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Peroxiredoxin 6: A Bifunctional Enzyme
with Glutathione Peroxidase and Phospholipase A2 Activities

Aron B. Fisher

Abstract

Peroxiredoxin 6 (Prdx6) is the prototype and the only mammalian 1-Cys member of the Prdx family. Major
differences from 2-Cys Prdxs include the use of glutathione (GSH) instead of thioredoxin as the physiological
reductant, heterodimerization with pGSH S-transferase as part of the catalytic cycle, and the ability either to
reduce the oxidized sn-2 fatty acyl group of phospholipids (peroxidase activity) or to hydrolyze the sn-2 ester
(alkyl) bond of phospholipids (phospholipase A2 [PLA2] activity). The bifunctional protein has separate active
sites for peroxidase (C47, R132, H39) and PLA2 (S32, D140, H26) activities. These activities are dependent on
binding of the protein to phospholipids at acidic pH and to oxidized phospholipids at cytosolic pH. Prdx6 can be
phosphorylated by MAP kinases at T177, which markedly increases its PLA2 activity and broadens its pH-activity
spectrum. Prdx6 is primarily cytosolic but also is targeted to acidic organelles (lysosomes, lamellar bodies) by a
specific targeting sequence (amino acids 31–40). Oxidant stress and keratinocyte growth factor are potent regu-
lators of Prdx6 gene expression. Prdx6 has important roles in both antioxidant defense based on its ability to reduce
peroxidized membrane phospholipids and in phospholipid homeostasis based on its ability to generate lyso-
phospholipid substrate for the remodeling pathway of phospholipid synthesis. Antioxid. Redox Signal. 15, 831–844.

Introduction

Peroxiredoxin 6 (Prdx6) was the sixth (and final) mam-
malian member of the Prdx family to be described. Prdx6

shares structural and functional properties with other mem-
bers of this family but has important characteristics that make
it unique among the Prdxs. Like the other Prdxs, Prdx6 is a
nonseleno peroxidase. However, unlike the other members of
the family, Prdx6 has a single conserved cysteine residue and
has been called a 1-Cys Prdx, in contrast to the other members
which are classified as 2-Cys (Prdx 1–4) or atypical 2-Cys
(Prdx5). Because of its single active-site Cys residue, the cat-
alytic cycle for Prdx6 differs from the 2-Cys family members.
A second important distinguishing characteristic of Prdx6 is
that thioredoxin does not participate in the catalytic cycle.
Indeed, the Prdxs were previously called thioredoxin perox-
idases, but the family name was changed to Prdxs after the
discovery of Prdx6 (34). Although some are yet to be con-
vinced, glutathione (GSH) appears to be the physiological
reductant for Prdx6. A third important characteristic that
distinguishes Prdx6 is its ability to bind and reduce phos-
pholipid hydroperoxides. This enzymatic activity has an im-
portant role in antioxidant defense. Finally, Prdx6, unlike the
other Prdxs, is a bifunctional enzyme with phospholipase A2

(PLA2) activity in addition to its peroxidase function.

The protein that is now called Prdx6 was first isolated from
the ciliary body of the bovine eye (86). The protein was char-
acterized as unique by its N-terminal amino acid sequence and
was called a nonselenium GSH peroxidase. Subsequently, the
cDNA (called ORF6) was identified by random cloning (64)
and the deduced protein sequence was recognized as a mem-
ber of the Prdx family (4). Shortly thereafter, the protein was
isolated from rat olfactory mucosa, where it was described as a
GSH peroxidase (70), and from rat lung, where its PLA2 activity
was identified (38). Subsequently, recombinant protein gener-
ated in Escherichia coli was shown to have both peroxidase and
PLA2 activities (6, 34). Before the consensus on nomenclature,
the protein had been called nonselenium GSH peroxidase (86),
aiPLA2 (38), 1-Cys Prdx (34), antioxidant protein 2 (AOP2) (75),
Clara cell protein 26 (CC26), and p29 (47), whereas the gene in
addition to ORF6 (64) has been called LTW4 (30) and kerati-
nocyte growth factor (KGF)-regulated gene 1 (24).

The designation Prdx6 is based on the protein found in
mammalian cells. However, homologous 1-Cys proteins are
widely distributed throughout all kingdoms. These proteins,
based on identity of the catalytic center, have been described
in archaea, bacteria, parasites, yeast, insects, mollusks, am-
phibians, birds, and other orders although differences exist
with respect to activity and structure compared with the
mammalian enzymes (66). As examples, yeast 1-Cys Prdx is
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thioredoxin dependent, unlike the mammalian enzymes,
whereas nonmammalian species show considerable hetero-
geneity in the amino acid sequence corresponding to the 1-
Cys Prdx lipase motif (66); whether any of these alternate
motifs support PLA2 activity is yet to be determined. Several
reviews of Prdx6 have been published previously (53, 66, 73,
84). This review will focus on the mammalian enzyme.

Prdx6 Structure

The structural properties of Prdx6 have been elucidated
through the deduced amino acid sequence, gel electropho-
resis, circular dichroism measurements, and protein crys-
tallization. The primary sequence consists of 224 amino acids
and indicates a molecular mass of 25,100 Da (for the human
enzyme), although the protein generally migrates at 26–
29 kDa on SDS=PAGE (38). The pI of the native protein is
*5.1 and varies with oxidation or phosphorylation state of
the protein (78, 102). Comparison of mammalian (human,
rat, mouse, and bovine) Prdx6 proteins indicates 87% iden-
tity of the amino acid sequences (Fig. 1A). Further, popula-
tion-based sequencing of the human gene has indicated a
relatively low frequency of polymorphisms, with almost
none in the coding region ( Jason Christie, personal com-
munication). This high degree of conservation suggests an
important role for Prdx6 in the metabolism of mammalian
cells. Like the other members of the Prdx family, Prdx6 has a
conserved Cys residue near the N-terminus (C47); the rat
and bovine proteins contain no additional Cys residues,
whereas one additional Cys is present in the human (C91)
and mouse (C201) proteins.

