcript (76).

Although GPx-like proteins have been reported in many
species, and the importance of selenocysteine has been ac-
knowledged, the expression of cysteine-based proteins is
widespread throughout all kingdoms of life (27). Nonethe-
less, thanks to their importance and variety, Sec-based glu-
tathione peroxidases have been extensively studied in mam-
mals, and the first discovered member of this protein family
was found acting as a glutathione-dependent antioxidant en-
zyme protecting hemoglobin from oxidative degradation
(47). Previously known as cytosolic GPx (cGPx), because of
its predominant subcellular localization, it is now referred to
as GPx-1, and its activity was the first proven to depend on
selenium in rats (55). This was confirmed by x-ray crystal-
lography of the bovine GPx-1 orthologue, showing a se-
lenocysteine residue in the active site (17). Both the catalytic
triad and the suggested specificity for glutathione have been
experimentally verified by site-directed mutagenesis (36). An

1Department of Biological Chemistry, and 2Department of Biology, University of Padova, Italy.



in silico approach has revealed the importance of four argi-
nine residues and a lysine residue directing the donor sub-
strate toward the active site (3). Recently, GPx-1 was found
to be regulated by a signaling pathway through the c-
Abl–regulated and Arg-mediated phosphorylation of a ty-
rosine residue. This event seems to modulate the sensitivity
of cells to oxidative stress (10).

With the present nomenclature, GPx-2, originally named
GSHPx-GI, has been discovered in the gastrointestinal tract
(11), whereas GPx-3 or plasma GPx (pGPx) is mainly a se-
creted protein (64). GPx-4, previously known as PHGPx
(phospholipid hydroperoxide GPx), is the sole active on
membrane-bound hydroperoxides (40, 73) and, being highly
expressed in testis, plays a crucial structural role in sper-
matogenesis (43, 56). Presently, this is the only member
known to behave as a moonlighting protein (71), found in-
activated and polymerized in the mitochondrial capsule of
the mature spermatozoa (39, 45). The subcellular localization
of GPx-4 depends on distinct promoters (41) that control the
specific expression of three distinct transcripts encoding for
a cytosolic (8), mitochondrial (2), and nuclear form (37, 53).

GPx-5 is the first-discovered Cys-based member of the su-
perfamily and has been found expressed in the epididymis
as a secreted protein (22). Also named epididymal GPx
(eGPx), its role has been partially proven to be part of the
backup system protecting sperm from the toxicity of hydro-
gen peroxides in mice (75). In humans, instead, it has been
found expressed at low levels, and most of the transcripts
are incorrectly matured. This has raised questions about its
real functional role, given that even its electron donor has
not been determined (25).

The sixth member of the superfamily, GPx-6, was discov-
ered as specifically expressed in the olfactory epithelium and
previously named olfactory-metabolizing protein (OMP)
(14). The peculiarity of this protein is that it is selenocysteine
based in humans, whereas a cysteine is present in the active
site of mouse and rat (33), which both possess a fossil inac-
tive SECIS element in the 3’ UTR.

The last member discovered so far in mammals is GPx-7
(74). Being cysteine based, it has been found with low glu-
tathione peroxidase activity, even though it has been con-
firmed to be involved in mitigating oxidative stress in breast
cancer cells.

At the structural level, GPx-1, -2, -3, -5, and -6 are ho-
motetrameric. The acknowledged dimer and tetramer inter-
faces (17, 72) are missing in GPx-4 and -7. This is evident at
sequence-alignment level, where gaps are present between
these groups, which may also account for the different sub-
strate specificity. Recently, the structure of a poplar GPx-like
protein was solved by x-ray crystallography and has been
described as a homodimer, despite lack of the canonic
oligomerization interfaces (31). Thanks to the completion of
genomic projects, a vast number of sequences have been
found to be putatively associated with the GPx superfamily,
covering all kingdoms of life, especially bacteria. Novel ev-
idence has highlighted different roles (7). A long record of
traceable functions in different species confirms the crucial
role of this widespread superfamily (6), although yielding
the impression of being incomplete in its multifaceted as-
pects. In support of this assertion, well-documented studies
have reported that GPx-1 is regulated by a signaling path-
way mediated by the phosphorylation of a tyrosine by c-Abl

and Arg tyrosine kinases (10). A yeast protein homologous
to mammalian GPx-4, named yeast-GPx-3, is involved in the
direct peroxide-dependent activation of the transcription fac-
tor Yap-1 (15), thus supporting the notion that glutathione
peroxidases are more than simple antioxidants (27).

