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ABSTRACT Peroxiredoxin (PRX) is a crucial antioxi-
dant protein that protects against endogenously pro-
duced peroxides in prokaryotes to eukaryotes. To date,
6 different isoforms have been identified in mammals. In
this study, we describe the first members of the PRX
protein family to be characterized in Chicken. Through
bioinformatics analysis, we observed that at least 4 differ-
ent classes of PRX protein have been evolutionarily con-
served in chickens. Furthermore, in vitro functional
assays of the candidate chicken PRX proteins demon-
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INTRODUCTION

Reactive oxygen species (ROS) are generated as by-
products of aerobic metabolisms and include molecules
such as superoxide anions, hydroxyl radicals, and hydro-
peroxides. ROS can lead to oxidative damage to proteins,
nucleic acids, and lipids, resulting in cellular dysfunction.
The damage induced by ROS is one of the main sources
of oxidative stress in living organisms. Oxidative stress
and ROS have been implicated in aging (Nagai et al.,
2003; Junqueira et al., 2004) as well as in the development
of diseases such as Alzheimer disease (Casadesus et al.,
2004; Zhu et al., 2004), Parkinson’s disease (Veech et al.,
2000), cancer (Manju et al., 2002; Trougakos et al., 2004;
Verrax et al., 2004), and diabetes (Robertson, 2004). The
antioxidant defense mechanisms of biological systems
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strated that they had levels of antioxidant activity similar
to those of the mammalian enzymes. The expression pat-
terns of the PRX transcript in several chicken tissues were
not tissue specific, suggesting that they might play an
essential role as a housekeeping gene in all tissues to
protect against oxidative damage. In conclusion, the se-
quences of the putative members of this functional gene
family in chickens could be effectively retrieved in silico
through bioinformatics analysis, and the functionality of
their gene products evaluated by in vitro comparative
assay.

play major roles in relieving and preventing oxidative
stress and the consequent cell damage.

Peroxiredoxins (PRX) are a family of thiol-containing
peroxidases that have no prosthetic groups. The PRX are
major antioxidants of endogenously produced peroxides
in eukaryotes and are conserved from bacteria to mam-
mals. The PRX are divided into 3 classes: typical 2-cyste-
ine PRX, atypical 2-cysteine PRX, and 1-cysteine PRX. All
PRX share the same basic catalytic mechanism, in which
an active-site cysteine is oxidized to a sulfenic acid by
the peroxide substrate (Wood et al., 2003). Since the first
animal PRX was discovered in murine erythroleukemia
cells (Yamamoto et al., 1989), other animal PRX and their
roles have been identified and characterized in the mouse,
rat, and human. To date, 6 different isoforms of PRX
have been identified in mammals (Fujii and Ikeda, 2002).
Moreover, PRX have been shown to be involved not only

Abbreviation Key: AhpC = alkyl hydroperoxide reductase; chPRX =
chicken peroxiredoxin; DTT = dithiothreitol; GAPDH =glyceraldehyde-
3-phosphate dehydrogenase; IPTG =isopropyl-β-D-thiogalactopyrano-
side; PRX = peroxiredoxin; ROS = reactive oxygen species; RT = reverse
transcription; TSA = thiol-specific antioxidant.
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in protective mechanisms against oxidative stress but also
in cell differentiation and proliferation, immune re-
sponses, and apoptosis (Yuan et al., 2004). The PRX in-
clude alkyl hydroperoxide reductase (AhpC) and thiol-
specific antioxidant (TSA). AhpC is responsible for reduc-
ing organic hyperoxides, and TSA constitutes an enzy-
matic defense against sulfur-containing radicals. PRX can
reduce hydroperoxides induced by artificial substrates
and dithiothreitol (DTT). Peroxiredoxin isoforms I, II, and
III have thioredoxin peroxidase activity, and PRX V is
a monomeric 2-cysteine peroxiredoxin (Seo et al., 2000;
Declercq et al., 2001). The human PRX VI has been de-
scribed as having nonselenium-dependent glutathione
peroxidase activity (Fisher et al., 1999) and is regulated by
keratinocyte growth factor, which is implicated in wound
healing (Frank et al., 1997; Munz et al., 1997). Although
PRX are located primarily in the cytosol, PRX III is re-
stricted to the mitochondria (Chae et al., 1999; Rhee et al.,
1999). The secreted isoform PRX IV, which is specifically
expressed in the testis, has been implicated in acrosome
formation during terminal sperm maturation (Sasagawa
et al., 2001).