For the most part, the protein has limited amino acid se-
quence homology to other Prdxs, and Clustal analysis indi-
cates divergences of Prdx6 (and Prdx5) from the more
conserved Prdx1–4 (Fig. 1B). However, there are several
stretches where residues show greater conservation (Fig. 1C).
This is especially evident around the catalytic C47 residue but
also at 2 other stretches unrelated to the sites for enzymatic
activity. The sequence surrounding the active site of the oxi-
dase activity in Prdx6 is PVCTTE, analogous to the sur-
rounding sequence in Prdx 1–4, FVCPTE. In addition, the
protein has a sequence at positions 30–34 that has been termed
a lipase motif (GXSXG) and is present in a diverse group of
lipolytic enzymes (10), but is not present in the 2-Cys Prdxs.
The S32 in this motif is crucial for the PLA2 activity of Prdx6
(6). Circular dichroism analysis of Prdx6 shows approxima-

FIG. 1. The primary structure of peroxiredoxin 6 (Prdx6).
(A) Deduced Prdx6 amino acid sequence for the mouse (M),
rat (R), human (H), and bovine (B) proteins. The dots beneath
the sequence indicate amino acids that are not fully con-
served among the four species. The lipase and peroxidase
motifs are indicated. Modified from Kim et al. (37) and Fisher
et al. (21). (B) Phylogenetic tree for mammalian Prdxs con-
structed using ClustalW (1.7). Modified from Knoops et al.
(41). (C) Consensus sequences aligned using ClustalW (1.7).
The consensus sequences for the human, mouse, and rat
homologs for Prdxs 1, 2, 3, 4, and 6 were generated using the
consensus C program. The catalytic Cys residue is indicated
by the arrow. The shading indicates regions of relatively high
homology. Modified from Phelan (73).
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tely equal contributions of alpha helix, b sheets and turns, and
random regions to its secondary structure (54, 55).

Human Prdx6 protein has been crystallized in the oxidized
state and analyzed at 2 Å resolution (7) (Fig. 2A). It was

necessary to mutate the nonconserved C91 residue to prevent
disulfide formation in order to obtain crystals. The protein crys-
tallized as a homodimer but not as a disulfide as the C47 residues
in the individual monomers are at a considerable distance apart.
Unlike the 2-Cys Prdxs where the catalytic Cys residues are on the
surface and available to form disulfides (homodimers) as well as
higher forms, the conserved Cys in Prdx6 is buried at the base of a
narrow pocket (7) (Fig. 2B). This location renders it unable to
dimerize through disulfide formation in the native configuration,
but homodimers (and multimers) can arise through hydrophobic
interactions. Disulfide formation may occur with denatured
proteins (72) and heterodimerization also occurs normally as
part of the catalytic cycle (see below). Like the other Prdxs
and many other redox-active proteins, Prdx6 contains a
typical thioredoxin fold consisting of *80 amino acids ar-
ranged in four antiparallel b sheets sandwiched between
two alpha helices (7) (Fig. 2A). This region is essential for the
peroxidatic function of the enzyme. The protein also con-
tains a surface expressed catalytic triad (S-D-H) (Fig. 2B) that
is important for phospholipid binding and enzymatic ac-
tivities as described below.

Tissue Distribution

Initial immunohistochemical studies in mammals demon-
strated the presence of Prdx6 in lungs but were unable to
detect the protein in most other organs (37). However, this
appears to have been due to a relatively low reactivity of the
available antibodies. Subsequent study with more reactive
antibodies and by measurement of mRNA expression have
demonstrated wide-spread distribution in essentially all or-
gans and essentially all cell types (53). Consistent with the
initial observations, the expression level of Prdx6 mRNA and
protein is greatest in the lung with high levels of expression
also seen brain, testis, kidney, and liver (25, 37, 49, 50, 60). A
previous report suggesting highest expression levels for the
mRNA in mouse liver may have been skewed by the use of b-
actin in normalization for comparison of different tissues (94);
the liver content of b-actin is relatively low so that normali-
zation would result in an inaccurately high value.

Within organs, expression of Prdx is greatest in epithelium
such as apical regions of respiratory epithelium and skin
epidermis (68). Within the lung, Prdx6 is expressed at rela-
tively high levels within the type II alveolar epithelial cells
and bronchiolar Clara cells; a lower level of expression is seen
in alveolar macrophages and microvascular endothelium (37,
39, 78). Prdx6 expression within cells is cytosolic. The protein
also is present in lysosomes in lung epithelial cells and alve-
olar macrophages as well as in lung lamellar bodies, the
surfactant storage and secretory organelle (1, 89, 103) (Fig. 3A,
B). The latter is thought to represent a modified secretory
lysosome and, like lysosomes, maintains an acidic internal
pH. Prdx6 has not been demonstrated in other organelles
under normal conditions, but it does translocate to hepatocyte
mitochondria when the liver is subjected to experimental
ischemia-reperfusion injury (13). Expression of Prdx6 in
lysosomes and organelles of other tissues and possible
translocation of the protein with other forms of oxidant stress
has not been reported.