Given the multifaceted features of this superfamily, we in-
vestigated different aspects concerning the evolutionary,
structural, and functional details with the intent to provide
a thorough interpretation of the experimental evidence ac-
quired so far. Phylogenic analysis has allowed us to trace the
putative history of selenium utilization in the active site and
evolution from a monomeric ancestor toward the oligomeric
form predominant in vertebrates. In addition, phylogenic
analysis has provided evidence that a novel member of this
superfamily exists and, following the present classification
of GPxs, we named it GPx-8. With recent x-ray structures
and in silico modeling, it has been possible to study the su-
perimposed structures and highlight the structural determi-
nants of the oligomerization interfaces. At the functional
level, we provide the strict sequence and structural features
needed to discriminate real GPx members, by using glu-
tathione as electron-donor substrate, from those with a
marked specificity for thioredoxin as reductant. For the lat-
ter, the name is apparently a misnomer, insofar as they share
a common phylogenic origin with canonical GPx, but do not
use glutathione as electron donor.

Materials and Methods

Sequence retrieval and alignment

GPx-like sequences have been automatically extracted
from the May 2007 release of UniProt (4) by using BLAST
(1) searches, starting from the seven human GPx sequences.
The relevant accession codes are summarized in Table 1.
Highly similar sequences (e-value cutoff, 10e-5) have been
retained for further analysis. Full-length amino acid se-
quences have been recovered from the corresponding nu-
cleotide mRNA or genomic sequences. The use of either se-
lenocysteine or cysteine in the active site has been confirmed
by the presence of the TGA stop codon in the open reading
frame. After automatic and manual checks, 724 unique full-
length proteins have been obtained. Multiple alignment was
constructed with MUSCLE (16) and CLUSTALW (67). The
final alignment has been manually refined and used in the
subsequent analysis. The multiple-sequence alignment has
been obtained by using ESPript (23).

Phylogenic analysis

A preliminary quartet puzzling analysis has been per-
formed with the Treepuzzle program (61, 62) to test whether
a phylogenic approach could be applied to the original data
set. Particular attention was paid to the vertebrate data set
showing a resolution �94%. Phylogenic studies have been
performed according to the maximum likelihood (ML),
neighbor joining (NJ), and maximal parsimony (MP) meth-
ods (20). The ML analysis was performed with the PHYML
2.4 program (24). NJ and MP analyses were done by using
PHYLIP 3.6 (19). The JTT substitution matrix (29) was used
during reconstruction, whereas site heterogeneity was mod-
eled with a four-category � distribution. Nonparametric
bootstrap resampling (BT) (18) was performed with 1,000
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replicas to test the robustness of the tree topologies obtained
from MP and ML analyses. The tree topologies were visual-
ized with the Treeview 1.6.6 (50) and NJplot (52) programs.
Distances were calculated by using PHYLIP 3.6, applying the
JTT substitution matrix.

Structural analysis

Analysis of the structural variability of the GPx fold was
based on the x-ray crystallographic structures with the fol-
lowing PDB codes summarized in Table 1. The oxidized
poplar GPx structure (PDB code 2P5R) was excluded, as it
represents a different functional state. Structures for the two
missing human (GPx-6 and Q8TED1) and Escherichia coli GPx
(accession code: BTUE_ECOLI) enzymes were built by com-
parative modeling from the template structures (PDB codes
2I3Y, 2P31 and 2P31, respectively) selected by highest MAN-
IFOLD (5) sequence similarity by using the following pro-
cedure. The sequences were aligned with a profile–profile
method generating a limited set of alternative alignments
(60), from which the one with the lowest FRST energy (68)
was automatically selected. The HOMER server (URL:
http://protein.bio.unipd.it/homer/) was used to copy the
conserved regions, with loops (69) and side chains (9) mod-
eled subsequently. A multiple-structure alignment was con-
structed from pairwise structural alignments calculated with
CE (58), taking the structure with PDB code 2GS3 (human
GPx-4) as the reference on which the others are iteratively
superimposed. All structures were visualized and analyzed
with PyMol (DeLano Scientific, URL: http://www.pymol.
org/).

