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ABSTRACT

Thiol/selenol peroxidases are ubiquitous nonheme peroxidases. They are divided into two major
subfamilies: peroxiredoxins (PRXs) and glutathione peroxidases (GPXs). PRXs are present in diverse
subcellular compartments and divided into four types: 2-cys PRX, 1-cys PRX, PRX-Q, and type II PRX
(PRXII). In mammals, most GPXs are selenoenzymes containing a highly reactive selenocysteine in their
active site while yeast and land plants are devoid of selenoproteins but contain nonselenium GPXs. The
presence of a chloroplastic 2-cys PRX, a nonselenium GPX, and two selenium-dependent GPXs has been
reported in the unicellular green alga Chlamydomonas reinhardtii. The availability of the Chlamydomonas
genome sequence offers the opportunity to complete our knowledge on thiol/selenol peroxidases in this
organism. In this article, Chlamydomonas PRX and GPX families are presented and compared to their
counterparts in Arabidopsis, human, yeast, and Synechocystis sp. A summary of the current knowledge on
each family of peroxidases, especially in photosynthetic organisms, phylogenetic analyses, and
investigations of the putative subcellular localization of each protein and its relative expression level,
on the basis of EST data, are presented. We show that Chlamydomonas PRX and GPX families share some
similarities with other photosynthetic organisms but also with human cells. The data are discussed in view
of recent results suggesting that these enzymes are important scavengers of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) but also play a role in ROS signaling.

LIFE in an oxygen-rich environment has to deal with
the danger of oxidative stress. During normal cell

metabolism, reactive oxygen species (ROS) and re-
active nitrogen species (RNS) are constantly produced,
essentially by respiratory and photosynthetic electron
transfer chains. These highly reactive molecules can
react with many cell components and damage DNA,
proteins, and lipids. Thus, their concentration has to be
strictly controlled. For this purpose, aerobic organ-
isms are equipped with nonenzymatic (ascorbate, glu-
tathione, tocopherol, and carotenoid) or enzymatic
(catalase, ascorbate peroxidase, superoxide dismutase,
glutathione peroxidase, and peroxiredoxin) antioxi-
dant systems to remove ROS from the cells. To control
their concentrations, ROS and RNS have to be sensed.
It has been established in many organisms that ROS,
and especially hydrogen peroxide, are signaling mole-
cules that diffuse across membranes and induce spe-
cific signal transduction pathways. Furthermore, ROS
can also be produced on purpose by cells in response to

several stimuli to function as second messengers inside
the cell. Finally, ROS and RNS can control enzyme
activities by triggering several post-translational mod-
ifications such as disulfide bond formation, thiol
oxidation to sulfenic/sulfinic/sulfonic acid, glutathio-
nylation, nitrosylation, or carbonylation.

Thiol/selenol peroxidases have emerged, during re-
cent years, as important scavengers of ROS/RNS but
they have also been shown to play some role in ROS
signaling (Rouhier and Jacquot 2005; Dietz et al.
2006; Herbette et al. 2007). These nonheme perox-
idases are ubiquitous and present in several subcellular
compartments. They are divided into two major sub-
families: peroxiredoxins (PRXs) and glutathione per-
oxidases (GPXs). PRXs were initially identified in yeast
and mammals as thiol-specific antioxidants protecting
glutamine synthetase from oxidation (Kim et al. 1989;
Chae et al. 1993, 1994a,b; Lim et al. 1994; for a historical
review see Rhee et al. 2005b). Since then, PRXs have
been identified in many organisms and constitute
a ubiquitous family of thiol-dependent peroxidases
catalyzing the reduction of hydrogen peroxide, alkylhy-
droperoxides, and peroxynitrite to water, the corre-
sponding alcohol, or nitrite, respectively (Nogoceke

et al. 1997; Bryk et al. 2000; Hillas et al. 2000). Pe-
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roxiredoxins are divided into four types: 2-cys PRX, 1-cys
PRX, PRX-Q, and type II PRX (PRXII). They share a
common reaction mechanism where the catalytic cyste-
ine, called the peroxidatic cysteine, is oxidized by
hydroperoxides to sulfenic acid and subsequently re-
generated to its reduced form by different molecules,
such as thioredoxin (TRX), glutaredoxin (GRX), or
glutathione, depending on the type of PRX considered
(Rouhier and Jacquot 2005).

Glutathione peroxidase was discovered in human as
an erythrocyte enzyme protecting hemoglobin from
oxidative damage (Mills 1957). The enzyme was shown
to catalyze the glutathione-dependent reduction of
hydrogen peroxide and diverse alkylhydroperoxides to
water or the corresponding alcohol. Initial studies on
human GPX1 revealed that it is a selenoenzyme contain-
ing a highly reactive selenocysteine (Se-Cys) residue in its
active site (Flohé et al. 1973; Rotruck et al. 1973). Since
then, GPXs have been shown to constitute a small
multigenic family in mammals. Most human GPX con-
tains a Se-Cys residue at its active site. Once oxidized,
these Se-Cys-containing GPXs (selenoGPXs) are regen-
erated to their reduced form by reduced glutathione
(GSH). By contrast, yeast, land plants, and some animals,
are devoid of selenoproteins. However, these organisms
contain seleno-independent GPXs, also named non-
selenium GPX (NS-GPX), where the Se-Cys residue of
the active site is replaced by a cysteine (Herbette et al.
2007). Mammals contain several NS-GPXs in addition to
the classical selenoGPXs. It was found that many NS-
GPXs are not reduced by GSH but are efficiently reduced
by thioredoxins in Plasmodium falciparum (Sztajer et al.
2001), Saccharomyces cerevisiae (Tanaka et al. 2005),
Drosophila (Maiorino et al. 2007), and land plants
(Herbette et al. 2002; Jung et al. 2002; Navrot et al.
2006). Consequently, NS-GPX may be considered as
atypical PRXs although their sequence is more closely
related to the sequence of standard selenoGPXs.

In Chlamydomonas reinhardtii, one PRX and three GPXs
have been studied so far. Like human cells, Chlamydo-
monas likely contains both selenoGPXs and NS-GPXs.
Now, the availability of Chlamydomonas genome se-
quence (Merchant et al. 2007) offers the opportunity
to complete our knowledge on thiol/selenol peroxidases
in this organism. A total of seven PRXs and five GPXs
could be identified in the genome of C. reinhardtii due to
their sequence homology to PRXs and GPXs of other
organisms. Phylogenetic analysis revealed that Chlamy-
domonas PRXs and GPXs share similarities with mem-
bers of both plant and animal thiol/selenol peroxidase
families as observed for many other Chlamydomonas
gene families (Merchant et al. 2007).

THE PEROXIREDOXIN FAMILY

Phylogenetic analysis of peroxiredoxins: The PRX
family is divided into four subgroups on the basis of

sequence analysis: 2-cys PRX, PRXII, 1-cys PRX, and
PRX-Q. 2-cys PRXs contain two conserved cysteine
residues, both essential for catalysis. Type II PRXs, also
named atypical 2-cys PRXs, contain two cysteine resi-
dues but the position of one of these cysteines is not
conserved (Bréhélin et al. 2003; Rouhier and Jacquot

2005). PRX-Qs also contain two cysteine residues while
1-cys PRXs contain only one conserved cysteine residue.