We have recently explored the mechanism for delivery of
Prdx6 to organelles in lung cell lines. Using a protein trun-
cation approach, we demonstrated that targeting of Prdx6

FIG. 2. Tertiary structure of Prdx6. (A) Crystal structure of
mutated (C91S) human Prdx6 that was oxidized by air expo-
sure. The protein crystallized as a homodimer. Notable features
are the thioredoxin fold consisting of a four-stranded b sheet
with two flanking a helices. The c-terminal domain comprises
amino acid residues 175–224 and consists of 3 b strands and an
a helix attached to the larger internal domain by a short loop.
The catalytic C47 in each monomer is indicated. Modified from
Choi et al. (7). (B) Ribbon diagram showing the relative position
of the active site for peroxidase activity (C47) and the catalytic
triad for phospholipase A2 (PLA2) activity (S32, H26, D140).
The SDH catalytic triad is on the protein surface, whereas C47 is
at the base of a narrow pocket. Also indicated (in green) are the
positions of the three Trp residues that have been used to an-
alyze substrate binding (54, 55). (To see this illustration in color
the reader is referred to the web version of this article at
www.liebertonline.com=ars).
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from the site of its synthesis (endoplasmic reticulum) to the
lysosomal=lamellar body compartments depends on the
sequence between amino acids 31 and 40 in the N-terminal
region of Prdx6 (89). Detailed analysis demonstrated that S32,
G34, and at least one or more additional residues between
amino acids 35 and 40 are essential for targeting. Targeting
does not depend on binding of Prdx6 to phospholipids (89)
but rather depends on binding to 14-3-3e as a molecular
chaperone (88).

Regulation of Expression

The Prdx6 gene from the mouse comprises five exons and
four introns spanning *11 kb (Fig. 4A) and is located on
chromosome 1 (75). The gene has been mapped to a 0.66 cM
interval between D1Mit 159 and D1Mit 398 (74), The cDNA
for various mammalian species (mouse, rat, bovine, and hu-
man) has been reported in the range of 1.4–1.7 kb, varying
with the length of the 30 untranslated region (21, 38, 62, 73).
Analysis of the gene promoter region has shown an antioxi-
dant response element (ARE) (8), a putative glucocorticoid
response element (GRE) (Fig. 4B), and potential binding sites
for SP1, sterol response element binding protein (SREBP),
upstream stimulatory factor (USF), alcohol dehydrogenase
regulatory protein 1 (ADR1), heat shock factor, Pit1, cJun,
cMyc and several other transcription factors (49, 75). SREBP
and upstream stimulatory factor have been linked to regula-
tion of genes involved in lipid metabolism (75), consistent
with one of the important roles of Prdx6. Several alternate
murine Prdx6 transcripts have been described and appear to
be related to 2 intronless genes (49, 75). Several of these

transcripts are specific to liver (90). Another transcript related
to one of the intronless genes has been shown in testes but is
not present in lung (60, 90). None of these alternate transcripts
has been shown to result in protein expression.

Oxidant stress is a potent inducer of Prdx6 expression.
Exposure to hyperoxia as a model of oxidant stress resulted in
an approximate doubling of Prdx6 expression in rat and
mouse lungs and alveolar type II cells (35). Induction by ox-
idant exposure (H2O2, paraquat) also was shown in lung ep-
ithelial and hepatocyte cell lines and was blocked by the
presence of antioxidants (35, 90). Using classical methods to
investigate promoter activity, we have shown in a lung epi-
thelial cell line that oxidant stress stimulates Prdx6 gene ex-
pression by a transcriptional mechanism involving its ARE
(8). The ARE consensus sequence is located between positions
�357 and �349 upstream from the translational start site in
the Prdx6 gene (Fig. 4B). [Note that the original publication (8)
incorrectly referred to this as the transcriptional start site.]
Transcription is activated by binding of the transcription
factor Nrf2 to the ARE, whereas transcription is inhibited by
the binding of Nrf3 (8). This mechanism for transcriptional
regulation of Prdx6 is similar to that described for many an-
tioxidant enzymes (32).

Prdx6 expression also is responsive to hormonal regulation.
This protein is expressed at low levels in mouse embryos and
in fetal rat lungs and kidneys, but shows a marked increase
immediately after birth (25, 36, 49). Treatment of neonatal rats
with a corticosteroid (dexamethasone) resulted in a modest
induction of expression and a similar effect was seen with
human fetal lung cells during in vitro culture. Dexamethasone
also induces Prdx6 expression in adult lung cells and regu-
lates transcription through its interaction with a GRE in the
promoter region of the Prdx6 gene (Fig. 4B) (unpublished
studies from our laboratory). This response to corticosteroids
may have physiological relevance related to the role of Prdx6
in lung surfactant metabolism (36). Transcription of Prdx6
message in dermal epithelium is induced by treatment with
KGF, a response of presumed importance related to wound
healing (24). Our preliminary studies (unpublished) indicate
that the ARE and Nrf2 are required for the effect of KGF on
Prdx6 expression.

Enzymatic Activities

Assays with recombinant protein have demonstrated that
Prdx6 is a bifunctional protein with both GSH peroxidase
and PLA2 activities (6). Site directed mutation analysis has
clearly shown that these activities require two distinct active
sites, namely, a Cys 47-dependent peroxidase activity and a
Ser32-dependent PLA2 activity (6). These results have been
confirmed by the use of specific inhibitors (6, 21). Mercapto-
succinate is a thiol-active agent that inhibited the peroxidase
activity of Prdx6, whereas the PLA2 activity was unaffected.
Both MJ33, a phospholipid substrate intermediate analog, and
serine protease inhibitors inhibited the PLA2 activity of Prdx6
but had no effect on peroxidase activity. The two catalytic cen-
ters (C47 and S32) according to the crystal structure are *25 Å
distant so that a direct interaction between them is unlikely (53).