Results

Sequence features

A representative subset of aligned GPx sequences is shown
in Fig. 1, with the established catalytic triad and the fourth
key residue asparagine close to the catalytic site (70) high-
lighted. Clusters of highly conserved amino acids and details
concerning the oligomerization and functional interfaces that
have been further confirmed at structural level also are shown
(see structural considerations later). Sequences showing both
the insertion of the motif “PGGG” in the functional helix 
and the extended central insertion (see Fig. 1) belong to the
tetrameric form. The most significant signatures have been
calculated on 724 aligned proteins, where the amino acids 

or variants in brackets are present at least in 75% of the
proteins. The “L(V/I)VN(VT)ASx(C/U)G(L/F)TxxxYxxLxxL”
motif surrounds the reactive cysteine/selenocysteine resi-
due. The “G(L/F)x(V/I)L(G/A)FPCNQFxxQEP” and “WN-
FxxKFL(V/I)” patterns surround the glutamine, tryptophan,
and asparagine involved in the catalytic site. The conserved
“KxxVxGPx(Y/F)” motif resides between these two patterns.
The corresponding oligomerization interface and functional
helix are delimited by brackets in Fig. 1.

Phylogenic analysis

Preliminary analysis, performed on bacterial, archeae, and
fungi sequences, revealed that the proteins of these taxa have
a basal position to the metazoan sequences, as shown in Fig.
2. The protozoan sequences are grouped in two subclades
that cluster in the same branches of the monomeric forms of
human GPx-7, the novel GPx-8 (see text later), and GPx-4,
respectively. No protozoan sequences are associated with the
tetrameric human GPx-1, -2, -3, -5, and -6. It is worth noting
how the invertebrate sequences are grouped into two sub-
clades. The first one, including the sequences of Platy-
helminthes, Arthropoda, and Nematoda, belongs to the hu-
man GPx-4 branch of the tree. The second has a basal position
to the vertebrate sequences, including the human tetrameric
GPx-1, -2, -3, -5, and -6. This suggests that the tetrameriza-
tion event of GPX sequences has occurred recently during
vertebrate radiation.

To investigate the evolutionary events that occurred in
mammalian GPx sequences, a phylogeny including all the
known vertebrate sequences has been constructed. The ML
topology obtained with the amino acid data highlights two
well-resolved main clades, called A and B in Fig. 3. The bac-
terial sequences have been used as an outgroup (data not
shown). This revealed a strong statistical support in the node
connecting clades A and B, which proved to be sister groups.

Clade B clusters the tetrameric human GPxs (GPx-1, -2, 
-3, -5, and -6). All these proteins, with the exception of 
GPx-5 and GPx-6 of mouse and rat, have a selenocysteine
residue in the active site. This peculiarity suggests a com-
mon ancestor of this clade, with a tetrameric quaternary
structure and active-site selenocysteine that has later re-
verted to cysteine in GPx-5 and mouse/rat GPx-6. Given that
the outgroup sequences are cysteine-based bacterial GPx se-
quences, an ancestor with an active-site cysteine residue
could be postulated and proposed. In addition, within clade
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TABLE 1. OVERVIEW OF GPX SEQUENCES AND STRUCTURES*

Protein accession code PDB code Quaternary structure

GPX1_HUMAN 2F8A Tetramer
GPX2_HUMAN 2HE3 Tetramer
GPX3_HUMAN 2R37 Monomer
GPX4_HUMAN 2GS3, 2OBI Tetramer
GPX5_HUMAN 2I3Y Tetramer
GPX6_HUMAN n/a Tetramer
GPX7_HUMAN 2P31 Tetramer
A3FNZ8_ROSI (popular GPx-5) 2P5Q (reduced), 2P5R (oxidized) Dimer

*The table shows the accession numbers of the GPx sequences used to initiate the database search. The structures with listed
PDB codes were used to derive the multiple structure alignment. Note that poplar GPx-5 was not used for database searches,
and only the reduced form was included in the multiple structure alignment.
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B, two minor clades (named GPx-1, -2, and GPx-3, -5, and -
6) are clearly isolated from each other.