Six isoforms of PRX (I–VI) have been identified in
mammals. HsPRXI–HsPRXIV are 2-cys PRXs located
in the cytosol (HsPRXI–HsPRXII), mitochondria (Hs-
PRXIII), or secreted (HsPRXIV) (Rhee et al. 2005b).
HsPRXV is a type II PRX localized in the cytosol, mito-
chondria, and peroxisomes (Knoops et al. 1999) while
HsPRXVI is a 1-cys PRX located in the cytosol (Choi

et al. 1998; Kang et al. 1998). Higher plants contain
more PRX isoforms than mammals (Rouhier and
Jacquot 2005). For example, the genome of Arabidopsis
thaliana contains 10 distinct PRX genes. Among these
PRXs, 2 belong to the 2-cys PRX subgroup, 6 are type II
PRXs, 1 is a 1-cys PRX, and 1 is a PRX-Q. Both 2-cys PRXs
are located in chloroplasts (König et al. 2002). The
plastidial localization of 2-cys PRXs was confirmed
experimentally in several organisms (Baier and Dietz

1997; Genot et al. 2001; König et al. 2002). 1-Cys PRXs
harbor a nuclear bipartite signal allowing targeting to
the nucleus and/or the cytosol (Stacy et al. 1999;
Haslekas et al. 2003) while type II PRXs are found in
several subcellular compartments. Arabidopsis type II
PRXs AtPRXIIB, AtPRXIIC, and AtPRXIID are in the cy-
tosol, AtPRXIIE is chloroplastic, and AtPRXIIF is tar-
geted to mitochondria (Bréhélin et al. 2003; Finkemeier

et al. 2005). AtPRXIIA is an atypically long PRX that does
not seem to be expressed (Horling et al. 2002; Bréhélin

et al. 2003). The fourth type of PRX, PRX-Q, corre-
sponds to proteins targeted to chloroplasts in higher
plants. The enzyme was reported to be associated with
PSII particles on the stromal side of thylakoid mem-
branes and proposed to play a role in the protection of
PSII from oxidative stress (Lamkemeyer et al. 2006).
However, another study suggested that the enzyme is
targeted to the thylakoid lumen (Petersson et al. 2006).
Clearly, further work is required to determine the pre-
cise subcellular localization and function of PRX-Q in
chloroplasts.

Analysis of the genome of Chlamydomonas allowed
us to identify seven PRX genes (Table 1; Figure 1).
CrPRX1 and CrPRX2 are 2-cys PRXs, CrPRX3–5 are type
II PRXs, CrPRX6 belongs to the PRX-Q subgroup, and
CrPRX7 is a fusion protein between a 2-cys PRX and a
TRX. No 1-cys PRX has been identified in the Chlamy-
domonas genome. The PRX genes are distributed in
different scaffolds and predicted to be localized in
various compartments. The phylogenetic analysis of
Chlamydomonas PRXs and PRX families from Arabi-
dopsis, human, yeast, and Synechocystis sp. clearly
shows that the members of each subgroup are more
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closely related to members of the same subgroup from
other organisms than to PRXs from the same organism
but from different subgroups (Figure 2).

CrPRX1 was the first PRX identified in Chlamydo-
monas (Goyer et al. 2002). CrPRX1 is homologous to
the two 2-cys PRXs from Arabidopsis (Figure 2), of
which both were shown to be localized in the chloro-
plast (König et al. 2002). The presence of PRX2 in the
Chlamydomonas genome is more surprising. Even
though this gene encodes a typical 2-cys PRX it lacks
any targeting sequence and the protein is likely to be
located in the cytosol. Still, all 2-cys PRXs from higher
plants are chloroplastic proteins while in mammals, 2-
cys PRXs are found in cytosol, mitochondria, or are
secreted by the cell. A cytosolic 2-cys PRX suggests that
the Chlamydomonas PRX family shares some similari-
ties with animal systems as observed for many gene
families in the genome of Chlamydomonas (Merchant

et al. 2007). This is supported by the phylogenetic
analysis presented in Figure 2. While CrPRX1 is clearly
related to higher plant chloroplastic 2-cys PRXs,
CrPRX2 is found within a different subgroup along
with cytosolic human PRXs (PRXI–IV). CrPRX2 was
found in the flagellar proteome (Pazour et al. 2005),
suggesting that despite the absence of any obvious N-
terminal extension, the enzyme might be present in
both the cytosol and the flagella. Genome data indicate
that the genome of Chlamydomonas contains a third
gene related to 2-cys PRX, named PRX7. This gene
encodes a hybrid protein containing an N-terminal 2-
cys-PRX domain fused to a C-terminal TRX h domain.
The enzyme is probably mitochondrial. Interestingly,
some bacteria contain fusion proteins composed of a
type II PRX followed by a GRX module. These proteins
can use GSH to reduce a wide range of peroxide
substrates (Pauwels et al. 2003; Rouhier and Jacquot

2003; Cha et al. 2004). Moreover, artificial hybrid
proteins between poplar type II peroxiredoxin and
glutaredoxin or thioredoxin h were recently engineered
and shown to be functional, indicating that the two

modules can function together (Rouhier et al. 2006).
This suggests that CrPRX7 may function as a peroxidase
using electrons provided by mitochondrial NADPH-
thioredoxin reductase. However, the CrPRX7 gene model
is uncertain and no EST corresponding to this putative
PRX was found in EST databases, suggesting that this
gene might not be expressed.

Chlamydomonas also contains three type II PRXs:
CrPRX3, CrPRX4, and CrPRX5. CrPRX4 is related to
Arabidopsis mitochondrial PRXIIF (Figure 2) and
exhibits an N-terminal extension that could function
as a mitochondrial targeting sequence (Figure 1).
CrPRX3 and CrPRX5, the two other Chlamydomonas
type II PRXs, are distantly related to Arabidopsis
chloroplastic PRXIIE. However, only CrPRX5 contains
a putative chloroplast transit peptide (Figure 1) and
CrPRX3 is more likely a cytosolic type II PRX like
Arabidopsis PRXIIA–D. However, as with CrPRX2,
CrPRX3 was also found in the flagellar proteome
(Pazour et al. 2005) and thus might also be present in
this compartment.

Surprisingly, in the genome of Chlamydomonas, no
gene encoding a 1-cys PRX was identified while this type
of PRX appears ubiquitous and was found in many
organisms including higher plants and cyanobacteria
(Figure 2) (Rouhier and Jacquot 2005; Stork et al.
2005). However, this type of PRX also appears to be
absent from the genomes of Ostreococcus tauri and Volvox
carteri. This strongly suggests that 1-cys PRXs are not
present in green algae.

Chlamydomonas PRX6 is a typical PRX-Q, closely
related to higher plant PRX-Q (Figures 1–2). The
protein contains an N-terminal extension that might
correspond to a transit peptide for targeting to the
chloroplast. Therefore, PRX6 is likely to be the func-
tional homolog of higher plant PRX-Q. Initially identi-
fied in Sedum lineare, as a homolog of Escherichia coli
bacterioferritin comigratory protein, PRX-Q is the most
recently characterized PRX type (Kong et al. 2000). In
cyanobacteria, an unexpected multiplicity of PRX-Q

TABLE 1

The peroxiredoxin family in Chlamydomonas reinhardtii

Name PRX type Scaffold Putative subcellular localization Number of ESTs Protein length (aa)

PRX1 2-cys PRX 3:2064657–2066515 Chloroplast 458 235
PRX2 2-cys PRX 5:332956–334928 Cytosol/flagella 128 198
PRX3 Type II 4:617682–619635 Cytosol/flagella 2 161
PRX4 Type II 7:1092036–1094611 Mitochondrion 21 226
PRX5 Type II 1:570296–572738 Chloroplast 43 194
PRX6 PRX-Q 8:1690047–1692411 Chloroplast 22 196
PRX7 2-cys PRX/TRX fusion 105:86535–91084 Mitochondrion 0 301

Scaffold indicates the location of the corresponding gene in Chlamydomonas reinhardtii genome version 3.0 (http://genome.jgi-
psf.org/Chlre3). Subcellular localizations are deduced from the analysis of the protein N-terminal sequence or the localizations
demonstrated for homologous proteins in higher plants or proteomic analyses. The number of ESTs was determined by BLAST
alignment of the transcript sequence with NCBI DBest database of November 12, 2007 and supplemented with JGI ESTsequences.
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genes was reported with two genes in Synechocystis sp.,
four in Synechococcus elongatus PCC 7942, and four in
Anabaena sp. PCC 7201 (Stork et al. 2005; Latifi et al.
2007). Several of these cyanobacterial PRX-Q constitute
a distinct subgroup within the PRX-Q family in which
the second cysteine is more distant in the primary
sequence, compared to higher plants. This subgroup
is also present in photosynthetic bacteria (Wakita et al.
2007). These atypical PRX-Q exhibit a thioredoxin
dependent peroxidase activity and appear to play a
major role in the protection of these organisms against
oxidative stress (Latifi et al. 2007; Wakita et al. 2007).