GSH peroxidase

As described above, the original isolates of Prdx6 from
bovine ciliary body and subsequently from rat olfactory mu-

FIG. 3. Subcellular localization of Prdx6 in rat lung al-
veolar epithelial type II cells. (A) Immunofluorescence us-
ing antibodies to 3C9, a marker for lung lamellar body
membranes, and Prdx6. The merged image shows colocali-
zation for the two proteins, indicating the presence of Prdx6
in lung lamellar bodies. (B) Ultrastructural localization of
Prdx6 using electron microscopic immunohistochemistry
with 20 nm gold-coupled antibody. Arrows indicate gold
grains of Prdx6 in lamellar bodies (LB) with a lesser con-
centration of grains in other organelles. The right panel is a
control in the absence of primary antibody. Modified from
Wu et al. (103).
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cosa showed a protein that demonstrated GSH peroxidase
activity but did not contain the seleno-cysteine moiety that is
characteristic of GSH peroxidases (70, 86). Defining this
protein as a nonseleno-GSH peroxidase created some con-
fusion with the GSH S-transferases (GST), which also are
nonseleno enzymes, although Prdx6 does not have trans-
ferase activity (38, 86). The confusion was compounded
when initial in vitro studies of recombinant protein gener-
ated in E. coli showed peroxidase activity in the presence of
reductants such as dithiothreitol but no significant activity
with GSH (34). Clearly, dithiothreitol is not a physiological
reductant and thioredoxin, the reductant that is active in the
catalytic cycle for the other Prdxs, was not effective as a
reductant for Prdx6 (21, 34). Subsequent studies showed that
some, but not all, preparations of recombinant protein
could utilize GSH as a reductant of oxidized Prdx6 (6, 17),
but this has been variable (52, 72). The unpredictability of
this response has been attributed to the vagaries associated
with the in vitro generation of recombinant protein although
similar vagaries of response to GSH have been noted for
isolated native protein (70, 71).

Analysis of the crystal structure of the protein sheds some
light on the nature of the problem regarding reduction of
oxidized Prdx6, although the reasons for the disparities still
are not fully resolved. C47 is the only conserved Cys in Prdx6
and analysis of C47 mutants has clearly demonstrated that
this residue is essential for its peroxidase activity. According
to the crystal structure, the C47 residue is at the base of a
relatively narrow pocket (Fig. 2B). Thus, depending on fold-
ing, the pocket could admit or exclude access of the tripeptide
GSH to the catalytic site. This formulation raises the possi-
bility that one or another cofactor could regulate Prdx6-fold-
ing and thereby regulate access of the physiological reductant.
In vitro studies have indicated that Prdx6 can interact with the
p isoform of GST, resulting in reduction of oxidized Prdx6 by
GSH and the regeneration of active enzyme (52, 81, 82). As-
corbate (61), dihydrolipoic acid (72), or cyclophilin (48) might
also reduce the oxidized form of Prdx6. Reduction of Prdx6 by
ascorbate in vitro was dependent on the presence of the H39
residue to create a positively charged environment as well as
the presence of a stable sulfenic acid intermediate (61). GSH,
based on its high intracellular concentration (5–10 mM in most
cells), would appear to be most likely as the primary physi-
ologic reductant.

Catalytic cycle

The catalytic cycle presented here is based on the obser-
vations that both pGST and GSH are required for continuous
substrate reduction (52, 81, 82). The initial step in Prdx6 en-
zymatic function is similar to that observed with the other
Prdxs, namely, oxidation of the catalytic Cys to the sulfenic
acid (�SOH) (61, 72) (Fig. 5). Based on the crystal structure, it
has been proposed that C47 in Prdx6 is hydrogen bonded to
H39 and electrostatically activated by R132; thus, C47-H39-
R132 form a catalytic triad for peroxidase activity (7, 53). With
the 2-Cys Prdxs, the Cys sulfenic acid reacts with a resolving
Cys in the C-terminus of the homodimeric protein to form a
disulfide. As an analogous mechanism, the sulfenic acid of
Prdx6 forms a heterodimeric disulfide through its interaction
with pGST (Fig. 5). With 2-Cys Prdxs, the disulfide is reduced
by thioredoxin to regenerate the active enzyme, whereas with
Prdx6, this function is served by GSH. The Prdx6: pGST het-
erodimer interacts with GSH resulting in glutathionylation of
Prdx6; the latter is then reduced with another GSH, re-
generating Prdx6 while oxidizing GSH to GSSG. Thus, the

FIG. 4. Regulation of Prdx6
expression. (A) The structure
of the Prdx6 gene indicating
five exons and intervening
introns. The black boxes rep-
resent the protein coding re-
gions in the exons and the
open boxes represent non-
coding regions. The sequence
from exon 1 to exon 5 repre-
sents 10.3 kb. Restriction sites
are indicated: B, BAMH1; E,
EcoR1; H, Hind3; X, Xho1. (B)
Translational regulatory elements and restriction recognition sites upstream of the Prdx6 translational start site (ATG). The
figure indicates the position of an antioxidant (electrophilic) response element (ARE) (8) and glutocorticoid response element
(GRE) (unpublished results). The numbers indicated are relative to the site for start of transcription. Modified from Mo et al.
(60).

FIG. 5. The catalytic cycle for Prdx6 and role of GSH
transferase (GT). Prdx6 (PxSH) is shown indicating the
active-site sulfhydryl on C47. pGSH S-transferase (GTSH)
also is shown with its active sulfhydryl group indicated (by
coincidence, also at C47). In its antioxidant role, Prdx6 in-
teracts with an oxidant (H2O2) to generate the sulfenic acid
(reaction 1), which then interacts with the SH of pGST to
generate the Prdx6:pGST heterodimer (reaction 2). The GSH
bound to the pGST glutathionylates Prdx6, liberating pGST
(reaction 3). Finally, a second GSH reduces the –SSG bond
and regenerates the active (reduced) enzyme (reaction 4).
Modified from Ralat et al. (81).
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catalytic cycles are analogous between Prdx6 and the other
Prdxs, although the identity of the resolving protein and the
physiological reductant differ. The sulfenic cys (S-OH) of
Prdx6 can be hyperoxidized to the sulfinic and sulfonic states,
although the susceptibility to hyperoxidation in vitro is less
than for 2-Cys Prdxs and requires supraphysiological con-
centrations of H2O2 (500 mM) (72). Unlike the 2-Cys Prdxs,
hyperoxidized Prdx6 cannot be reduced by sulfiredoxin and
its hyperoxidation after H2O2 treatment of Hela cells is not
reversed during a subsequent 6 h period (101).