Clade A shows two well-resolved subclades, including the
monomeric human GPx-4 and GPx-7. Proteins grouped in
this clade have both cysteine and selenocysteine in the ac-
tive site and are monomeric. The basal node of these two
groups is strongly supported and, as noted earlier, even in
this case, a cysteine-based ancestor can be hypothesized, con-
sidering bacterial GPx sequences with cysteine as an out-
group. The GPx-4 subclade is particularly rich and contains
sequences from fish, birds, and mammals that are all se-
lenocysteine based in the active site, whereas only cysteine-
based sequences belong to the GPx-7 subclade. Unexpect-
edly, a novel well-resolved and distinct clade has emerged
from analysis of the GPx-7 subclade. The human Q8TED1
sequence has clustered with sequences from Mammalia and
Amphibia. Its calculated distance from human GPx-7
amounts to 0.66 (calculated by using the JTT substitution ma-
trix). This is higher than the calculated range of 0.335 to 0.467

found among different GPx proteins belonging to the sub-
clades of the tetrameric forms (see the GPx-1, -2, and GPx-3,
-5, and -6 clades of Fig. 3). In terms of sequence identity, hu-
man GPx-7 and Q8TED1 share 51% identical residues,
whereas a higher identity is found in the GPx-1, -2 subclades
(66%) and within members of the GPx-3, -5, and -6 subclades
(67% on average). Given that the distance between human
GPx-7 and Q8TED1 is twice the value obtained for the dis-
tances among other GPxs belonging to different clades, we
propose to call the Q8TED1 cluster GPx-8. It forms a distant
sister branch of the GPx-7 subclade and is not one of its mem-
bers. Further analysis performed on the human sequences
by using the MP approach agrees with the general topology
obtained for the vertebrate sequences by applying the ML
method. The relations among GPx-3, -5, and -6 are not well
resolved in both methods, but their basal node and their re-
lation with the subclades GPx-1, -2 result in strong statisti-
cal support (Fig. 3).

Structural considerations

Variability of the GPx fold was investigated through a
multiple structure alignment of the known reduced GPx x-
ray structures, as shown in Fig. 4. The overall structure is
highly conserved, with the active-site residues, in particular,
superimposing almost perfectly regardless of there being a
cysteine or selenocysteine residue, despite pairwise sequence
identities as low as 25%. The two notable exceptions are re-
gions I and II in Fig. 4a, which we will name oligomeriza-
tion loop and functional helix, respectively.

The oligomerization loop is located opposite the GPx ac-
tive site between �-helix 3 and �-strand 6. It shows the high-
est structural variability of the entire fold, with three distinct
variants (see Fig. 4b). The shortest variant is also the most
abundant, with the loop turning the backbone from �-helix
3 through a corner into an irregular extended conformation.
This corresponds to the monomeric GPx structures. A some-
what longer loop is seen in plant GPx, in which �-helix 3 is
extended with a distinctive “GxxG” motif leading into a
wobbled corner, returning into the irregular extended con-
formation. X-ray crystallographic data of poplar GPx-5 sug-
gest this to be sufficient to form a dimeric GPx structure in
solution (31, 49).

The third main variant is seen in the tetrameric GPx struc-
tures. Here, the loop is conserved and has grown to encom-
pass two flat, irregular, extended conformations connected
through a short �-helix. This peculiar structure allows two
adjacent monomers to form a flat interaction interface. A sin-
gle side chain protrudes into the central cavity of the oppo-
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FIG. 1. Multiple sequence alignment of representative GPx superfamily members. The secondary structures from
tetrameric human GPx-1 (pdb code: 2F8A, top) and monomeric human GPx-4 (pdb code: 2GS3, bottom) are representative
for the superfamily. Triangles, The catalytic triad cysteine/selenocysteine, glutamine, and tryptophan. *The highly conserved
asparagines. Note that in the poplar sequence (A3FNZ8_9ROSI) and the novel human GPx-8 (Q8TED1_HUMAN), the glu-
tamine of the catalytic triad is replaced by glutamic acid and serine, respectively. The oligomerization interface and func-
tional helix are delimited by horizontal brackets. Shaded boxes, Sequences containing the functionally relevant cysteine-block
and the “PGGG” motif characteristic of the tetrameric form. The x-ray structure of poplar GPx-5 is homodimeric. The bac-
terial E. coli sequence (BTUE_COLI) has been predicted to be homodimeric, as it misses the “PGGG” motif responsible for
tetramerization but possesses a putative oligomerization interface. These features are common to many bacterial sequences,
and the E. coli protein has been chosen as representative. The asterisk in the dimeric group refers to the putative dimer-
ization of the bacterial sequences. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article at www.liebertonline.com/ars).