Activity of peroxiredoxins: All PRX isoforms share a
conserved cysteine, named the peroxidatic cysteine
(Wood et al. 2002), which is converted, by nucleophilic
attack, to sulfenic acid (SOH) (Chae et al. 1994a; Bryk

et al. 2000). This oxidized cysteine residue is regener-
ated by intra- or intermolecular disulfide-bond forma-
tion (Wood et al. 2003b). Depending on the PRX type
and the organism considered, this disulfide bond can be
reduced by diverse thiol reductants such as TRX, GRX,

and cyclophilins in eukaryotes (Chae et al. 1994b; Lee

et al. 2001; Rouhier et al. 2001) or AhpF in prokaryotes
(Poole 2005).

Mammalian 2-cys PRXs are obligate homodimers,
independent of the oxidation state of the two conserved
cysteines, with a head-to-tail arrangement (Schroder

et al. 2000). An intermolecular disulfide bond is formed
at the active site during catalysis (Chae et al. 1994a). 2-
cys PRXs are regenerated by TRX reduction of this
intermolecular disulfide bond (Chae et al. 1994b).
Upon reduction, 2-cys PRX dimers can aggregate into
decameric doughnut-shaped structures (Schroder

et al. 2000; Wood et al. 2002).
Chloroplastic CrPRX1 was initially trapped on a

monocysteinic TRX column aimed at identifying new
TRX targets and subsequently purified and sequenced
(Goyer et al. 2002). In a similar way, CrPRX2 was
identified as a cytosolic TRX-bound protein in a large-
scale proteomic study (Lemaire et al. 2004), suggesting
that this 2-cys PRX is likely to be reduced by cytosolic
TRX. Since the reaction mechanism of plant chloro-

Figure 1.—Multiple sequence alignment of peroxiredoxins from Chlamydomonas reinhardtii and Arabidopsis thaliana. The pro-
teins were aligned with the ClustalW program. Residues in solid boxes correspond to 50% identity. Residues in shaded boxes
correspond to 50% conservation with the BLOSUM62 matrix. Accession nos. and abbreviations are as follows: Cr, Chlamydomonas
reinhardtii, accession numbers as in Table 1, only the N-terminal domain of CrPRX7 was used for the alignment; At, Arabidopsis
thaliana Prx IIA, At1g65990; Prx IIB, At1g65980; Prx IIC, At1g65970; Prx IID, At1g60740; Prx IIE, At3g52960; Prx IIF, At3g06050;
2-Cys Prx A, At3g11630; 2-Cys Prx B, At5g06290; 1-Cys Prx, At1g48130; and Prx Q, At3g26060.

Figure 2.—Phylogenetic tree
of the peroxiredoxin families in
Chlamydomonas reinhardtii and di-
verse organisms. The unrooted
tree was constructed with the
ClustalX program. Gaps were ex-
cluded. Accession numbers and
abbreviations are as follows: At,
Arabidopsis thaliana as in Figure
1; Cr, Chlamydomonas reinhardtii
as in Table 1; Hs, Homo sapiens
PRXI, Q06830; PRXII, P32119;
PRXIII, P30048; PRXIV, Q13162;
PRXV, P30044; PRXVI, P30041;
Sc, Saccharomyces cerevisiae cTPX1,
P34760; cTPX2, Q04120; cTPX3,
P38013; m-TPX, P34227; ScDot5,
P40553; sll or slr, Synechocystis
PCC6803 sll0221; sll1621;
slr0242; and slr1198.
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plastic 2-cys PRXs is similar to the one described for
yeast and mammalian 2-cys PRXs that involves the
formation of an intermolecular disulfide bond reduced
by TRX (Cheong et al. 1999; König et al. 2002, 2003),
CrPRX1 might have the same reaction mechanism too.
Four types of TRXs (f, m, x, and y) are present in both
Chlamydomonas and higher plant chloroplasts (Lem-

aire et al. 2003b; 2007). TRX x was shown to be the most
efficient chloroplastic TRX for reduction of Arabidopsis
2-cys PRXs (Collin et al. 2003, 2004). A similar specific-
ity was found for CrPRX1, which is more efficiently
reduced by Chlamydomonas TRX x (S. D. Lemaire, un-
published results) than by TRX m, f, or y (Lemaire et al.
2003a). Besides TRX, chloroplastic 2-cys PRXs can also
be reduced by CDSP32, a drought-induced TRX-like
protein containing two TRX modules (Broin et al. 2002)
and by NTRC, a chloroplastic bipartite enzyme contain-
ing an NADPH-TRX reductase fused to its own TRX
module (Moon et al. 2006; Pérez-Ruiz et al. 2006).
Interestingly, genes encoding homologs of CDSP32 and
NTRC are present in the Chlamydomonas genome and
might therefore also act as reductants for PRX (Lemaire

et al. 2007). Chloroplastic 2-cys PRXs can reduce a broad
range of hydroperoxides but also peroxynitrites (Goyer

et al. 2002; König et al. 2003; Sakamoto et al. 2003). In
Chlamydomonas, CrPRX1 was shown to catalyze H2O2

and tertiary butyl-hydroperoxide (tBOOH) reduction
and to protect DNA against ROS-induced degradation
(Goyer et al. 2002). Chloroplastic 2-cys PRXs also appear
to form decameric structures like their homologs from
nonphotosynthetic organisms (König et al. 2003). This
oligomeric form of 2-cys PRX reversibly associates with
thylakoid membranes (König et al. 2002).

Type II PRXs have also been characterized extensively
at the biochemical level. Human type II PRX, HsPRXV,
contains three cysteine residues. Once oxidized to SOH
the peroxidatic cys47 forms a disulfide with cys151 that
can be reduced by TRX (Evrard et al. 2004). Chlamy-
domonas type II CrPRX4 is related to Arabidopsis
mitochondrial PRXIIF, which can reduce a broad range
of substrates but more efficiently H2O2 than alkyl-
hydroperoxides (Horling et al. 2003). Analysis of knock-
out Arabidopsis plants suggested that PRXIIF is essential
for redox homeostasis and root growth under stress con-
ditions (Finkemeier et al. 2005). The most efficient re-
ductants for this PRX appear to be GRXs (Finkemeier

et al. 2005; Gama et al. 2007). Similarly, Arabidopsis
PRXIIB is not regenerated by TRX but can efficiently
catalyze peroxide reduction in the presence of GSH and
GRX (Bréhélin et al. 2003).

In contrast, poplar cytosolic PRXII can use either
GRXs or TRXs as proton donors (Rouhier et al. 2001).
Only one cysteine appears essential for the activity of
poplar PRXIIC (Rouhier et al. 2002). This enzyme is a
homodimer that dissociates into monomers when the per-
oxidatic cysteine undergoes glutathionylation (Noguera-
Mazon et al. 2006). Therefore, glutathionylation might

be required for the GRX-dependent reduction of the
enzyme as previously observed for mammalian 1-cys
PRX, which interacts with PGST and undergoes gluta-
thionylation (Manevich et al. 2004). Alternatively, gluta-
thionylation, which occurs under oxidative stress, might
constitute a mechanism of regulation of the activity of
PRXs, as observed for many other enzymes (reviewed in
Michelet et al. 2006).

Chlamydomonas type II PRX5 may be the functional
homolog of higher plant plastidial PRXIIE, whose phys-
iological electron donor remains unknown since this
PRX is reduced by neither GRX nor TRX (Bréhélin

et al. 2003). However, only ‘‘classical’’ GRX, containing
a CPYC active site, have been tested on PRXIIE while
this type of GRX does not appear to be present in
chloroplasts from higher plants or Chlamydomonas
(Lemaire 2004; Rouhier et al. 2004a). Most GRXs lo-
cated in chloroplasts belong to the CGFS type, a sub-
group distinct from classical GRXs and with distinct
biochemical properties (Tamarit et al. 2003; Cheng

et al. 2006). Therefore, PRXIIE might possibly be re-
duced by this type of GRX in chloroplasts. However,
like CrPRX1 and CrPRX2, CrPRX5 was found among
putative TRX targets bound to TRX affinity columns
(Lemaire et al. 2004), suggesting that this type II PRX
might be reduced by TRX.

