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Summary

To scavenge reactive oxygen species and reactive nitrogen species, the
mitochondrial matrix is equipped with antioxidant enzymes, amongst which
peroxiredoxin 5 (PRDX5). Mitochondrial localization of this thiol-specific
peroxidase results from the presence of an N-terminal mitochondrial
targeting sequence (MTS). Human PRDX5 subcellular distribution is not
restricted to mitochondria, as it is also found in the cytosol, the peroxisomes,
and in a lesser extent, the nucleus. In human, PRDX5 subcellular targeting is
dependent on the use of multiple alternative transcription start sites and two
alternative in-frame translation initiation sites, which determine whether or

not the region encoding the MTS is translated.

This work focuses on the interspecific variability of PRDX5 MTS in
mammals. We found that, although mitochondrial PRDX5 is conserved in
various vertebrate and invertebrate species, PRDX5 mitochondrial targeting
has been lost in domestic pig and extant canids. Genomic sequence analyses
revealed that the molecular mechanism underlying the abolition of PRDX5
MTS during canid evolution involves a mutation in the first PRDX5
translation initiation codon as well as the appearance of a STOP codon.
Moreover, using domestic pig liver mitochondrial extracts, we show that the
loss of mitochondrial PRDX5 correlates with high expressions of PRDX3 and
glutathione peroxidase 4, suggesting the existence of compensatory
mechanisms. However, our results indicate that higher expression of these
other mitochondrial peroxidases is not sufficient to maintain high alkyl
hydroperoxide reduction rates in pig liver mitochondrial extracts. Therefore,

although PRDX5 appears to be dispensable in some mammalian species, we

Xi



cannot exclude that the abolition of mitochondrial PRDXS5 results in a certain
weakness at the cellular level under specific oxidative stress conditions.
Finally, the functional consequences of the restoration of mitochondrial
PRDX5 in Madin-Darby canine kidney (MDCK) cells were investigated.
Unexpectedly, we show that the restoration of mitochondrial PRDX5 in
MDCK cells provoked deleterious effects in cells exposed to acute oxidative
stress conditions. Therefore, we propose that, although PRDX5
cytoprotective function is clearly demonstrated in human and rodents by
several studies, the conservation of the mitochondrial isoform would not

necessarily be an advantage in all mammalian species.
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1. Background

1. Background

DIOXYGEN is essential to aerobic organism survival but is also inherently

dangerous. This molecule is vital because its complete reduction to water
during respiration results in ATP production, the main energy source for
aerobic cells. In contrast, the dangerous property of dioxygen is due to the
presence of two unpaired electrons with parallel spin configurations.
Therefore, dioxygen cannot accept more than one electron at a time,
generating highly reactive intermediate molecules. These reactive oxygen
species (ROS) include both the non-radical oxygen derivates, such as
hydrogen peroxide (H20.), and the free radical oxygen derivates, i.e.
containing one or more unpaired electrons, like the superoxide radical (O2*-)
and the hydroxyl radical (OH®). Free radical oxygen derivates can further
react with nitric oxide (NO®*), thereby producing various reactive nitrogen
species (RNS) such as peroxynitrite (ONOO~) (Halliwell and Gutteridge
2007).

ROS and RNS are continually generated from various endogenous
and exogenous sources. An important endogenous ROS production site is
the mitochondrial electron transport chain. Indeed, about 1 to 2% of the
oxygen consumed by mitochondria during respiration is incompletely
reduced (Halliwell and Gutteridge 2007). Also, ROS and RNS are produced
by various enzymes including NADPH oxidases (NOXs), xanthine oxidase,
Acyl-CoA oxidase and nitric oxide synthases (Halliwell and Gutteridge
2007; Angermuller et al. 2009). Moreover, ROS are produced in the
endoplasmic reticulum during the process of protein folding and disulfide
bond formation (Sevier and Kaiser 2008). External ROS and RNS sources are
multiple and include ionizing radiations, ultraviolet radiation, cigarette
smoke and the metabolism of drugs and xenobiotics (Halliwell and