To date, there are no reports describing the PRX gene
family in Aves. Here, we characterize the PRX genes in
avian species, their antioxidant activity, and their expres-
sion pattern in the chicken.

MATERIALS AND METHODS

Database Search and Domain Analysis

On March 10, 2004, all nonredundant sequences of pro-
teins with PRX domains were downloaded from the non-
redundant protein database at the National Center for
Biotechnology Information (NCBI) and formatted for a
stand-alone BLAST search. We then used 111,743 se-
quences from the Gallus gallus Gene Index (GgGI) 6.0 of
the Institute for Genomic Research, which we translated
into protein sequences using the ESTScan program (Iseli
et al., 1999), to perform a BLAST query against the dow-
nloaded PRX protein sequences using the PSI-BLAST pro-
gram (Altschul et al., 1997). The parameters for the PSI-
BLAST analysis were an E-value cut-off of 0.0005 to select
homologs for the position-specific scoring matrix, and a
threshold of 0.001 to reduce false positives, for the upper-
most 4 iterations. The chicken sequences that were re-
trieved from the PSI-BLAST hits were then subjected to
a search for PRX domains using HMMER 2.3.22 and Pfam-
A family matrices.3 By using the BLAT program (Kent,
2002), alternative splicing variants of the PRX sequences

2http://hmmer.wustl.edu/.
3www.sanger.ac.uk/Software/Pfam/index.shtml.
4PHYLIP, 2004, Version 3.61, University of Washington, Seattle, WA.
5Novagen, Darmstadt, Germany.
6Bio-Rad, Hercules, CA.
7Hybond C, Amersham Pharmacia Biotech, Piscataway, NJ.
8Sigma-Aldrich, St. Louis, MO.
9Elipis Biotech, Seoul, Korea.

were clustered by aligning them against chicken genome
draft sequences from the University of California Santa
Cruz Genome Browser.

Phylogenetic Analysis

Multiple sequence alignments of the human and mouse
PRX proteins with the chicken PRX were prepared using
the ClustalW program (Thompson et al., 1994). The phylo-
genetic analysis was done using the neighbor-joining al-
gorithm (Saitou and Nei, 1987) as implemented with the
NEIGHBOR program.4 The tree topology was evaluated
by bootstrap analysis from 100 replicates and viewed in
the TreeView program (Page, 1996).

In Vitro Expression

Chicken PRX (chPRX) I and VI transcripts were ampli-
fied by reverse transcription (RT)-PCR from chicken testis
and subcloned into the bacterial expression vector,
pET21b5 in-frame with the hexahistidine tag (His-tag)
sequence. The recombinant chPRX proteins (rchPRX)
were then expressed in Escherichia coli BL21 (DE3). When
the cell density reached 0.5 at an absorbance of 600 nm
(A600), isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to a final concentration 0.3 mM. To detect the
expression of the rchPRX I and VI proteins, SDS-PAGE
and Western blotting were performed as follows. The
SDS-PAGE was carried out on 12.5% Tris-glycine acryl-
amide gels, and the protein bands were visualized by
staining with Coomassie brilliant blue.6 For Western blot-
ting, the proteins were transferred onto a nitrocellulose
membrane.7 The membrane was treated with blocking
reagent at 4°C for 1 h and then incubated with antibody
to poly-His8 for 1 h at room temperature. After being
washed twice with PBS containing 0.1% Tween-20, the
membrane was incubated with alkaline phosphatase-con-
jugated secondary antibody for 1 h at room temperature.
After being washed twice again with PBS containing 0.1%
Tween-20, the immunoreactive proteins were revealed
with a reagent containing 5-bromo-4-chloro-3-indolyl-
phosphate and nitroblue-tetrazolium salt.8 Due to techni-
cal problems, the in vitro expression of PRX III and IV
and their subsequent biological analysis will be per-
formed later.