In higher plants, the chloroplast targeted PRX-Q can
reduce a broad range of peroxides (Rouhier et al.
2004b; Lamkemeyer et al. 2006). Once oxidized to the
sulfenic form, the peroxidatic cysteine is regenerated by
formation of an intramolecular disulfide bond that
exhibits a redox potential of �325 mV at pH 7.0
(Rouhier et al. 2004b). This disulfide bond is much
more efficiently reduced by TRX y than by all other
chloroplastic TRX types (Collin et al. 2004; Rouhier

et al. 2004b). Arabidopsis mutant lines deficient in PRX-
Q are not distinguishable from wild-type plants but the
enzyme has been proposed to play a role in the protec-
tion of the photosynthetic apparatus under oxidative
stress (Lamkemeyer et al. 2006).

Expression of peroxiredoxins: The analysis of EST
abundance data indicates that CrPRX1 and CrPRX2 are,
by far, the most highly expressed PRX genes in Chlamy-
domonas (Table 1). In higher plants, chloroplastic 2-cys
PRXs are also the most highly expressed PRXs at the
mRNA level (Horling et al. 2003; Rouhier and
Jacquot 2005). However, in higher plants the number
of ESTs is only 2-fold higher for 2-cys PRXs compared to
PRX-Q or several type II PRXs while this difference is
close to 10-fold in Chlamydomonas. This suggests an
important role for 2-cys PRXs in the alga.

In higher plants, the expression of 2-cys PRXs is
regulated by light and ascorbate treatment at both the
mRNA and protein levels (Horling et al. 2001, 2003).
The transcript levels are also decreased under salt stress
(Horling et al. 2002). In Arabidopsis, the promoter
appears to be under the control of ABA and photosys-
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tem I (PSI) redox state (Baier et al. 2004). Chlamydo-
monas PRX1 mRNA accumulation was shown to be
regulated by light, oxygen concentration, and the redox
state of the photosynthetic electron transfer chain
(Goyer et al. 2002). Genetic analyses suggested that
chloroplastic 2-cys PRXs participate in the protection of
the photosynthetic apparatus (Baier and Dietz 1999).
All these data indicate that Chlamydomonas PRX1 is the
functional homolog of higher plant 2-cys PRXs and is
likely to play a similar role in the single chloroplast of
the green alga.

EST data suggest that CrPRX5 is the most highly ex-
pressed type II PRX in Chlamydomonas (Table 1). The
corresponding transcript was shown to be increased dur-
ing sulfur starvation (Zhang et al. 2004). Analyses at the
mRNA and protein levels in Arabidopsis and poplar
indicate that PRXIIB is expressed in all tissues while
PRXIIC and PRXIID are almost only expressed in pollen
(Rouhier et al. 2001; Bréhélin et al. 2003). The tran-
script level of AtPRXIIB is increased under phosphorus
starvation and by salt and tBOOH treatments, while
AtPRXIIC mRNA level is strongly affected by phosphorus
deprivation, salts, ascorbate, and oxidative stress treat-
ments (Horling et al. 2002, 2003; Kandlbinder et al.
2004). In Arabidopsis, PRXIIF expression is constitutive,
suggesting a housekeeping function (Finkemeier et al.
2005; Dietz et al. 2006) while PRXIIE is mainly expressed
in reproductive tissues and its transcript level is increased
under high light, decreased by salt or ascorbate treat-
ments but unaffected by oxidative stress (Horling et al.
2002, 2003; Bréhélin et al. 2003).

In poplar, PRX-Q protein is mainly found in leaves
and the protein level is increased by pathogen attack
(Rouhier et al. 2004b). Overexpression of PRX-Q in
tobacco was shown to increase tolerance to fungal
diseases (Kiba et al. 2005). In Arabidopsis, the accumu-
lation of PRX-Q mRNA is increased under high light or
oxidative stress and decreased by salt stress, ascorbate,
or under low light (Horling et al. 2002, 2003). The
transcript levels of Chlamydomonas PRX-Q, CrPRX6,
was reported to be induced in Chlamydomonas cells
exposed to copper stress (Jamers et al. 2006) but also
during sulfur starvation (Zhang et al. 2004).

THE GLUTATHIONE PEROXIDASE FAMILY

Phylogenetic analysis of glutathione peroxidases:
Phylogenetic studies of the GPX gene family usually
distinguish three main groups. Group 1 contains
human GPX1 and GPX2; group 2 contains human
GPX3, GPX5, and GPX6; and a third group, named
the phospholipid hydroperoxide GPX (PHGPX)
group, includes human GPX4 and GPXs from various
other organisms including plants (Brigelius-Flohé

et al. 1994; Herbette et al. 2007). Mammals contain
both selenocysteine-containing GPXs and nonsele-
nium GPXs (NS-GPXs). The analysis of the genome

of C. reinhardtii revealed the presence of five GPX
genes (Table 2) that, according to sequence homol-
ogy, all belong to the PHGPX group (Figure 4).
However, two Chlamydomonas GPXs, CrGPX1 and
CrGPX2, are selenoproteins whereas CrGPX3, -4, and
-5 are NS-GPXs. This is different from the situation in
plants but similar to that of mammals, which contain
both selenocysteine-containing GPXs and nonselenium
GPXs (NS-GPXs). For example, humans contain five
selenoGPXs (GPX1–4, -6) and two NS-GPXs (GPX5, -7).
Selenocysteine is a rare amino acid that can be incorpo-
rated cotranslationally into proteins (Papp et al. 2007).
It is encoded by the opal codon UGA, which is not
recognized as a stop codon due to the presence of a cis-
acting mRNA structure called the selenocysteine inser-
tion sequence (SECIS) element. The Se-Cys insertion
machinery also requires several trans-acting factors in-
cluding the Se-Cys tRNA (reviewed in Allmang and Krol

2006). Selenoproteins have been identified in archaea,
bacteria, and eukaryotes but not in all organisms.
There is no overlap between the sets of selenoproteins
present in prokaryotes and eukaryotes. Selenoproteins
are generally involved in catabolic pathways in pro-
karyotes while in eukaryotes they participate in biosyn-
thetic pathways or antioxidant processes such as TRX
reductase, methionine sulfoxide reductase, or GPX
(Herbette et al. 2007).

CrGPX1 was the first selenoprotein identified in
Chlamydomonas (Fu et al. 2002; Novoselov et al.
2002). Early studies had indicated that addition of
sodium selenite to Chlamydomonas cultures led to a
strong increase in GPX activity in total soluble extracts
(Yokota et al. 1988). Purification of the corresponding
protein revealed that the enzyme was associated with
selenium and exhibited biochemical properties compa-
rable to mammalian selenoGPXs (Shigeoka et al.
1991). Although these studies suggested the existence
of selenoGPX in Chlamydomonas, no DNA or protein
sequence was determined. The existence of a UGA
codon in the coding sequence or the incorporation of
Se-Cys in the protein were shown more than 10 years
later by two research groups. Cloning of the CrGPX1
cDNA confirmed the presence of an in-frame UGA
codon and mass spectrometry demonstrated that this
codon allows Se-Cys incorporation into the protein (Fu

et al. 2002). In the same year, another research group
identified 10 selenoproteins in Chlamydomonas and
confirmed the existence of a selenocysteyl-tRNA that
recognized specifically the UGA codon and showed that
Chlamydomonas SECIS elements are similar, but not
identical, to those of animals, indicating a common
origin for the animal and Chlamydomonas selenopro-
tein insertion system (Novoselov et al. 2002). The
newly identified selenoproteins included CrGPX1 but
also the second Chlamydomonas selenoGPX, CrGPX2.