Gutteridge 2007).
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Due to their high reactivity, excessive ROS and RNS concentrations
can be harmful for the cells. Indeed, they are prone to oxidize and damage
proteins, DNA and lipids. The importance of these damages can influence
cell viability and trigger cell death (Halliwell and Gutteridge 2007).
However, although ROS and RNS have been traditionally considered as
toxic by-products of metabolism, these molecules exhibit also physiological
beneficial functions. Indeed, ROS play a role in host defence systems, since
plasma membrane oxidases in phagocytes generate free radicals to destroy
invading pathogenic microorganisms (Nauseef 2007). In addition, it is clear
now that low to moderate levels of ROS and RNS, especially hydrogen
peroxide, are involved in cell signalling. For example, hydrogen peroxide is
produced in response to various extracellular stimuli and mediates
regulation of functions like cell growth, cell differentiation and gene
expression through oxidation of cysteine residues from key signalling
proteins like tyrosine kinases and phosphatases (Rhee 2006; Valko et al.
2007; Halliwell and Gutteridge 2007, Forman et al. 2010). Because of this
dual role of ROS and RNS, one can easily understand the necessity to finely
regulate their intracellular concentration. An imbalance between ROS/RNS
production and removal leading to cellular damages is referred to as
oxidative/nitrosative stress. Oxidative and nitrosative stresses are linked to
aging and several human diseases, like cancer and cardiovascular,

inflammatory and neurodegenerative diseases (Halliwell and Gutteridge

2007).

To regulate ROS and RNS intracellular levels, cells have developed
enzymatic and non-enzymatic antioxidant systems. An antioxidant is
defined as “a substance that delays, prevents or removes oxidative damages
from a target molecule”. Non-enzymatic defence systems include
glutathione (GSH), metallothioneins, ascorbic acid, coenzyme Q or

melatonin. Enzymatic antioxidant systems depend on the action of
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superoxide dismutates (SODs), catalase, glutathione peroxidases (GPXs) and

peroxiredoxins (PRDXs) (Halliwell and Gutteridge 2007).

This work is focused on mitochondrial targeting of PRDXS5, the last
mammalian PRDX member that has been discovered. Therefore, the
following sections introduce the PRDX family, with emphasis on PRDX5.
The mechanism of protein import into the mitochondrial matrix is also
developed in this introduction. Finally, as this work highlights unusual
features of pig and dog PRDX5 subcellular localization, the last section of
this introduction is dedicated to these two species and their phylogenetic

position within placental mammals.
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2. Peroxiredoxins

In 1988, the first eukaryotic member of the PRDX superfamily was
discovered as a 27-kDa protein in the yeast Saccharomyces cerevisiae (Kim et
al. 1988). This enzyme, named thiol-specific antioxidant protein (TSA), was
shown to protect against oxidation in a thiol-containing system. Since then,
numerous PRDX members have been identified in many organisms,
defining a superfamily which is highly conserved throughout evolution and
represented in all kingdoms of life (Knoops et al. 2007). It appeared that
PRDXs are highly expressed in virtually all living species. They are among
the most abundant proteins in Escherichia coli and represent 0.1 to 0.8 % of
total soluble proteins in mammalian cells (Link et al. 1997; Chae et al. 1999;
Seo et al. 2000). The peroxiredoxin superfamily includes three isoforms in
the bacterium Escherichia coli, five in the yeast Saccharomyces cerevisiae, nine

in the plant Arabidopsis thaliana and six in mammals (Knoops et al. 2007).

PRDXs show no significant sequence homology with catalase, SODs
or selenocysteine-containing GPXs. Their catalytic mechanism does not
require any redox cofactors such as heme, flavin or metal ions (Knoops et al.
2007). PRDXs are thiol-dependent enzymes that reduce hydrogen peroxide,
alkyl hydroperoxides and, for some of them, peroxynitrite with high
catalytic rates (~107 M-1s-1) (Poole 2007). They use thioredoxins (TXNs or
TRXs), sometimes glutaredoxins (GRXs) or cyclophilins as electron donors

(see below).

2.1. Catalytic mechanism and classification of PRDXs

All PRDXs share a conserved and catalytically essential cysteine residue in
their N-terminal domain, referred to as the peroxidatic cysteine (Cp).
Peroxide reduction by PRDXs involves the three following steps: the
peroxidation, resolution and recycling steps (Fig. 2.1). The peroxidation step

is common to all PRDXs. In this reaction, the Cp attacks the oxygen atom of

6



2. Peroxiredoxins

the peroxide to form a cysteine sulfenic acid (Cp-SOH) and breaks the O—O
bond of the peroxidee Once the O—O bond is broken, the
hydroxide/alkoxide leaving group is protonated by a catalytic acid (which is
presumed to be a water molecule), releasing the corresponding alcohol or a

water molecule (Hall et al. 2010).