Protein Purification and Metal-Catalyzed
Oxidation Protection Assay

The rchPRX proteins were purified by affinity chroma-
tography using MagPure His-bind magnetic purification
resin9 according to the manufacturer’s instructions.
Briefly, the MagPure His-bind slurry was added to the
cleared lysate and mixed gently by shaking (200 rpm on
a rotary shaker) at 4°C for 1 h. After the lysate MagPure
His-Bind slurry mixture was centrifuged at 3,000 rpm for
5 min at 4°C, the supernatant was removed, and the pellet
was rinsed twice with 500 µL of washing buffer. Finally,
the proteins were eluted with four 20-µL applications of
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elution buffer, and the fractions were pooled. The in vitro
bioactivity of rchPRX I was assessed using the metal-
catalyzed oxidation assay (Halliwell and Gutteridge,
1990). Various amounts (0, 2, and 8 µg) of chPRX I were
incubated at 37°C for 2 h in 20-µL volumes of reaction
mixture containing 10 mM HEPES (pH 7.0), 1 µg of plas-
mid DNA, 6 µM FeCl3, and 10 mM DTT. After incubation,
1 µg of plasmid DNA was added to the reaction mixture,
which was incubated at 37°C for an additional 2.5 h. The
mixture was then subjected to 0.8% agarose gel electro-
phoresis, and the oxidative damage to the plasmid DNA
by FeCl3 and DTT was visualized by ethidium bromide
staining.

Expression of chPRX mRNA
in Various Chicken Tissues

Total RNA was isolated from 5 tissues (brain, intestine,
liver, testis, and spleen) of 25-wk-old adult male chickens
by the acid guanidinium thiocyanate-phenol-chloroform
extraction method, and cDNA was reverse-transcribed
using the SuperScript II kit,10 according to the manufac-
turer’s protocol. RT-PCR analysis was performed using
the following primer sequences: chPRX I forward, 5′-GTC
TTC AGG AAA GGC TTT CAT TG-3′; chPRX I reverse,
5′-TTT CTG CTT GGA GAA ATA CTC TTT G-3′; chPRX
III forward, 5′-GGC TTT TAG TAA CAA AGC GA-3′;
chPRX III reverse, 5′-ATT GTA GGG GAA TCT GGA GT-
3′; chPRX IV forward, 5′-ATG TCC CAC TGA GAT AAT
CG-3′; chPRX IV reverse, 5′-ATT ATT GTT TCA CTG
CCA GG-3′; chPRX VI forward, 5′-GCC GGG CCT GCT
GCT GGG-3′; and chPRX VI reverse, 5′-AGG CTG TGG
GGT GTA-3′. Primers for the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene were used as a con-
trol (forward, 5′-GGT GGT GCT AAG CGT GTT AT-3′
and reverse, 5′-ACC TCT GTC ATC TCT CCA CA-3′).
The PCR reactions were performed in 25-µL volumes
containing 100 ng of cDNA, 0.2 mM of each dNTP, 10
mM Tris-Cl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.4
pmol of each forward and reverse primer, and 1 unit of
Taq polymerase. The PCR program consisted of 1 min of
denaturation at 94°C, 1 min of annealing at 60°C, and 2
min of extension at 72°C for 35 cycles in a DNA thermocy-
cler.11 The expected PCR fragments were 595 bp for chPRX
I, 667 bp for chPRX VI, and 264 bp for GAPDH. The PCR
products were subjected to 0.8% agarose gel electrophore-
sis and visualized on an ultraviolet illuminator after being
stained with ethidium bromide.

RESULTS

Database Search and Domain Analysis

From the National Center for Biotechnology Informa-
tion nonredundant protein database, 821 PRX protein se-

10Invitrogen, Carlsbad, CA.
11Perkin Elmer Cetus, Wellesley, MA.

TABLE 1. Classification of four different peroxiredoxins
(PRX) in chickens

Exon
Class1 GgGI ID2 Chromosome3 number

Prx I TC80576 8 5
TC80577 8 4

BU225655 8 5
BU288353 8 5
BU367731 8 5
CD761730 8 4

Prx III TC63504 6 7
TC63505 6 6
AI980937 6 4
BU272886 6 4
BU115408 6 6

Prx IV TC83911 1 6
BU427055 1 8

Prx VI TC80172 8 5
BU119850 8 4
BU329702 8 4
BU104460 8 4
BU335196 8 5
CF257298 8 3

1Classification is based on the PSI-BLAST hits of the chicken protein
sequences with the 6 different isoforms of PRX proteins identified in
mammals.

2GgGI ID of sequences containing the PRX domain (AhpC-TSA) based
on Pfam profile search.

3The chromosomal locations indicate that the 19 transcripts stem from
the same 4 genes.

quences were downloaded using a “peroxiredoxin” key
word search. By using the ESTScan program, 84,943 pro-
tein sequences were generated from 111,743 GgGI DNA
sequences. These GgGI protein sequences were queried
against the PRX protein sequences using the PSI-BLAST
program. The translated GgGI sequences returned 787
PSI-BLAST hits with homology to the PRX proteins; how-
ever, only 19 of the protein sequences retrieved from the
PSI-BLAST hits contained the PRX domain (AhpC-TSA),
based on a Pfam search of protein families (Table 1). To
determine whether there were any other domains coexist-
ing with the PRX domain, the 19 proteins were queried
against the Pfam-A database, resulting in no significant
hits. Using the BLAT program, 19 putative PRX nucleo-
tide sequences were collapsed into 4 different locations on
the chicken genome sequence, indicating that 4 different
genes are represented by 19 alternative splicing variants
(Table 1).