NS-GPXs show high sequence similarity with sele-
noGPXs but the active site selenocysteine is replaced by
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a cysteine. Some organisms, such as yeast and higher
plants, are devoid of selenoproteins since they do not
possess the SECIS machinery. Phylogenetic analyses of
selenoGPXs and NS-GPXs from different organisms
suggest that Se-Cys utilization has been independently
lost during evolution by many groups of organisms, in-
cluding higher plants, yeast, and some animals (Copeland

2005). It has been suggested that the rise in atmo-
spheric oxygen concentration disfavored the use of the
easily oxidized Se-Cys and selected for NS-GPX evolu-
tion in plants. The Se-Cys utilization system has probably
been lost in plants over a billion years ago, when the
Chlorophytes, including Chlamydomonas, diverged
from the Streptophytes including land plants and their
close relatives (Merchant et al. 2007). Consequently,
these organisms only contain NS-GPXs. Eight NS-GPXs
are present in A. thaliana while six have been identi-
fied in the genome of Populus trichocarpa (Rodriguez

Milla et al. 2003; Rouhier and Jacquot 2005; Navrot

et al. 2006). But why did green algae like Chlamydomo-
nas retain the Se-Cys machinery? Unlike higher plants
Chlamydomonas is an aquatic organism living in an
environment with lower oxygen levels, where the selec-
tion pressure against Se-Cys might have been more
limited. Recent comparative analysis of selenoprotein-
rich and deficient organisms revealed that many aquatic
organisms retained their selenoproteome, whereas the
selenoproteomes of some terrestrial organisms were
reduced or completely lost, suggesting that aquatic life
indeed supports selenium utilization (Lobanov et al.
2007).

Most NS-GPXs, including those from higher plants,
yeast, and cyanobacteria belong to the PHGPX group
(Herbette et al. 2007). PHGPXs were shown to be able
to reduce phospholipid hydroperoxides directly in
membranes and are expressed as monomers because
they lack subunit interaction sites present in GPXs of
the other groups (Thomas et al. 1990; Maiorino et al.
1991; Imai and Nakagawa 2003). These sites corre-
spond to the gaps visible on GPX sequence alignments
(Figure 3). The PHGPX group also contains sele-
noGPXs, including Chlamydomonas CrGPX1 and
CrGPX2 and human GPX4/PHGPX whose sequence
was proposed to represent the ancestor of the mamma-
lian GPX gene family (Brigelius-Flohé et al. 1994;
Herbette et al. 2007). However, CrGPX1 and CrGPX2
are not closely related to human selenoGPXs and form a
distinct subgroup within the PHGPX group (Figure 4).

The phylogenetic tree of the GPX family presented in
Figure 4 suggests that the PHGPX group can be further
divided into two distinct groups. The first one (group 3)
comprises human GPX4, plant GPXs, and several
Chlamydomonas GPXs (CrGPX1, CrGPX2, and
CrGPX4). Chlamydomonas GPX4 is related, like higher
plant GPXs, to human GPX4, suggesting that it might
display PHGPX activity, as already shown for several
higher plant NS-GPXs (Herbette et al. 2002). The
second group (group 4) includes NS-GPXs from Chla-
mydomonas (CrGPX3 and CrGPX5), yeast, and Syne-
chocystis and can be further subdivided into 2
subgroups (4a and 4b), each containing a Chlamydo-
monas NS-GPX (Figure 4). Subgroup 4a contains

TABLE 2

The glutathione peroxidase family in Chlamydomonas reinhardtii

Name Se-Cys Scaffold Putative subcellular localization No. of ESTs Protein length (aa)

GPX1 Yes 7:731611–733930 Mitochondrion and/or chloroplast 25 200
GPX2 Yes 95:205010–208056 Mitochondrion and/or chloroplast 3 258
GPX3 No 19:607308–609738 Mitochondrion 15 200
GPX4 No 10:678260–680851 or

10:676669–680804
Cytosol or membrane anchored 6 or 8 206 or 536

GPX5 No 4:1975794–1977833 Cytosol (short form), chloroplast (long form) 59 162/211

Scaffold indicates the location of the corresponding gene in Chlamydomonas reinhardtii genome version 3.0 (http://genome.jgi-
psf.org/Chlre3). Subcellular localizations are deduced from the analysis of the protein N-terminal sequence by several prediction
programs (Predotar, TargetP, SignalP, and PSORT available at http://www.expasy.ch). The number of ESTs was determined by
BLAST alignment of the transcript sequence with NCBI DBest database of November 12, 2007, and supplemented with JGI
EST sequences.

Figure 3.—Multiple sequence alignment of glutathione peroxidases from Chlamydomonas reinhardtii and diverse organisms. The
proteins were aligned with the ClustalW program. Residues in solid boxes correspond to 50% identity. Residues in shaded boxes
correspond to 50% conservation with the BLOSUM62 matrix. U stands for selenocysteine residues. Accession numbers and ab-
breviations are as follows: Cr, Chlamydomonas reinhardtii, accession numbers as in Table 2; At, Arabidopsis thaliana GPX1, At2g25080;
GPX2, At2g31570; Hs, Homo sapiens GPX1, P07203; GPX3, P22352; GPX4, P36969; Sc, Saccharomyces cerevisiae GPX1, P36014;
GPX2, P38143; GPX3, P40581; sll or slr, Synechocystis PCC6803 slr1171; and slr1992. The asterisks indicate the position of
the conserved residues involved in the catalytic mechanism of selenoGPX (First Cys, Gln, Trp). The striped bar corresponds
to the region containing the second partially conserved cysteine involved in the catalytic mechanism of NS-GPX.

<
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Chlamydomonas GPX3 and two Synechocystis GPXs.
The cyanobacterial enzymes display PHGPX activity
and can be reduced by NADPH but not by GSH (Gaber

et al. 2001). Subgroup 4b contains Chlamydomonas
GPX5 (formerly named GPXH) and several yeast NS-
GPXs, indicating a stronger homology of CrGPX5 with
the yeast proteins than with other Chlamydomonas
GPXs.

Subcellular localization of Chlamydomonas glutathi-
one peroxidases: The subcellular localization of
Chlamydomonas GPXs has not been determined ex-
perimentally and appears difficult to predict on the
basis of protein sequence analyses. Several prediction
programs suggest that some Chlamydomonas GPXs
might be targeted to mitochondria or chloroplasts
(Table 2). Both selenoGPXs, CrGPX1 and CrGPX2,
harbor N-terminal extensions predicted to target the
proteins to mitochondria or chloroplasts, depending on
the program used. CrGPX3 exhibits an N-terminal
extension predicted to target the protein to mitochon-
dria by most programs. However, proteins that contain
an N-terminal extension and that are related to cyano-
bacterial enzymes, like GPX3, are often targeted to
chloroplasts. The N-terminal extension of CrGPX4 is
very short, suggesting that the protein is cytosolic
although some programs suggest a possible chloroplast
localization. An alternate gene structure is also possible
for GPX4 (Table 2) and would encode a protein of 536
amino acids where the GPX domain would be fused to
an upstream domain containing an N-terminal trans-
membrane anchor. For CrGPX5/GPXH the situation
seems to be even more complex since two forms of
CrGPX5/GPXH may be expressed in Chlamydomonas.
A short form corresponds to the cDNA originally cloned
and encodes a protein with the ‘‘MANPE’’ N-terminal
sequence (Leisinger et al. 1999). However, some ESTs
are longer than the original cDNA and contain an
upstream in-frame ATG codon that could allow synthe-
sis of a longer form of GPX5/GPXH with the ‘‘MLSAY’’
N-terminal sequence (Figure 3). Synthesis of this long
form would require the translation to start very close to
the 59end of the transcript. The short form is a 162-
amino-acid protein and is most probably cytosolic. The
long form is a polypeptide of 211 amino acids contain-
ing an N-terminal extension predicted to target the
protein to the chloroplast. A putative localization of
Chlamydomonas GPX isoforms in different subcellular
compartments is in agreement with the situation in
higher plants, where GPXs are predicted to be present
in the cytosol, mitochondria, chloroplasts, or secreted
(Rodriguez Milla et al. 2003; Navrot et al. 2006). In
poplar, for example, the targeting of GPX1 to chlor-
oplasts and of GPX3.2 to both chloroplasts and mito-
chondria has been confirmed experimentally (Navrot

et al. 2006). Similarly, the targeting of the different
Chlamydomonas GPXs to individual compartments will
have to be experimentally demonstrated.