FIG. 2. Schematic representation of the phylogenic rela-
tion among 724 GPx sequences. The tree topology reflects
the ML, MP, and NJ reconstructions (see text for details). The
eukaryotic GPx sequences are grouped as a monophyletic
clade in several reconstruction. The tree topology also shows
the novel GPx-8 strictly connected to the known GPx-7 (see
text). Plant GPx sequences have not been considered in this
reconstruction.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2057&iName=master.img-001.png&w=161&h=224


TOPPO ET AL.1506

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2008.2057&iName=master.img-002.jpg&w=450&h=669


site monomer, locking both monomers into a tight connec-
tion. The central �-helix additionally stabilizes interactions
with the remaining two monomers forming the tetrameric
complex. Figure 5 compares the orientation of known
dimeric and tetrameric GPx structures.

Some bacterial sequences, such as BTUE_ECOLI, hold an in-
teresting variation in the oligomerization loop. These sequences
have a longer loop than the monomeric or dimeric GPx pro-
teins, without significant sequence similarity in this loop. Al-
though the exact conformation can be only roughly predicted,
it is conceivable that these sequences represent the link between
present monomeric and tetrameric sequences. They would rep-
resent an attempt to form oligomeric structures, from which
the characteristic tetrameric loop has later evolved. This view
agrees well with the previously described phylogenic data.

The second site of structural variability is the functional
helix shown as II in Fig. 4c. This helix has two different ori-

entations. All monomeric and dimeric structures present an
orientation in which the functional helix runs in parallel to
the active site and is not significantly stabilized by hydro-
gen bonds. This is the orientation that was shown to harbor
the resolving cysteine used by some GPx proteins to form
an intrachain disulfide that allows reactivity with thiore-
doxin and preserves the enzyme from overoxidation (42). It
is interesting to note how the locations of this resolving cys-
teine correspond to residues that point away from the active
site, implying a significant structural rearrangement, as seen
in the poplar x-ray structure (31). Because the resolving cys-
teine is not present in all monomeric GPx structures carry-
ing active-site cysteine residues, it remains unclear how these
enzymes avoid overoxidation (42).

The second structural variant of the functional loop is ob-
served only in tetrameric GPx structures. Here, the helix axis
is tilted toward the protein–protein interface and locked into
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FIG. 3. Evolutionary relation among vertebrate GPx sequences. The figure shows the maximum likelihood tree (�lnL �
�9946.31586) obtained by using the PHYML program. MP tree topology was largely congruent. BT values (1,000 replicas)
are reported at each node. For graphic reasons, the BT values at the terminal branch are omitted. Curly brackets are used to
group the homologous sequences further separated into two main clades named A and B, corresponding to monomeric
and tetrameric GPx sequences, respectively. The length of the branches reflects the relative evolutionary distance among
the sequences (the bar represents 0.2 substitutions per site). Human GPxs are shaded in grey.

FIG. 4. GPx multiple-structure align-
ment. (a) The known x-ray GPx struc-
tures (see Table 1) are shown superim-
posed as colored wireframes with
active site residues as grey sticks. The
structure of human GPx-4, PDB code
2GS3, used as reference for the struc-
tural alignment, is shown in green as a
cartoon. PDB codes, names, and colors
for the remaining structures are as fol-
lows: 2F8A (human GPx-1, magenta),
2HE3 (human GPx-2, cyan), 2R37 (hu-
man GPx-3, orange), 2OBI (human
GPx-4, light pink), 2I3Y (human GPx-5,
yellow), 2P31 (human GPx-7, light
grey), and 2P5Q (poplar GPx-5, blue).
The two highlighted regions of struc-
tural variability correspond to the
oligomerization loop (I) and functional
helix (II). (b) Close-up of the oligomeri-
zation loop. Note the presence of three
distinct orientations of increasing
length, corresponding to monomeric,
dimeric, and tetrameric structures, re-
spectively. (c) Close-up of the func-
tional helix. The two orientations cor-
respond to monomeric/ dimeric
(horizontal) and tetrameric (tilted up-
ward) structures. Representative over-
all GPx structures are shown semi-
transparent in both (b) and (c), which
are rotated for clarity compared with
(a). The N- and C-terminal anchor
points for the structurally variable re-
gion are shown with a blue and red
sphere, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article at www. liebertonline.com/ars).
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position with a second GPx monomer by an intricate network
of two interchain salt bridges (glutamic acid 89 with arginine
98) and a � interaction between tyrosine 96 residues. The
backbone forms a short hairpin loop after the �-helix through
the “PGGG” sequence motif, and is stabilized by a mixture
of specific hydrophobic interactions and hydrogen bonds
against the rest of the protein. This structural arrangement
appears to have evolved as a subsequent feature of the GPx
structure to force the formation of stable tetrameric structures,
limiting steric accessibility of the active site and excluding
thioredoxin as reducing substrate for the enzymatic reaction.