ROOH_ (1) _ROH ROOH_ (4) ROH

Prx:S"H Prx:S"oH r%’{,';‘f:%'{.%?. Prx:S’:’O'?H
- SLVH w SQH
g ADP+P(5) ATP
Srx
R'SSR!
P
3)
= sSe

Fig. 2.1. Catalytic cycle of PRDXs (or Prxs in this scheme). Peroxide reduction
involves a peroxidation step (1), a resolution step (2) and a recycling step (3). Sp and
Sr (red) designate the sulphur atoms of the Cp and the Cr respectively. PRDXs can be
inactivated by hyperoxidation (4). For several PRDXSs, the sulfinic inactivated form (-
O;H) can be reduced by sulfiredoxin (Srx) in an ATP-dependent manner (5)
[Adapted from Hall et al. (2009)].
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The resolution (second step) consists in the reduction of the cysteine sulfenic

acid (Cp-SOH). According to the resolution mechanism and the number of

cysteine residues involved in catalysis, PRDXs are classified into three

subfamilies (Fig. 2.2) (Wood et al. 2003; Hall et al. 2011):

i)

ii)

i)

Typical 2-Cys PRDXs contain a second cysteine residue in the C-
terminal domain (Cr, resolving cysteine). The Cr from one unit
attacks the Cp-SOH from a second subunit, yielding a stable
intermolecular disulfide bridge. During the recycling step (step 3),
the disulfide bridge is reduced by a thiol-dependent reductant.
Mammalian typical 2-Cys PRDXs use TXN as reductant. Oxidized
TXN is finally reduced by thioredoxin reductase (TXNRD) and
NADPH is the final electron donor (Wood et al. 2003). Other
enzymes were reported to be able to reduce typical 2-Cys PRDXs
such as GRXs or cyclophilin A (Lee et al. 2001, Hanschmann et al.
2010). In mammals, four typical 2-Cys PRDXs exist (PRDX1-4).

Atypical 2-Cys PRDXs function according to the same catalytic
mechanism but are functionally monomeric. The Cr is located in the
same polypeptide chain and the reaction with the Cp yields an
intramolecular disulfide bond. In mammals, PRDX5 is the only
atypical 2-Cys PRDX and uses TXN or cyclophilin A as electron
donor (Seo et al. 2000; Lee et al. 2001).

1-Cys PRDXs contain only the Cp. The Cp-SOH is reduced by an
external thiol. PRDX6 is the unique member of the mammalian 1-Cys
PRDXs subfamily. It uses GSH in the presence of glutathione S-
transferase m as electron donor (Manevich et al. 2004; Ralat et al.
2006; Ralat et al. 2008). Also, ascorbate was reported to be a potential
candidate to reduce mammalian PRDX6 (Monteiro et al. 2007; Fisher

2011).
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(a) TeySH
2H.0, or e ~s.
siFsu usd 209" Lson ms s—sq° Em‘-m SH 8 SH Hs
172 |SH HSq 200 [SH HOS{ 20 [S—S S 1S S SH HS
2 ROH Hs,m ITe |
b)
( . H,O, or o SH s"m“"f.u
™ - L v
arfsu {99 LEsom s s [S SH
< |/ L.
151 FSH yoo [SH no S SH s 5H
ROH ’ ”‘xs
c
( :I" [ KA
ROOH XSH XsH
46| sH Lj: S0H L‘: §-5X L‘: SH
HO or H,0 XS5X
ROH

Fig. 2.2. Mechanisms of peroxidase reaction for (a) typical 2-Cys PRDXs, (b)
atypical 2-Cys PRDXs and (c) 1-Cys PRDXs. The reduction of hydrogen peroxide
(H202) or alkyl hydroperoxides (ROOH) to water or to the corresponding alcohol
results in the oxidation of the peroxidatic cysteine into a sulfenic acid (-SOH). This
leads to the formation of an intermolecular disulfide bond in typical 2-Cys PRDXs
and an intramolecular disulfide bond in atypical 2-Cys PRDXs. Oxidized PRDXs are
subsequently reduced by thiol-containing electron donors. The amino acid
numbering refers to human proteins [From Leyens et al. (2003)].