Activity of glutathione peroxidases: All GPX isoforms
contain three strictly conserved amino acids that are
involved in the catalytic mechanism as shown for
mammalian selenoGPXs (Maiorino et al. 1995). These
residues, which are all conserved in the five Chlamydo-
monas GPX isoforms, are one cysteine, replaced by a Se-
Cys in selenoGPXs, a Gln and a Trp (marked by asterisks
in Figure 3). The first step of the catalytic mechanism of
GPXs involves a primary oxidation of the catalytic Cys or
Se-Cys residue to sulfenic or selenenic acid, respectively.
In selenoGPXs, nucleophilic attack of the selenenic acid
by GSH forms a selenylsulfide that reacts with a second
GSH molecule to regenerate a reduced selenol at the Se-
Cys residue and liberate oxidized glutathione (GSSG)
(Johansson et al. 2005). The low pKa of Se-Cys (pKa ¼
5.2) compared to cysteine (pKa ¼ 8.3) confers a high
reactivity to selenoproteins employing the reactivity
of Se-Cys during their catalytic cycle, such as GPXs
(Johansson et al. 2005). Indeed, the selenol group is
mainly in its anion selenolate form at physiological pH
while the thiol of a Cys residue is only partly ionized,
making Se-Cys more reactive than Cys. Consistently, site-
directed replacement of Se-Cys by Cys considerably
decreases the activity of selenoGPXs (Rocher et al.
1992; Maiorino et al. 1995). In the case of NS-GPX, the
sulfenic acid forms a disulfide with a second cysteine of
the enzyme (striped bar in Figure 3) and this disulfide
can be reduced in a second step (Navrot et al. 2006;
Herbette et al. 2007). Many studies have shown that
most NS-GPXs use thioredoxin rather than glutathione
as an electron donor. This TRX dependence has been
established for GPXs from P. falciparum (Sztajer et al.
2001), yeast (Tanaka et al. 2005), and Drosophila
(Maiorino et al. 2007). Human GPX3, a selenoGPX
was also shown to use either TRX or GRX as an electron
donor (Bjornstedt et al. 1994). This is consistent with
the localization of this GPX in plasma where the
concentration of glutathione is very low. Early studies
on plant GPXs from diverse sources had shown that
several NS-GPXs could be reduced by TRX (Herbette

et al. 2002; Jung et al. 2002). A systematic analysis
demonstrated that all poplar GPXs use TRX rather
than GSH as a reductant (Navrot et al. 2006). Similar
results were also reported for several Arabidopsis GPXs
(Iqbal et al. 2006). This suggests that in higher plants,
all GPX isoforms are reduced by TRX. More generally,
most NS-GPXs, despite their sequence homology with
selenoGPX, are functionally TRX-dependent peroxi-
dases. Therefore, their catalytic mechanism is similar to
the one described for some PRX, like PRX-Q, suggesting
that NS-GPXs may be considered as a novel class of PRX
as proposed by several groups (Rouhier and Jacquot

2005; Tanaka et al. 2005; Herbette et al. 2007).
Four types of TRX (f, m, x, and y) are present in the

chloroplast of Chlamydomonas (Lemaire et al. 2003b)
and other photosynthetic organisms (Lemaire et al.
2007), but only y-type TRXs appear to be able to reduce
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poplar chloroplastic GPXs (Navrot et al. 2006). In C.
reinhardtii, no GPX activity was tested with TRX so far,
but CrGPX5/GPXH was retained on a TRX h1 affinity
column loaded with Chlamydomonas soluble extracts
(Lemaire et al. 2004) indicating that, as most NS-GPXs,
this GPX is likely reduced by TRX. Indeed, activity
measurement using a recombinant CrGPX5/GPXH
protein expressed in E. coli failed to detect any signifi-
cant activity with reduced GSH, showing that this was
probably the wrong reductant (Leisinger et al. 1999).
Furthermore, CrGPX5/GPXH is related to yeast NS-
GPXs, which were shown to be efficiently reduced by
TRX (Tanaka et al. 2005). Conversely, a GPX related to
CrGPX5/GPXH, from the halotolerant strain Chlamy-
domonas sp. W80 can use GSH as an electron donor to
reduce lipid hydroperoxides but not H2O2 or phospho-
lipid hydroperoxides (Takeda et al. 2003). The specific
activity of the enzyme was 36-fold higher than for higher
plant NS-GPXs. On the other hand, it was .10-fold
lower than the activity of mammalian PHGPX enzymes
and .100-fold lower than the activity of purified
CrGPX1, of which both are SelenoGPXs (Fu et al.
2002). This shows that the specificity for GSH or TRX
is not depending on the active site (Cys or Se-Cys) but
rather on the substrate binding capacity. TRXs possess
the so-called thioredoxin fold, a conserved secondary
structure containing a-helices and b-sheets and a CxxC
motif (Fomenko and Gladyshev 2003). A derivative of
this motif (CxxT) is found in all Chlamydomonas NS-
GPX including CrGPX5/GPXH but is absent in the
SelenoGPXs CrGPX1 and CrGPX2. This suggests that

GSH might be the substrate for CrGPX1 and CrGPX2,
whereas CrGPX3–5 might be reduced by TRX. However,
the resolving cysteine involved in the regeneration of
NS-GPX by TRX is not strictly conserved in all NS-GPX
(striped bar region in Figure 3). This cysteine is absent
in CrGPX3, which therefore may not be reduced by
TRX. Nevertheless, the residue appears to be present in
CrGPX4 and CrGPX5, suggesting that these two latter
GPXs are likely to be reduced by TRX.

Expression of glutathione peroxidases: In higher
plants, GPX genes appear to be expressed in most
tissues, although some accumulate only low mRNA
levels (Rodriguez Milla et al. 2003; Navrot et al.
2006). Several plant hormones (salicylic acid, jasmonic
acid, abscissic acid, and auxin) could increase GPX
mRNA levels in Arabidopsis but with different patterns
for each individual gene, suggesting the involvement of
multiple signaling pathways (Rodriguez Milla et al.
2003). In Chlamydomonas, several examples suggest
that the expression of GPXs is regulated by diverse stress
conditions. An induction of CrGPX1 expression was
observed under sulfur starvation (Zhang et al. 2004)
and CrGPX3 and CrGPX4 transcript levels were shown to be
upregulated during manganese deficiency probably due
to the resulting oxidative stress (Allen et al. 2007).
Similarly, the mRNA levels of CrGPX5/GPXH, which appear
to be the most highly expressed GPX on the basis of EST
abundance (Table 2), were increased in Chlamydomonas
cells exposed to copper stress (Jamers et al. 2006).

The expression of CrGPX5/GPXH under different
stress conditions has been extensively studied by differ-

Figure 4.—Phylogenetic
tree of the glutathione
peroxidase families in Chla-
mydomonas reinhardtii and
diverse organisms. The un-
rooted tree was con-
structed with the ClustalX
program. Gaps were ex-
cluded. Accession numbers
and abbreviations are as
follows: At, Arabidopsis
thaliana GPX1, At2g25080;
GPX2, At2g31570; GPX3,
At2g43350; GPX4, At2g48150;
GPX5, At3g63080; GPX6,
At4g11600; GPX7, At4g31870;
GPX8, At1g63480; Cr, Chla-
mydomonas reinhardtii as in
Table 2; Hs, Homo sapiens
GPX1, P07203; GPX2,
P18283; GPX3, P22352;
GPX4, P36969; GPX5,
O75715; GPX6, P59796;
GPX7, Q96SL4; Sc, Saccharo-
myces cerevisiae GPX1,
P36014; GPX2, P38143;
GPX3, P40581; sll or slr, Syn-
echocystis PCC6803 slr1171;
and slr1992.
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ent research groups at the mRNA level (Fischer et al.
2006; Ledford et al. 2007). The CrGPX5/GPXH gene was
originally isolated in a screen for Chlamydomonas
peroxidase and a strong accumulation of the corre-
sponding transcript was observed in response to oxida-
tive stress (Leisinger et al. 1999). A more detailed
analysis revealed a specific transcriptional upregulation
of CrGPX5/GPXH transcripts by singlet oxygen either
generated by exogenous photosensitizers such as rose
bengal or neutral red (Leisinger et al. 2001), evolving
in a xantophyll-deficient mutant in the light (Ledford