The phylogenic relation between different GPx subtypes
and their structures is shown in Fig. 6.

Discussion

The vast amount of data ascribable to members of the GPx
superfamily acquired so far has prompted us to investigate
the intimate details of the evolutionary and functional his-
tory of GPxs. More than 700 full-length sequences distrib-
uted in all kingdoms of life could be retrieved from public
databases. The recent x-ray structures covering most of the
human GPxs, and in particular the GPx from poplar, have
contributed to clarify different aspects of the function and
the oligomerization state of these enzymes.

Selenium use

Phylogenic analysis confirmed the rather uncommon evo-
lutionary history of selenium use in the active site of GPx.
Recent genomic-scale approaches have already led to the
suggestive hypothesis that the use of selenoproteins may fol-
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FIG. 5. Oligomeric GPx structures. The two structures of
(a) tetrameric human GPx-1 (PDB code 2F8A) and (b) dimeric
poplar GPx-5 (PDB code 2P5Q) are shown as cartoons and
spheres in the same orientation. The chain in cartoon repre-
sentation is colored along the main chain from N- (blue) to
C-terminus (red). The dimeric interface for poplar GPx-5 is
twisted and more compact than human GPx-1. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article at
www.liebertonline.com/ars). FIG. 6. Evolutionary and structural relations among or-

thologous vertebrate GPx sequences. The figure shows the
maximal-likelihood tree (�lnL � �3,332.75007) obtained by
using the PHYML program. MP and NJ tree topologies are
largely congruent. BT values (1,000 replicas) are reported at
each node. The clade GPx-3, -5, -6 is monophyletic in all the
reconstructions, but the relations among the sequences are
not well resolved. For each sequence, the presence of a cys-
teine (C) or selenocysteine (U) residue in the active site is
listed together with the quaternary structure. Two structural
features, oligomerization loop and functional helix (see text
for details), are also listed. The arrows reflect the spatial ori-
entation of the functional helix (see Fig. 4c), whereas the as-
terisks for GPx-8 and GPx-6 refer to the in silico prediction
of the corresponding structures.
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low an uncommon evolutionary history (27), although a
trend in the progressive acquisition of selenium may be out-
lined (77). Selenocysteine-based GPxs are extensively used
in mammals, but have been reported in other vertebrates,
such as Gallus gallus (32), the fish Danio rerio (66), the alga
Chlamydomonas reinhardtii (21, 46), the flatworm Schistosoma
mansoni (38), the nematode Setaria cervi (59), the arthropod
Boophilus microplus (13), viruses (34, 78), and in the first bac-
terium ever found, the oral pathogen Treponema denticola (57).
All this evidence and the present study support the idea of
a rather unusual path for the evolution of cysteine and se-
lenocysteine in GPxs. Their alternating nature raises ques-
tions about the intimate reasons for this swapping (54), al-
though it may simply depend on the bioavailability of
selenium in the different living conditions of the species
throughout the past-to-present timeline (12, 35). Responding
to the criteria of parsimony in evolution, the phylogenic anal-
ysis leads to the conclusion that the ancestral sequence
would be cysteine based. Both fungi and bacteria, carrying
an active-site cysteine, are basal to the metazoan sequences
that have extensively adopted selenocysteine in the active
site. A selenocysteine-based ancestor is predicted, as for Gpx-
1, -2, -3, -5, and -6 (see Fig. 6).