Phylogenetic Analysis

The rooted phylogenetic tree of the putative chicken
PRX proteins with human and mouse proteins showed
clear clustering of the sequences, based on the classes
within the protein family (Figure 1). This analysis indi-
cates that at least 4 different kinds of PRX protein (PRX
I, III, IV, and VI) are conserved in the evolutionary lineage
of chickens.

In Vitro Expression of Chicken PRX

Putative chicken PRX I and VI cDNA were cloned by
RT-PCR into E. coli expression vectors. Subsequently,
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FIGURE 1. The predicted rooted cladogram for peroxiredoxin (PRX) protein sequences from human, mouse, and chicken. There is clear clustering
according to the classes of the proteins, which corresponds with the classification of the chicken PRX proteins based on PSI-BLAST hits. The
cladogram was generated using the SEQBOOT, PRODIST, NEIGHBOR, and CONSENSE programs of the PHYLIP package (2004, Version 3.61,
University of Washington, Seattle, WA). Confidence levels of the topology are the result of 100 bootstrap analyses.

rchPRX I and rchPRX VI were expressed as His-tagged
fusion proteins in E. coli BL21 (DE3) from 3 and 2 clones,
respectively, with and without IPTG (Figure 2). The ex-
pressed rchPRX His-tagged fusion proteins were detected
by Western blot using antibody to His-tag (Figure 3, A
and B). The molecular weights of chPRX I and VI were
approximately 23 and 25 kDa, respectively.

As the expression of the chPRX proteins was strongly
induced by treatment with IPTG, a large quantity of
rchPRX I protein could be obtained, purified, and used
in further in vitro functional assays. After purification of
rchPRX I from the crude extract on a separation column,
the eluted fractions clearly showed a single band of chPRX
by immunoblot analysis (Figure 3C). Subsequently, the
bioactivity of the purified rchPRX I protein was examined
using the metal-catalyzed oxidation assay to detect anti-
oxidant activity. As shown in Figure 4, the purified
rchPRX I protein protected circular plasmid DNA from
DTT- and ferric chloride-induced oxidation, and this ac-
tivity was similar to that of the mammalian PRX proteins.

Expression of PRX mRNA
in Chicken Tissues

Total RNA were isolated from chicken tissues (brain,
intestine, liver, testis, and spleen), and RT-PCR was per-
formed to examine the expression patterns of chPRX I,

chPRX III, chPRX IV, and VI. Figure 5 shows that both
chPRX genes were constitutively expressed in all of the
chicken tissues tested in this study, and that the 2 genes
appeared to be expressed to similar extents. These results
indicate that chPRX genes might be housekeeping genes
involved in repairing or preventing oxidant damage in
homeostasis.

DISCUSSION

Through bioinformatics analysis, we observed that at
least 4 different classes of the PRX protein family are
evolutionary conserved in chicken. Functional assays of
chPRX I protein translated in vitro showed that the antiox-
idant activity of chPRX was similar to that of mammalian
PRX proteins. The antioxidant activity of the PRX proteins
has been suggested to be their primary function in eukary-
otes. Although slight differences in the expression levels
of the transcripts were detected in the various tissues,
Figure 5 shows that all of chicken PRX genes were consti-
tutively expressed in a variety of tissues in the chicken.
These results indicate that the chPRX proteins are likely
to function in protecting and repairing oxidant damage.
Recently, PRX gene transfer or inactivation in mice has
demonstrated that these enzymes are essential in several
processes, including tumor suppression, protection of the
lung against hyperoxic injury, and in hemolytic anemia
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FIGURE 2. Expression of (A) recombinant chicken peroxiredoxin I
(rchPRX I) and (B) rchPRX VI in BL21 (DE3) with or without induction
with isopropyl-β-D-thiogalactopyranoside (IPTG). M = protein size
marker.