et al. 2004), or produced in the photosystem II reaction
center during high light illumination (Fischer et al.
2006). Other ROS, like superoxide radicals or H2O2,
only slightly increased the expression of the CrGPX5/
GPXH gene. GPX5/GPXH mRNA levels also slowly but
continuously increased upon exposure to organic hy-
droperoxides like tBOOH or cumene hydroperoxide
(CuOOH). It was shown that the induction of the
CrGPX5/GPXH gene by singlet oxygen and organic
hydroperoxides involves two different regulation mecha-
nisms of which one is a transcriptional activation and the
other a mRNA stabilization process (Fischer et al. 2007a).
Since the formation of organic hydroperoxides via lipid
peroxidation is stimulated directly by singlet oxygen, it
was suggested that CrGPX5/GPXH expression is regulated
by both primary (singlet oxygen) and secondary effects
(lipid hydroperoxides) of high light stress (Fischer et al.
2007a). The upregulation by singlet oxygen might be
a preventive response to combat expected membrane
damage because the CrGPX5/GPXH protein may be
involved in the removal of lipid hydroperoxides from
membranes. Indeed, acclimation to low concentrations
of singlet oxygen or overexpression of the GPX5/GPXH
gene increased the resistance of C. reinhardtii to photo-
oxidative stress conditions (Ledford et al. 2007). Sim-
ilarly, overexpression of a CrGPX5 homologous protein
from Chlamydomonas W80 in tobacco plants reduced
the level of unsaturated fatty acid hydroperoxides and
thus enhanced tolerance to oxidative stress (Yoshimura

et al. 2004). Furthermore, the CrGPX5/GPXH gene seems
to encode both a chloroplastic and a cytosolic protein,
indicating a role in defense against oxidative stress in
multiple cellular compartments. Recent findings showed
that singlet oxygen produced in the photosystem II
reaction center can diffuse as far as into the cytoplasm
of Chlamydomonas exposed to very high light intensity,
which could explain the strong induction of a nuclear
gene like the long form of CrGPX5/GPXH under this
condition (Fischer et al. 2007b).

PHYSIOLOGICAL FUNCTION OF GPX AND PRX

Due to their ability to reduce H2O2 and organic
hydroperoxides, PRXs and GPXs were considered to be
mainly involved in protection of cells from oxidative
stress caused by the formation of reactive oxygen species

during normal metabolism or harsh environmental
conditions. In Chlamydomonas, chloroplastic CrPRX1
was shown to protect DNA against ROS-induced degra-
dation and to detoxify hydroperoxides using chloro-
plastic TRXs as reductants (Goyer et al. 2002; S. D.
Lemaire, unpublished results). Thus, similar to Arabi-
dopsis 2-Cys PRXs, CrPRX1 might be involved in the
protection of the chloroplast from increased ROS
formation (Baier and Dietz 1999). Overexpression of
the CrGPX5/GPXH protein in Chlamydomonas in-
creased the tolerance against photooxidative stress
(Ledford et al. 2007) and transgenic tobacco plants
overexpressing a GPX protein from a Chlamydomonas
sp. W80 strain were more resistant to oxidative stress
caused by paraquat treatment, chilling, and osmotic
stress (Yoshimuraet al. 2004). All these data suggest that
also in C. reinhardtii, PRXs and GPXs play a major role in
the protection of the cell from ROS-induced damage
and oxidative stress. However, this raises the question of
why Chlamydomonas has seven members of the PRX
and five of the GPX family of which two are selenoGPXs,
which exhibit a much higher peroxidase activity than
NS-GPXs. In higher plants, PRXs and GPXs generally
have a low specific activity compared to other cellular
peroxidases, such as catalase or ascorbate peroxidases.
In the case of PRXs, this lower activity could be
compensated by their high affinity for peroxides and
their high abundance. Indeed, several PRX isoforms,
and especially 2-cys PRXs, are abundant proteins ex-
pressed at a high level in plants. Although there may be
some discrepancies between mRNA and protein levels,
the analysis of EST abundance suggests that 2-cys PRXs
are also expressed at high levels in Chlamydomonas
while it does not seem to be the case for GPX genes,
except GPX5/GPXH, which is more highly expressed
than other GPXs (Tables 1 and 2). The different GPX
and PRX isoforms are located in diverse subcellular
compartments and their expression appears to be
upregulated under stress conditions. Thus, the level of
these ROS scavengers might be even further increased
under particular conditions when more ROS are pro-
duced. All together, these data suggest that a specific
expression and localization of the PRX and GPX
proteins in the cell might be a reason for the presence
of multiple members of these gene families in one
organism.

Another explanation for the presence of multiple
members of related gene families in one organism
might be linked to different substrate specificities.
Compared to other peroxidases, PRXs and GPXs can
reduce a broader range of substrates. Therefore, their
physiological function may be related to their ability to
scavenge reactive species that are not efficiently de-
toxified by other types of peroxidases. PRXs, for
example, can reduce peroxynitrite (Wong et al. 2002;
Sakamoto et al. 2003) while some GPXs can reduce
phospholipids and lipid hydroperoxides (Avery and
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Avery 2001; Herbette et al. 2002; Takeda et al. 2003).
Several NS-GPXs have been shown to scavenge lipid or
phospholipid hydroperoxides in vivo in Synechocystis
(Gaber et al. 2001) and yeast (Avery et al. 2004). By
contrast, CrGPX1 showed the highest activity with H2O2

and could also reduce tBOOH and CuOOH, but not
lipid hydroperoxides (Fu et al. 2002). All these data
suggest that GPXs play a role in the protection against
lipid peroxidation and thereby in the maintenance of
membrane integrity. Structural studies on poplar GPX5
suggest that this enzyme might interact with Cd21 and
could therefore play a role as Cd21 sink in defense
against heavy metals (Koh et al. 2007). Increased levels
of GPX in poplar leaves exposed to high concentrations
of cadmium and copper (Navrot et al. 2006) and
higher tolerance to cadmium of yeast cells overexpress-
ing the GPX3 protein also support a putative role of
GPXs in heavy metal tolerance (Avery et al. 2004). Still,
it is not clear whether this increased tolerance is due to a
stimulated oxidative stress defense or to direct detoxi-
fication of Cd21 by GPX. GPXs have also been suggested
to play a role in defense/response to adverse conditions,
sexual reproduction, and host pathogen interaction
(reviewed in Herbette et al. 2007). Once again, some of
these functions may indeed be linked to the peroxidase
activity of GPXs.

Besides their antioxidant function, PRXs and GPXs
could also have a signaling function. ROS not only are
toxic molecules that have to be rapidly scavenged to
protect cellular constituents from oxidative damage but
also are intracellular messengers that can be produced
on purpose and play a key role in signaling pathways of
several physiological processes (Apel and Hirt 2004;
Laloi et al. 2004; Hancock et al. 2006; Pitzschke et al.
2006; D’Autréaux and Toledano 2007). Thus, con-
trolling the intracellular ROS levels is essential to reach
a balance between optimal cellular response and
minimal stress. No direct involvement of plant PRXs in
ROS signaling has been proven so far but, in mammals,
2-cys PRXs have been suggested to play an important
role in H2O2 signaling (reviewed in Rhee et al. 2005a).
During the catalytic cycle, the peroxidatic cysteine of 2-
cys PRXs can become overoxidized to sulfinic acid
(Rabilloud et al. 2002; Yang et al. 2002). However, this
overoxidation is not irreversible since an enzyme named
sulfiredoxin (SRX) can reduce hyperoxidized PRX
(Biteau et al. 2003; Chang et al. 2004). Reduction of
sulfinic acid by SRX is specific to 2-cys PRX isoforms
(Woo et al. 2005). Since the reduction of overoxidized 2-
cys PRX by SRX is a slow process, 2-cys PRXs can become
transiently inactivated, thereby allowing H2O2 to accu-
mulate above the critical level to function as a signal
activating downstream responses (Wood et al. 2003a).
Higher plants also contain 2-cys PRX and SRX in
chloroplasts where they might play a role in H2O2

signaling, chloroplasts being major sites of production
of ROS in the light under normal conditions (Liu et al.