Interestingly, a recent reversion has occurred in mammals,
in which GPx-6 has selenocysteine in humans, but switched
back to cysteine in rodents, which still carry a fossil SECIS
element. Another reversion has determined the cysteine-
based GPx-5, derived from a putative intermediate tetra-
meric selenocysteine-based ancestor basal to all tetrameric
forms (see Fig. 6). In this case, a nonobvious path following
the cysteine l selenocysteine l cysteine direction has been
detected and is supported by the phylogenic data, suggest-
ing the reversion to cysteine to be recent. This raises new
questions, given that the cysteine-based enzymes are less ef-

ficient than the selenocysteine-based counterparts in coun-
tering oxidative stress.

The evolution of novel GPx forms suggests that these pro-
teins may be used in different functional pathways in addi-
tion to the already ascertained canonic roles (27). The iden-
tification of a novel GPx-8, very close to GPx-7 (see Fig. 3),
identified in mammals and amphibians, goes in this direc-
tion. Its peculiarity is the loss of the characteristics required
to carry out its own enzymatic function efficiently. The key
changes are the substitution of a catalytic-site glutamine with
serine and the lack of a resolving cysteine in the cysteine
block. It has been found expressed in a large-scale sequenc-
ing project of full-length transcripts in mouse and human
and is mapped to the 5q11.2 human chromosome. GPx-8
clearly belongs to the GPx superfamily, but nothing is known
about its functional role. This could be an example of a novel
direction taken by the GPx superfamily during evolution,
adopting a different function and concomitantly possibly
lacking any peroxidase activity. This evidence is not a com-
pletely isolated phenomenon, as previously thought.

Conservation of the catalytic triad residues is strict for both
the cysteine/selenocysteine residues (87% and 23%, respec-
tively) and tryptophan (100%), but only 97% for the gluta-
mine residue. Recent experimental evidence for poplar GPx-
5 shows this enzyme to be active despite carrying a glutamic
acid (see Fig. 1) in place of the glutamine (31, 49). This is the
first evidence of a GPx-like protein without the canonic triad.
Although this loss of conservation may appear marginal in
absolute terms, it assumes relevance if compared with the
strict conservation of other residues, such as the asparagine
immediately following the conserved tryptophan of the
triad. This residue plays an important functional role, and
its conservation exceeds 99% over all sequences, redefining
the triad as a catalytic tetrad (70).
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TABLE 2. DISTRIBUTION OF SEQUENCE FEATURES FOR DIFFERENT TAXA*

Total CCM CCD CCT C-M C-D C-T UCM UCD UCT U-M U-D U-T

Mammalia 72 — — — 7 — 12 — — 3 19 — 31
Vertebrata 20 — — — 6 — — — — — 4 — 10
Arthropoda 28 15 — — 4 — — — — — 7 1 1
Nematoda 16 — — — 9 — 7 — — — — — —
Trematoda 6 — — — — — — — — — 6 — —
Alveolata 19 1 2 — 16 — — — — — — — —
Euglenozoa 16 13 — — 3 — — — — — — — —
Fungi 36 35 — — 1 — — — — — — — —
Viridiplantae 63 62 — — — — — — — — 1 — —
Bacteria 440 372 53 — 14 — — — — — 1 — —
Viruses 2 — — — 1 — — — — — 1 — —
Others 6 1 — — 2 — — — — — 2 1 —
Total 724 499 55 — 63 — 19 — — 3 41 2 42

*The table heading reports an acronym summarizing all possible concurrent combinations of sequence characteristics described in the text.
the first letter refers to the presence of either cysteine (“C”) or selenocysteine (“U”) in the active site. The second letter stands for the presence
(“C”) or lack (“—”) of the resolving cysteine in the cysteine-block important for the thioredoxin specificity. The third letter refers to either the
presence or lack of the oligomerization interface. Monomeric sequences (“M”) do carry neither the “PGGG” motif in the functional helix nor
the extended oligomerization loop. Dimeric sequences (“D”) possess a long oligomerization loop but miss the “PGGG” motif. Tetrameric se-
quences (“T”) have both the “PGGG” motif and the extended oligomerization loop. Note that only the extended loop of the oligomerization
interface has been taken into account to evaluate novel dimeric sequences due to missing evidence at sequence level in case of the short loops.
Such loops, indistinguishable from the monomeric pattern, are present in poplar GPx-5, for instance. The true extent of dimeric sequences
may have therefore been underestimated.