(Lee et al., 2003; Neumann et al., 2003; Wang et al., 2003).
Furthermore, inactivation of PRX I confirms its involve-
ment in immune response and cell proliferation, and PRX
I and II have been shown to be involved in protection
against oxidative stress in erythrocytes (Lee et al., 2003;
Neumann et al., 2003). Although the PRX proteins are
primarily localized in the cytosol, PRX III is restricted to
the mitochondria (Chae et al., 1999; Rhee et al., 1999).
PRX III might protect the mitochondria from hydrogen
peroxide generated through electron leakage from the
cytochrome P-450 system, which is abundantly active in
the adrenal cortical gland responsible for steroid hormone
synthesis. In support of this hypothesis, a high level of
PRX III mRNA expression is detected in the adrenal
glands (Chae et al., 1999). The human PRX IV protein has
nonselenium-dependent glutathione peroxidase activity
(Fisher et al., 1999) and is regulated by keratinocyte

FIGURE 3. Western blotting of (A) recombinant chicken peroxire-
doxin I (rchPRX I) and (B) rchPRX VI, with or without IPTG induction.
The expression vectors for the rchPRX proteins were designed to pro-
duced in-frame fusion proteins with C-terminal histidine tag; the pro-
teins were detected using anti-histidine tag antibody. (C) Purification
of rchPRX I with MagPure His-bind magnetic purification resin (Elipis
Biotech, Seoul, Korea). The rchPRX I protein was clearly separated from
the crude extract of Escherichia coli BL21 (DE3) after elution. E#1, E#2,
and E#3 were purified from clone#1, clone#2, and clone#3 of rchPRX,
respectively. M = protein size marker.

growth factor, which is involved in wound healing (Frank
et al., 1997; Munz et al., 1997). A secreted isoform of PRX
IV that is specifically expressed in the testis has a role in
acrosome formation during terminal sperm maturation
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FIGURE 4. Functional test of protection plasmid DNA from metal-
catalyzed oxidation. Circular plasmid DNA was protected from dithi-
othreitol (DTT)- and FeCl3–induced oxidation by addition of recombi-
nant chicken peroxiredoxin I (rchPRX I) as an antioxidant. M = 100-
bp ladder.

in rats, which is consistent with the high levels of PRX
IV expression in the testis (Sasagawa et al., 2001). PRX VI
protects against exogenous oxidative stress. High levels of
PRX VI in the lungs might be associated with its protective
antioxidant function but might also be related to its cal-
cium-independent phospholipase A2 activity, which is
involved in metabolism of the lung surfactant phosphati-

FIGURE 5. Expression patterns of Peroxiredoxin (PRX) I, III, IV, and
VI in chicken tissues. Total RNA was extracted from chicken tissues
(brain, intestine, liver, testis, and spleen), and reverse transcription-PCR
was performed to evaluate the expression patterns of chicken PRX
(chPRX) genes. All chPRX genes (I, III, IV, and chPRX VI) were constitu-
tively transcribed in all of the tested chicken tissues. The chicken glycer-
aldehyde-3-phosphate dehydrogenase gene (GAPDH) was used as a
control.

dylcholine (Akiba et al., 1998). Although we did not find
any new functions for these proteins, our study clearly
demonstrated that the chPRX genes were constitutively
expressed in all of the tested tissues, and that they might
play a primary role in protecting avian tissues from oxida-
tive damage.

ACKNOWLEDGMENTS

This work received grant support from the BioGreen
21 program, of the Rural Development Administration,
Republic of Korea and was also supported by a graduate
fellowship from the Brain Korea 21 project of the Korean
Ministry of Education.

REFERENCES

Akiba, S., C. Dodia, X. Chen, and A. B. Fisher. 1998. Characteriza-
tion of acidic Ca(2q)-independent phospholipase A2 of bo-
vine lung. Comp. Biochem. Physiol. B Biochem. Mol. Biol.
120:393–404.

Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang,
W. Miller, and D. J. Lipman. 1997. Gapped BLAST and PSI-
BLAST: A new generation of protein database search pro-
grams. Nucleic Acids Res. 25:3389–3402.

Casadesus, G., M. A. Smith, X. Zhu, G. Aliev, A. D. Cash, K.
Honda, R. B. Petersen, and G. Perry. 2004. Alzheimer disease:
Evidence for a central pathogenic role of iron-mediated reac-
tive oxygen species. J. Alzheimer’s Dis. 6:165–169.

Chae, H. Z., S. W. Kang, and S. G. Rhee. 1999. Isoforms of
mammalian peroxiredoxin that reduce peroxides in presence
of thioredoxin. Methods Enzymol. 300:219–226.

Declercq, J. P., C. Evrard, A. Clippe, D. V. Stricht, A. Bernard,
and B. Knoops. 2001. Crystal structure of human peroxire-
doxin 5, a novel type of mammalian peroxiredoxin at 1.5-Å
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