2006; Rey et al. 2007). A putative SRX gene, more closely
related to animal SRX than to higher plant SRXs, was
identified in the genome of Chlamydomonas.

A role as intermediate in signal transduction has been
demonstrated for several NS-GPXs. In S. cerevisiae, GPX3
was shown to be a sensor and transducer of the H2O2

signal to the transcription factor Yap1 (Delaunay et al.
2002). Upon increased production of H2O2 inside the
cell, the oxidized GPX3 protein interacts with the
transcription factor Yap1 forming an intermolecular
disulfide bond that is resolved into an intramolecular
disulfide bond in Yap1. Once Yap1 regulatory cysteines
are oxidized by GPX3, Yap1 is activated, accumulates in
the nucleus, and activates the expression of antioxidants
and components of the cellular thiol-reducing pathways
(Lee et al. 1999; Delaunay et al. 2000, 2002). De-
activation of Yap1 is mediated by TRX reduction of
the regulatory disulfide, which leads to accumulation of
the transcription factor in the cytosol (Kuge et al. 2001).
S. cerevisiae GPX3 may also regulate the activity of
methionine-sulfoxide reductase (Kho et al. 2006). In
Arabidopsis, an NS-GPX was recently shown to also
function as a redox transducer by regulating the activity
of a protein phosphatase 2C in response to drought
stress and abscisic acid (Miao et al. 2006).

Overall, these data suggest that GPXs and PRXs may
have important roles in signal transduction, control of
enzyme activity, and regulation of gene expression. Both
types of enzymes may function as thiol oxidoreductases
playing a role in redox signaling and oxidant scavenging,
just like TRXs and GRXs. In photosynthetic organisms,
proteomic approaches have allowed identification of
nearly 300 putative targets of TRX and GRX (Buchanan

and Balmer 2005; Rouhier et al. 2005; Michelet et al.
2006; Lemaire et al. 2007). In the coming years, similar
approaches may be crucial to unravel the cellular targets
and the multiple functions of PRXs and GPXs in Chlamy-
domonas and other organisms.
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Maslow et al., 2004 New thioredoxin targets in the unicellular
photosynthetic eukaryote Chlamydomonas reinhardtii. Proc. Natl.
Acad. Sci. USA 101: 7475–7480.

Lemaire, S. D., 2004 The glutaredoxin family in oxygenic photosyn-
thetic organisms. Photosyn. Res. 79: 305–318.

Lemaire, S. D., L. Michelet, M. Zaffagnini, V. Massot and E.
Issakidis-Bourguet, 2007 Thioredoxins in chloroplasts. Curr.
Genet. 51: 343–365.

Lim, Y. S., M. K. Cha, H. K. Kim and I. H. Kim, 1994 The thiol-spe-
cific antioxidant protein from human brain: gene cloning and
analysis of conserved cysteine regions. Gene 140: 279–284.

Liu, X. P., X. Y. Liu, J. Zhang, Z. L. Xia, X. Liu et al., 2006 Molecular
and functional characterization of sulfiredoxin homologs from
higher plants. Cell Res. 16: 287–296.

Lobanov, A. V., D. E. Fomenko, Y. Zhang, A. Sengupta, D. L.
Hatfield et al., 2007 Evolutionary dynamics of eukaryotic sele-
noproteomes: large selenoproteomes may associate with aquatic
life and small with terrestrial life. Genome Biol. 8: R198.

Maiorino, M., J. P. Thomas, A. W. Girotti and F. Ursini,
1991 Reactivity of phospholipid hydroperoxide glutathione
peroxidase with membrane and lipoprotein lipid hydroperox-
ides. Free Radic. Res. Commun. 12–13(Pt 1): 131–135.

Maiorino, M., K. D. Aumann, R. Brigelius-Flohe, D. Doria, J. van

den Heuvel et al., 1995 Probing the presumed catalytic triad of
selenium-containing peroxidases by mutational analysis of phos-
pholipid hydroperoxide glutathione peroxidase (PHGPx). Biol.
Chem. Hoppe Seyler 376: 651–660.

Maiorino, M., F. Ursini, V. Bosello, S. Toppo, S. C. Tosatto et al.,
2007 The thioredoxin specificity of Drosophila GPx: a para-
digm for a peroxiredoxin-like mechanism of many glutathione
peroxidases. J. Mol. Biol. 365: 1033–1046.

Manevich, Y., S. I. Feinstein and A. B. Fisher, 2004 Activation of
the antioxidant enzyme 1-CYS peroxiredoxin requires glutathio-

Chlamydomonas PRX and GPX Families 55



nylation mediated by heterodimerization with pi GST. Proc. Natl.
Acad. Sci. USA 101: 3780–3785.

Merchant, S. S., S. E. Prochnik, O. Vallon, E. H. Harris, S. J. Karpowicz

et al., 2007 The Chlamydomonas genome reveals the evolution
of key animal and plant functions. Science 318: 245–250.

Miao, Y., D. Lv, P. Wang, X. C. Wang, J. Chen et al., 2006 An Ara-
bidopsis glutathione peroxidase functions as both a redox trans-
ducer and a scavenger in abscisic acid and drought stress
responses. Plant Cell 18: 2749–2766.

Michelet, L., M. Zaffagnini, V. Massot, E. Keryer, H. Vanacker

et al., 2006 Thioredoxins, glutaredoxins, and glutathionylation:
new crosstalks to explore. Photosyn. Res. 89: 225–245.

Mills, G. C., 1957 Hemoglobin catabolism. I. Glutathione peroxi-
dase, an erythrocyte enzyme which protects hemoglobin from ox-
idative breakdown. J. Biol. Chem. 229: 189–197.

Moon, J. C., H. H. Jang, H. B. Chae, J. R. Lee, S. Y. Lee et al.,
2006 The C-type Arabidopsis thioredoxin reductase ANTR-C
acts as an electron donor to 2-Cys peroxiredoxins in chloroplasts.
Biochem. Biophys. Res. Commun. 348: 478–484.

Navrot, N., V. Collin, J. Gualberto, E. Gelhaye, M. Hirasawa

et al., 2006 Plant glutathione peroxidases are functional perox-
iredoxins distributed in several subcellular compartments and
regulated during biotic and abiotic stresses. Plant Physiol. 142:
1364–1379.

Nogoceke, E., D. U. Gommel, M. Kiess, H. M. Kalisz and L. Flohe,
1997 A unique cascade of oxidoreductases catalyses trypano-
thione-mediated peroxide metabolism in Crithidia fasciculata.
Biol. Chem. 378: 827–836.

Noguera-Mazon, V., J. Lemoine, O. Walker, N. Rouhier, A.
Salvador et al., 2006 Glutathionylation induces the dissocia-
tion of 1-Cys D-peroxiredoxin non-covalent homodimer. J. Biol.
Chem. 281: 31736–31742.

Novoselov, S. V., M. Rao, N. V. Onoshko, H. Zhi, G. V. Kryukov

et al., 2002 Selenoproteins and selenocysteine insertion system
in the model plant cell system, Chlamydomonas reinhardtii. EMBO
J. 21: 3681–3693.

Papp, L. V., J. Lu, A. Holmgren and K. K. Khanna, 2007 From se-
lenium to selenoproteins: synthesis, identity, and their role in hu-
man health. Antioxid. Redox Signal. 9: 775–806.

Pauwels, F., B. Vergauwen, F. Vanrobaeys, B. Devreese and J. J.
Van Beeumen, 2003 Purification and characterization of a chi-
meric enzyme from Haemophilus influenzae Rd that exhibits gluta-
thione-dependent peroxidase activity. J. Biol. Chem. 278: 16658–
16666.

Pazour, G. J., N. Agrin, J. Leszyk and G. B. Witman, 2005 Pro-
teomic analysis of a eukaryotic cilium. J. Cell Biol. 170: 103–113.
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