In addition to this three-step catalytic mechanism, the Cp-OH can react
with additional peroxides to form sulfinic acid (Cp-O.H; Fig. 2.1) or, in some
cases sulfonic acid (Cp-OsH). Hyperoxidized Cp cannot react with the Cr to
form the disulfide bridge. Consequently, the resolution step cannot occur
and the enzyme remains inactive. The Cp-O,H, but not the Cp-OsH, can
nevertheless be reduced in an ATP-dependent manner by sulfiredoxin (Srx)
(Woo et al. 2003a). In this hyperoxidation-reduction cycle, the PRDX
peroxidase activity is turned off reversibly. Hyperoxidation of the Cp is
thought to rely on the presence of a C-terminal helix containing a conserved
“YF” motif which induces a kinetic pause in disulfide bond formation. As a
result, oxidative regulation occurs in some eukaryotic typical 2-Cys PRDXs,

but is observed neither in prokaryotic PRDXs nor in mammalian PRDX5

(Hall et al. 2011).
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2.2. PRDX functions
2.2.1. Antioxidant defence

PRDXs contribute to antioxidant defence through their ability to detoxify
hydrogen peroxide, organic hydroperoxides and peroxynitrite. During their
initial characterization, PRDXs were not recognized as a dominant player in
cell protection against oxidative stress. Their ability to compete with the
efficient heme- and selenium-containing peroxidases like catalase and GPXs
was met with scepticism (Hofmann et al. 2002). Consequently, the protective
antioxidant function of PRDXs was thought to be predominant only in
prokaryotes, which often lack the heme- and selenoperoxidases. However,
since then, kinetic and abundance data predicted that PRDXs would play an
important role in peroxide detoxification, even in eukaryotic cells.
According to these data, PRDXs would be responsible for the reduction of
the major part of the mitochondrial and cytoplasmic hydrogen peroxide
(Cox et al. 2010). It is also interesting to note that the ability of some PRDXs
to decompose peroxynitrite with high efficiency could confer to this family a
more specific function in antioxidant defence (Dubuisson et al. 2004; Trujillo
et al. 2007). Finally, it was recently suggested that, in addition to their ability
to reduce hydrogen peroxide, organic hydroperoxides and peroxynitrite,
PRDX2 and PRDX3 could participate to detoxification of amino acid, peptide
and protein hydroperoxides (Peskin et al. 2010). This novel substrate
specifity would confer to the PRDXs a possible function in prevention of the
accumulation of these reactive species which can provoke secondary

damages to other targets.
2.2.2. Role of hyperoxidized typical 2-Cys-PRDX

It is now generally accepted that, in addition to their role in antioxidant
defence systems, typical 2-Cys PRDXs are key actors in hydrogen peroxide-

mediated cell signalling. This role emerged with the discovery of the
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regulation of PRDXs through their hyperoxidation, leading to the reversible
inactivation of their peroxidase activity (see before and Fig. 2.1). The
mechanism by which hyperoxidation of typical 2-Cys PRDXs acts in cell
signalling is still unclear. The floodgate model (Fig. 2.3), which is still
speculative, predicts that, at low hydrogen peroxide concentrations, PRDXs
exert their peroxidase activity, acting as a barrier. When a local peroxide
burst occurs, the peroxidatic activity is switched off, allowing the hydrogen
peroxide level to build up locally to concentrations leading to oxidation of
specific downstream target proteins, thereby triggering signalling pathways

(Hall et al. 2009; Rhee and Woo 2011).

Closed Locally open
I High [H,0,] |
I local ) : :
HNo H.O endogenous | 1
i buildujp 4 production = i
X
H,0, production ' Localized

H,0, production  H,0, buildup

Fig. 2.3. Floodgate model. In the speculative floodgate model, active PRDXs act as a
barrier at low hydrogen peroxide concentrations (represented by the vertical grey
rectangles). When the peroxide level increases locally, PRDXs are inactivated
(represented by the horizontal grey rectangles), allowing the hydrogen peroxide
level to build up. The multiple barriers represent the cell-wide distribution of PRDXs.
Only the PRDXs that are close to the hydrogen peroxide generation site are
inactivated, whereas those at increasing distance remains activated. This allows the
hydrogen peroxide increase to be a localized phenomenon. Hydrogen peroxide level
is represented by both colour gradient and height. [Adapted from Hall et al. (2009)].

In addition to inactivating PRDX peroxidatic activity, it was shown
that hyperoxidation results also in structural changes leading to gain of
chaperone function (Fig. 2.4). Indeed, hyperoxidized PRDXs can form toroid
decamers undergoing aggregation, allowing the formation of high molecular

mass complexes exhibiting a chaperone activity. The chaperone activity of
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typical 2-Cys was evidenced in several studies, as PRDXs from both yeast
and humans have been demonstrated to inhibit thermal aggregation of
substrates in vitro and to enhance heat shock resistance (Jang et al. 2004;

Moon et al. 2005; Lee et al. 2007).