Substrate specificity

Similar to the other Prdxs, Prdx6 reduces H2O2 and other
short chain hydroperoxides. The turnover number (k2) with
these substrates is *106 M�1 s�1 (21). This compares with a
turnover number that is approximately an order of magnitude
greater for cytosolic GSH peroxidase (GPx1). The maximal
activity for the peroxidase activity of recombinant Prdx6 is
*5 mmol=min=mg protein (52, 81). Prdx6 also can reduce
phospholipid hydroperoxides as demonstrated with oxidized
phospholipids in solution or incorporated into liposomes (21,
55). Thus, by analogy, this enzyme has the ability to reduce
peroxidized membrane phospholipids. As mentioned above,
this ability to reduce phospholipid hydroperoxides is not
shared by GPx1 or the other Prdxs. The rate constants for
reduction of oxidized phosphatidylcholines by Prdx6 are
similar to those obtained with H2O2 as substrate and also are
similar for reduction of phosphatidylcholine with either oxi-
dized arachidonyl or linoleoyl in the sn-2 position (21). The
possible reduction of oxidized complex lipids other than
phosphatidylcholine (such as cholesterol) by Prdx6 has not
been tested.

The key factor in the ability of Prdx6 to reduce peroxides of
phospholipids is the binding of Prdx6 to the oxidized lipid
substrate. Mutagenesis studies based on the crystal structure
have indicated that the binding site for protein to phospho-
lipid substrate is on the b turn represented by the amino acid
residues H26, S32, and W33 (54, 55) (Fig. 2B). These residues
are on the protein surface in proximity to the surface opening
for the pocket containing the catalytic C47 residue. We pro-
pose that binding of the head group (e.g., phosphorylcholine)
of the peroxidized phospholipid to this protein docking site
results in insertion of the peroxidized sn-2 fatty acid into the
hydrophobic pocket, generating proximity to and subsequent
interaction with C47 (Fig. 6A). Of note, Prdx6 at cytosolic pH
(pH 7.0) does not bind to normal membranes (reduced
phospholipids), whereas the enzyme binds readily to perox-
idized phospholipids (55). Thus, we have proposed that cy-
tosolic Prdx6 could bind to and reduce peroxidized
membrane phospholipids followed by its dissociation from
the membrane and return to the cytosolic compartment (Fig.
6B). We presume that reduction of the sulfenic Cys in Prdx6
occurs within the cytoplasm.

PLA2 activity

The PLA2 activity of Prdx6 was discovered through follow-
up of studies using a novel inhibitor of phospholipid metab-
olism in the intact lung. This agent, MJ33, is a transition state
phospholipid analog that functions as a competitive inhibi-
tor for some PLA2s; within the lung, it appears to specifi-

cally inhibit a calcium-independent activity that is maximal at
pH 4 (17, 19). This pH versus activity spectrum is compatible
with a lysosomal localization. Using these characteristics, a
protein with PLA2 activity (called aiPLA2 for acidic, Ca2þ-
independent PLA2) was isolated from rat lung and, after
molecular sequencing, was demonstrated to be identical to the
deduced sequence of Prdx6 (37, 38). The PLA2 activity of
Prdx6 has been demonstrated with native and recombinant
protein (1, 6, 38, 103) as well as with mammalian cells that
were transfected with a construct to generate Prdx6 (29).

PLA2s represent a relatively large family of enzymes that
can be categorized as: (i) secreted PLA2s (e.g., pancreatic
PLA2) that function extracellularly and are strongly calcium
dependent; (ii) intracellular PLA2 (cytosolic or cPLA2) that
shows specificity for sn-2 arachidonate and does not require
calcium for the catalytic mechanism, although low levels of
Ca2þ enhance binding; (iii) various other intracellular PLA2s
that are Ca2þ-independent (iPLA2); and (iv) lysosomal PLA2s
that function at acidic pH (63). Prdx6 was the first lysosomal
PLA2 to be described although another has been identified
subsequently (28). All PLA2 enzymes function to hydrolyze
an acyl or alkyl linkage at the sn-2 position of phospholipids.
The secreted enzymes utilize a His-Asp dyad as the catalytic
center, whereas the other members of the family are serine
based, either as a Ser-Asp dyad or Ser-Asp-His catalytic triad
(23). This triad is similar to that found in many proteases as
well as lipolytic enzymes (66). The use of serine protease in-
hibitors identified aiPLA2 as a serine-based enzyme (1, 38).
Mutation analysis indicated that Ser32 is essential for activity
along with His26 and Asp140, which constitute the catalytic
triad (6, 54). As pointed out above, S32 and H26 are crucial as
surface amino acids involved in Prdx6 binding to phospho-
lipids in addition to their role in catalysis (54, 55). With regard
to enzymatic characteristics, aiPLA2 shows preference for
phosphatidylcholine with lesser activity toward phosphati-
dylethanolamine and other phospholipids (1, 38). Activity is
not altered by the particular acyl substituent at the sn-2 po-
sition of phosphatidylcholine but an alkyl substituent results
in 50% less activity (1, 38).

Why two enzymatic activities in one protein?

Through what evolutionary quirk does this protein come to
have two seemingly disparate activities (GSH peroxidase,
PLA2)? A clue lies in the ability of Prdx6 to reduce phospho-
lipid hydroperoxides consequent to phospholipid binding as
described above. Based on mutagenesis studies and the
crystal structure, we have proposed that attachment of
the phospholipid to the protein occurs initially through the
phospholipid head group in the vicinity of the PLA2 active site
(S32, H26) with insertion of the sn-2 fatty acyl group into the
pocket containing the catalytic C47 (54, 55) (Fig. 6A). Thus, the
protein is in a position to carry out either reduction of
the peroxidized fatty acyl group (peroxidase activity) via C47
within the pocket or hydrolysis of the ester bond (PLA2 ac-
tivity) via S32, D140, and H26 at the protein surface. In this
formulation, binding between the protein and substrate rep-
resents the essential feature defining the enzymatic proper-
ties. We have demonstrated that the native protein readily
binds to oxidized phospholipids but binds to reduced (native)
phospholipids only at acidic pH (54, 55). So, Prdx6 can remain
free in the cytoplasm until membrane phospholipids are ox-
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idized at which point binding of the protein (and subsequent
reduction of the oxidized membrane components) occurs
(Fig. 6B). The situation is different within the acidic organelles
(lysosomes or lamellar bodies) where Prdx6 can bind and
hydrolyze native phospholipids as necessary for phospho-
lipid catabolism. These binding properties account for the
differing pH profiles for the two activities of the protein. That
is, hydrolysis of phospholipids (PLA2 activity) by native
(nonphosphorylated) Prdx6 is maximal at pH 4, whereas re-
duction of oxidized phospholipid (peroxidase activity) occurs
at pH 7.