Oligomerization state

Another interesting feature has allowed a putative evolu-
tionary path toward the tetrameric form. It was previously
thought that the central deletion, here called oligomerization
loop, and the functional helix with the “PGGG” motif could
be treated as tetrameric and dimeric interfaces, respectively
(42). This arrangement suggested that during evolution, the
aggregation event would first involve the functional-he-
lix/dimeric interface and only later the oligomerization/
tetrameric interface. Both poplar GPx-5 and analysis of the
multiple-sequence alignment have prompted us to recon-
sider the sequence of oligomerization events. Among the fea-
tures reported in Table 2, it is worth noting how 53 bacterial
sequences (out of 440) show an extended loop in the
oligomerization interface and lack the protruding “PGGG”
motif. The extended oligomerization loop, shown in Fig. 1
for E. coli, is widespread in different taxa of the Eubacteria
domain, such as Firmicutes, Proteobacteria, and Actinobac-
teria. Data from poplar confirms that a homodimer can be
obtained starting from the oligomerization loop through
small sequence variations. The evolutionary history of this
trend to aggregate in the final tetrameric structure suggests
an intermediate dimeric state also common to prokaryotic
organisms. These would first involve the oligomerization
loop, and only later, the functional helix that has developed
the protruding “PGGG” motif to allow aggregation of the
tetramer. An indirect support for this hypothesis is the ab-
sence of sequences concomitantly exhibiting a functional he-
lix with the “PGGG” motif and missing the oligomerization
loop. The definition of the previously known tetrameric in-
terface (42) is replaced with the more general oligomeriza-
tion loop, conveying the idea that this is the first region used
to attempt aggregation. The term functional helix is likewise
used in place of dimeric interface, as it does not only have a
structural function during the second tetramerization step
but rather serves as a fundamental functional element in
GPx-like proteins using different reducing substrates, as
demonstrated in poplar (31) and D. melanogaster (42).

Nomenclature clarification

Many sequences reveal a shift in specificity from glu-
tathione to thioredoxin or related proteins characterized by
a “CxxC” motif. This should be taken into account when
defining the members of this superfamily as “glutathione
peroxidases.” Experimental evidence for this has been al-
ready reported in plants (26, 30, 31), insects (42, 48), yeasts
(15, 65), and parasites such as Plasmodium falciparum (63) and
Trypanosoma brucei (28), which all share common character-
istics. In light of this different specificity, the definition of
“glutathione peroxidases” appears a misnomer that refers to
the donor specificity rather than a common evolutionary ori-
gin based on fold and sequence (42). For these proteins, we
propose the novel functional class of “thioredoxin GPx-like
peroxidases” (TGPx). This accounts for the common evolu-
tionary origin, but highlights the preference for the donor
substrate in the reaction. The minimal requisites that distin-
guish the thioredoxin-based peroxidases from true GPxs are
as follows: (a) monomeric or dimeric structure; (b) an active
site, peroxidatic, cysteine; and (c) an exposed, resolving, cys-
teine in the cysteine block delimiting the functional helix,
which after oxidation arranges into an intramolecular disul-

fide bridge with the peroxidatic cysteine. These TGPx se-
quences are widespread in Arthropoda, Euglenozoa, Fungi,
Viridiplantae, and Bacteria, as shown in columns CCM and
CCD of Table 2. Although distantly related, these species
seem to have adopted thioredoxin as reductant. Conversely,
the use of both selenium and glutathione, characteristic of
canonic GPx, seems to be a recent acquisition especially
found in Vertebrata and Mammalia, which have, in addition,
evolved into oligomeric structures.

Conclusions

The variety of forms present in higher eukaryotes is testi-
mony to the acquired importance of this superfamily. GPxs
do not limit their function to antioxidant defense of the cell,
but rather participate in complex signaling cascades. For in-
stance, the need for tetrameric structure may finely modu-
late the redox state of the cell in response to excess H2O2 or
hydroperoxides or both, as previously demonstrated
through the phosphorylation of a specific tyrosine (10). Yeast
GPx-3 specifically activates the transcription factor Yap-1
(15). Similar functions may be ascertained for other members
of this family. Belonging to the versatile thioredoxin fold
known to suit many different functions (44), GPxs may have
evolved to such an extent in function without perturbing
their fold and keeping the active site strictly conserved. In
this scenario, many questions may still need answers as
novel challenges are offered by this multifaceted superfam-
ily.
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