Phosphorylation of Prdx6
and regulation of PLA2 activity

Treatment of lung cells with a phorbol ester (PMA) was
found to increase phospholipid turnover and also to increase
aiPLA2 activity (102). Subsequent study indicated that treat-

ment with PMA resulted in MAP kinase-mediated phos-
phorylation of Prdx6. The use of inhibitors with intact cells
and in vitro studies using individual enzymes suggested that
either Erk or p38 MAP kinase was effective at phosphorylat-
ing the protein. Putative docking sites for the MAP kinases on
Prdx6 have been described (102). By mass spectroscopic
analysis, phosphorylation was at T177, and this effect (phos-
phorylation) was lost by mutation of the T177 residue (102)
(Fig. 7). Phosphorylation resulted in a marked increase of
PLA2 activity; for the rat protein, activity at pH 4 was in-
creased more than 10-fold from 100 to 1300 nmol=min=mg
protein (102). Since only 45% of the protein was phosphory-
lated, the maximum activity might be *3mmol=min=mg
protein, only slightly less than the maximal peroxidase ac-
tivity (*5mmol=min=mg protein). Further, phosphorylation
broadens the activity versus pH spectrum so that PLA2 ac-
tivity at cytosolic and acidic pH values is similar (102). This
effect was corroborated by demonstrating that, unlike the

FIG. 6. Binding of phos-
pholipids to Prdx6. (A)
Theoretical analysis of the
binding of an oxidized phos-
pholipid to Prdx6. The phos-
pholipid head group binds at
the protein surface in the vi-
cinity of the PLA2 catalytic
triad (SDH), whereas the ox-
idized sn-2 oxidized fatty
acyl group inserts into the
hydrophobic pocket where
the oxidized double bond is
in proximity to the catalytic
Cys47. (B) Scheme for reduc-
tion of oxidized membrane
phospholipids by cytosolic
Prdx6. The resting state
shows phospholipids of the
membrane bilayer and Prdx6
contained in the cytosol ( pa-
nel 1). Oxidative stress (H2O)
generates a phospholipid hy-
droperoxide, increasing its
aqueous solubility resulting
in flotation of the peroxidized
sn-2 acyl chain ( panel 2). Cy-
tosolic Prdx6 binds to the
oxidized phospholipid ( panel
3) resulting in reduction of
the phospholipid hydroper-
oxide ( panel 4) and dissocia-
tion of Prdx6 from the
membrane ( panel 5). Reduc-
tion of Prdx6 with GSH re-
stores the resting state. At
this time, it is not clear whe-
ther Prdx6 is reduced while
attached to the membrane or
in the cytosol subsequent to
its dissociation. Modified
from Manevich et al. (55). (To
see this illustration in color
the reader is referred to the
web version of this article at
www.liebertonline.com=ars).
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nonphosphorylated protein, phosphorylated Prdx6 binds to
phospholipid vesicles (liposomes) at pH 7 (55). The mecha-
nism for the enhancement of activity by phosphorylation at
T177 is unclear, as this residue, based on the crystal structure,
is buried within the molecule without an obvious relationship
to the sites for phospholipid binding or PLA2 catalysis (Fig. 7).
The physiological significance of the increase in cytosolic
PLA2 activity resulting from phosphorylation also is not yet
apparent although our preliminary studies (unpublished re-
sults) suggest a signaling function related to the generation of
fatty acids or lysoPC. Phosphorylation has no effect on the
peroxidase activity of Prdx6 (102).

aiPLA2 activity also can be regulated by its interaction with
the protein known as lung surfactant protein A (SP-A) (18,
103). This member of the collectin family of proteins is stored
within the lung lamellar bodies and secreted as a component
of the pulmonary surfactant. SP-A is a multimeric protein
comprising six trimers with a nominal total molecular mass of
* 680 kDa. SP-A and Prdx6 have been shown to interact in
vitro by a variety of methods with a stoichiometry of one Prdx6
per SP-A trimer (103). This interaction results in a concentra-
tion-dependent decrease in PLA2 activity. Conversely, inhibi-
tion or knock-out of SP-A expression results in increased
cellular aPLA2 activity (18, 31). Immunocytochemical studies of
intact cells have demonstrated colocalization of SP-A and
Prdx6 in lung lamellar bodies (103). Thus, SP-A has the requi-
site properties to be a physiological regulator of aiPLA2 activ-
ity; for example, by limiting PLA2 activity of Prdx6 in lamellar
bodies or in the extracellular (alveolar) space.

Physiological Roles of Prdx6

In keeping with the two major enzymatic activities of the
protein, Prdx6 has two major physiological roles. These can be
characterized as related to antioxidant defense and to phos-
pholipid turnover. A suspected role in the pathogenesis of
atherosclerosis has not been confirmed in mouse studies and
is considered to be unlikely (95). Because of the major interest
of our lab, the bulk of the studies related to the physiological
role of the protein has concerned its role in lung physiology.
These roles have been investigated primarily using the Prdx6
null mouse or the PLA2 inhibitor, MJ33.

The Prdx6 gene targeted mouse

The study of the physiological role of Prdx6 has been
greatly facilitated by the use of a gene-targeted mouse model
resulting in deletion of the protein and its associated function.
Prdx6 null mice have been generated in two different labo-
ratories by targeting different sites in the 5 exon gene; our
laboratory targeted exon 3, whereas another laboratory tar-
geted exons 1 and 2 (60, 94). Mice generated by either strategy
display a similar phenotype although overlapping studies
have been reported for only a relatively few conditions. Mice
targeted at exon 3 were on a mixed background when origi-
nally studied (96–98), but these have now been fully back-
crossed (>99.9%) to the C57=Bl6 background, whereas exon
1=2-targeted mice are on the 129=SvJ background. Prdx6 gene-
targeted mice show abnormalities of response to oxidant
stress and altered lung phospholipid metabolism (as de-
scribed below), but otherwise develop and reproduce nor-
mally and show no other deviations from the wild type. A
transgenic Prdx6 overexpressing mouse has been generated
by injecting a genomic clone containing the entire Prdx6 gene
into C57=Bl6 oocytes; these mice under control conditions also
show no obvious deviations from the wild-type phenotype
(76).

Antioxidant defense

Based on its activity as a scavenger of H2O2 and other hy-
droperoxides, it is natural to postulate a role for Prdx6 in
antioxidant defense. Studies using various cell lines showed
that overexpression of Prdx6 increases resistance to experi-
mental oxidative stress (12, 14, 56, 96), whereas a decrease of
Prdx6 expression after treatment with antisense oligonucleo-
tides results in oxidant sensitivity (69). This latter effect could
be rescued by treatment of cells with an adenoviral vector
directing Prdx6 expression. Subsequent studies using either
primary lung epithelial cells or peritoneal macrophages de-
rived from Prdx6 null mice confirmed that the absence of
Prdx6 increased their oxidant sensitivity as compared with
wild type (94, 96). There were no significant changes in ex-
pression of other enzymes that could explain this effect.

The results with cell models have been confirmed by
studies with intact mice. Mice that overexpress Prdx6, either
through administration of an adenoviral vector directing
Prdx6 expression or by transgenic techniques, were more re-
sistant to the oxidant stress generated by exposure to oxygen
at elevated partial pressures (hyperoxia) (99, 100). By contrast,
Prdx6 null mice showed a significant increase in sensitivity to
the toxic effects of hyperoxia and to administration of the
redox cycling drug, paraquat (94, 97, 98). The manifestations

FIG. 7. Site for MAP kinase-mediated phosphorylation of
Prdx6. The phosphorylation site is T177. This site, which is
distant from the PLA2 catalytic triad and the peroxidatic
Cys47, is located within the protein globule relatively close to
the interface of Prdx6 monomers. The buried nature of the
site suggests that change in configuration is required for
phosphorylation. Reprinted from Wu et al. (102). (To see this
illustration in color the reader is referred to the web version
of this article at www.liebertonline.com=ars).
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of increased oxidant sensitivity were increased mortality and
increased tissue damage in lungs and liver of the exposed
mice. Prdx6 null mice also showed increased injury in the
isolated heart (65) and the liver (13) subjected to the oxidative
stress of ischemia followed by reperfusion. Thus, these studies
utilizing isolated cells, intact organs, and mice demonstrate
unequivocally that Prdx6 functions in vivo as an antioxidant
enzyme.

One of the unresolved issues concerning the antioxidant
role of Prdx6 relates to the multiple other enzymes that also
are able to scavenge H2O2, leading to the question why any
one enzyme could be critical. These other enzymes include
catalase, the family of GSH peroxidases, and other Prdxs.
Cytosolic GPx (GPx1) has been regarded as a major enzyme
for reduction of hydroperoxides and antioxidant protection
(9). However, our recent comparative studies of oxidant stress
in lungs and lung cells (hyperoxia, tert-butyl hydroperoxide,
H2O2, and paraquat) indicate significantly greater suscepti-
bility to injury with knock-out of Prdx6 as compared with
knock-out of GPx1 (51). These results suggest that the pres-
ence of Prdx6 has a significantly greater protective effect than
the presence of GPx1. We postulate that the unique role of
Prdx6 is based on its ability to reduce phospholipid hydro-
peroxides. Initiation of lipid peroxidation can induce an
oxidant-generated chain reaction resulting in progressive
damage to cell plasma and organellar membranes resulting in
altered volume regulation and other physiological derange-
ments eventuating in cell death. Thus, the chemical reduction
of peroxidized phospholipids is essential for cell survival. To
date, only two enzymes have been shown with the ability to
reduce cellular phospholipid hydroperoxides. Phospholipid
hydroperoxide glutathione peroxidase (GPx4), the first en-
zyme described with this activity, is highly expressed in testis,
where it appears to also have a structural role, but is expressed
at much lower levels in other organs such as the lung, where
antioxidant defense is crucial (2, 93). More recently, Prdx6 also
has been shown to reduce phospholipid hydroperoxides (21).
Lung homogenates from Prdx6 null mice have lost 95% of
their phospholipid hydroperoxide reduction activity com-
pared with wild type, indicating that Prdx6 is the major
source of this activity in the lung (97). Evidence for signifi-
cantly increased lipid peroxidation associated with oxidative
stress in the lungs of Prdx6 null mice provides support for the
hypothesis that Prdx6 normally functions to reduce phos-
pholipid hydroperoxides (97, 98). This activity of Prdx6 pro-
vides a basis for the observed important role of Prdx6 in lung
antioxidant defense (Fig. 8). As noted above, the ubiquitous
GPx1 does not show this activity (21, 59). The reduction of
phospholipid hydroperoxides generates a hydroxypho-
spholipid that must then be further reduced (by unspecified
enzymes) to regenerate the native compound (Fig. 8). An al-
ternate mechanism for restoring the reduced form of perox-
idized membrane phospholipids involves the sequential
activity of a PLA2 and an acyl transferase (85). It has been
estimated that the direct reduction of peroxidized phospho-
lipids is 104 times more efficient than the alternate mechanism
(106).

Lung surfactant metabolism

Lung surfactant is a phospholipid–protein complex se-
creted by the lung alveolar epithelial cells that functions to

lower surface tension at the air–liquid interface in the lung
alveolar space and thereby enhances lung stability. The
principle surface active agent is dipalmitoylphosphatidyl-
choline (DPPC), which functions in concert with several hy-
drophobic surfactant proteins. Lung surfactant is synthesized
in the endoplasmic reticulum of alveolar epithelial type II
cells, transferred to modified secretory lysosomes (lamellar
bodies) for storage, and is subsequently exocytosed. Lung
DPPC is actively recycled by the epithelial cells with an ex-
tracellular half-time of *6–10 h. The material to be recycled is
endocytosed by a receptor-mediated process, targeted to in-
termediate organelles where it may be resecreted or degraded,
and components utilized for resynthesis of DPPC. Lung DPPC
is synthesized by both the de novo and by the remodeling
pathways. In the former pathway, cytidine 5-diphosphocholine
interacts with diacylglycerol containing two palmitoyl resi-
dues to generate DPPC; for the latter pathway, phosphati-
dylcholine with an unsaturated fatty acid in the sn-2 position
is hydrolyzed by PLA2 followed by its reacylation with a
palmitoyl moiety to generate the disaturated phospholipid
(Fig. 9).

Lungs treated with the aiPLA2 inhibitor MJ33 or isolated
from Prdx6 null mice show a significant reduction in the
degradation of DPPC after its reuptake from the alveolar ex-
tracellular space (15, 20), whereas overexpression results in
increased DPPC metabolism (22). Further, inhibition of ai-
PLA2 activity by treatment with MJ33 or by gene targeting of
Prdx6 results in a marked decrease in the ability of lung epi-
thelial cells to incorporate palmitate into DPPC by the re-
modeling pathway of phospholipid synthesis (15, 16). This
effect is compatible with a role for Prdx6 in the generation of
lysoPC as the substrate for the reacylation pathway for DPPC
synthesis. Prdx6 null mice also show a progressive age related
increase in the content of phospholipids in both the lung pa-
renchyma as well as its alveolar space (20). This progressive
increase suggests a lifelong deficit in the ability of these lungs

FIG. 8. Scheme for intracellular generation of reactive
oxygen species (ROS) and the role of Prdx6. O2

�� is dis-
mutated to H2O2, which can generate �OH in the presence of
Fe2þ. �OH is a powerful oxidant that can peroxidize cell
membrane phospholipids (PL). Thus, cell resistance to oxi-
dant stress and repair depends in large part on removal of
H2O2 and reduction of phospholipid hydroperoxides (there
is no specific scavenger for �OH). H2O2 can be removed by
multiple enzymes, including catalase, GSH peroxidases, and
all Prdxs. Phospholipid hydroperoxides (PLOOH) are re-
duced in lung cells by Prdx6; GPx4 represents an alternate
enzyme for reduction in some cells (not shown). The product
of Prdx6 activity, the hydroxy phospholipid (PLOH), is fur-
ther reduced by unspecified enzymes to regenerate the na-
tive phospholipid. Modified from Manevich and Fisher (53).
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to normally metabolize phospholipid. To date, possible ab-
normalities in phospholipid metabolism in organs other than
the lung have not been studied.

Prdx6 in the Pathobiology of Disease

Oxidant stress is being increasingly recognized as an im-
portant mechanism in disease pathogenesis. Although it is ex-
pected that altered expression of Prdx6 might be seen with
conditions that are clearly associated with oxidant stress, pro-
teomic screens have frequently demonstrated that altered Prdx6
expression occurs in diseases where the involvement of oxidant
stress is less clear. High expression of Prdx6 has been noted in
degenerative afflictions of the central nervous system, including
Alzheimer’s (77), Parkinson’s (79), Pick’s (42), and Crutzfeld-
Jakob diseases (43), schizophrenia (57), and an experimental
mouse model of amyotrophic lateral sclerosis (91). As a poten-
tial mechanism for some of these associations, binding of Prdx6
to the protein saitohin may be linked to tau splicing and sub-
sequent neurodegeneration (26). Elevated Prdx6 also occurs in
various neoplastic diseases, including malignant mesothelioma
(40), bronchogenic squamous cell carcinoma (50), and cancer of
the gingivo-buccal area (87), bladder (80), and breast (5). It has
been proposed that the peroxidase activity of Prdx6 promotes
cancer growth, whereas the PLA2 activity facilitates invasive-
ness (29). Elevated Prdx6 has been shown at the leading edges
of wounds in humans as well as in animal models and has been
postulated to be of importance in wound healing (45, 46, 62). On
the other side of the coin, abnormally low levels of Prdx6 have
been described in cataracts of the lens (27), whereas over-
expression of Prdx6 in mice protects against the development of
lens opacity (44). Altered Prdx6 expression also has been re-
ported in animal and cellular models of alcoholic liver disease
(67, 83), cellular premature senescence (11), and various drug
treatments (melatonin, luteolin, paroxetine, ochratoxin A, and
capsaicin) (3, 58, 92, 104, 105). Whether any of these associations
will provide definitive insights into pathogenesis or will pro-
vide targets for therapy remains to be determined. Finally, ex-
pression of Prdx6 in bovine thoracic muscles was found to
correlate with tenderness of the meat (33), so think of Prdx6 at
that next meal with an especially tender steak.

Summary

Prdx6, the only mammalian 1-Cys member of the Prdx
family, has several unique properties that distinguish it from
other Prdxs. First, its catalytic mechanism for peroxidase ac-
tivity is not based on thioredoxin but rather utilizes GSH (or
possibly other agents) as the physiologic reductant. Second,
Prdx6 is able to reduce phospholipid hydroperoxides in ad-
dition to short chain hydroperoxides. Third, Prdx6 has PLA2

activity that is distinct from its peroxidatic function. These
properties provide the basis for the physiologic role of Prdx6
as a key enzyme for both antioxidant defense and phospho-
lipid homeostasis.
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