Dimer Decamer Peroxidase

S

H,0, Ter, ATP

P

Higher molecular
weight complex

Dimer Decamer

Chaperone

Fig. 2.4. Chaperone function of hyperoxidized PRDXs. At low hydrogen peroxide
concentrations, 2-Cys PRDXs exist mostly as low molecular weight structures
(dimers and decamers) that act as peroxidase and protect proteins from denaturation.
Under oxidative stress conditions, 2-Cys PRDXs form high molecular weight
complexes (aggregates) that exhibit much higher chaperone activity than dimers and
decamers. [From Rhee and Woo (2011)].

Recently, a new role for PRDXs hyperoxidation was suggested.
Indeed, using a yeast model, Day and co-workers proposed that the
hyperoxidation-mediated PRDX inactivation would be important to
maintain the activity of TXN, allowing this latter to act on other substrates.
This would ensure the repair of oxidized proteins and cell survival during

oxidative stress conditions (Day et al. 2012).
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2.2.3. Other physiological functions linked to PRDX regulation mechanisms

It is interesting to note that other post-translational mechanisms in
addition to hyperoxidation may regulate PRDX peroxidatic activity, and
thereby may contribute to the role of PRDXs in cell signalling. Indeed,
PRDXs can be redox-regulated by glutathionylation and S-nitrosylation
(Sullivan et al. 2000; Fratelli et al. 2002; Fratelli et al. 2003; Fang et al. 2007;
Park et al. 2009; Wu et al. 2010; Park et al. 2011). Also, acetylation and C-
terminal truncation can modulate PRDX activity in a redox-independent
manner (Koo et al. 2002; Sayed and Williams 2004; Parmigiani et al. 2008;
Jara et al. 2008; Seo et al. 2009). Interestingly, C-terminal truncation of 2-Cys
PRDXs eliminates the “YF” motif, rendering the PRDXs resistant to
hyperoxidation. By this regulation mechanism, peroxidatic activity is
maintained even during acute oxidative stress. Moreover, phosphorylation
was also shown to inactivate the peroxidatic activity of typical 2-Cys PRDXs
in a redox-independent manner, allowing transient accumulation of
hydrogen peroxide for growth factor signalling. Interestingly, reversible
inactivation of 2-Cys PRDXs via threonine phosphorylation appears to play
a role in cell cycle progression (Chang et al. 2002; Qu et al. 2007; Rhee and
Woo 2011).

2.2.4. PRDX functions linked to interactions with binding proteins and RNA

PRDXs were shown to interact with a large number of proteins. In this
manner, PRDXs regulate the function of the binding partner in a redox-
dependent manner or in a redox-independent manner. Accordingly, PRDXs
are involved in various cellular functions such as apoptosis, differentiation,
proliferation, oxidative protein folding and inflammation. An exhaustive list
of PRDX binding proteins and the related functions is given in a recent
review (Rhee and Woo 2011). One example is the role of PRDX4 in oxidative
protein folding in the endoplasmic reticulum of mammalian cells by

interaction with the protein disulfide isomerase (PDI) (Tavender et al. 2010;
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Zito et al. 2010). Interestingly, in addition to their role related to interactions
with binding proteins, it was recently suggested that PRDXs are implicated
in RNA metabolism. Indeed, Kim and coworkers (2012) identified PRDX1 as
an RNA-binding protein exhibiting RNA chaperone activity.

2.3. Subcellular localization of mammalian PRDXs

The number of PRDX isoforms increased during evolution, varying from
three in bacteria to six in mammals and nine in plants. This evolution
correlates with cell compartmentalization and allowed the existence of

mitochondrial, nuclear, peroxisomal and chloroplast isoforms.

In mammals, PRDX1 and PRDX2 are mainly cytosolic but also
nuclear (Plishker et al. 1992; Ishii et al. 1995; Iwahara et al. 1995; Kang et al.
1998; Cha et al. 2000; Oberley et al. 2001; Jin et al. 2009; Lee et al. 2011).
PRDX3 is targeted to the mitochondria by its cleavable N-terminal
mitochondrial targeting sequence (MTS) (Watabe et al. 1994; Araki et al.
1999; Oberley et al. 2001; Mowbray et al. 2008). PRDX4 exhibits a secretory
N-terminal targeting sequence. This isoform is mainly retained in the
endoplasmic reticulum but is also secreted (Tavender et al. 2008). Moreover,
it was recently evidenced that an alternately transcribed PRDX4 form,
lacking the secretory targeting signal, is localized in the cytosol of
spermatids from postpubertal testis (Yim et al. 2011). PRDX5 possesses also
a complex subcellular distribution, as it is found in the cytosol, the
mitochondria, the peroxisomes and the nucleus (Yamashita et al. 1999;
Kropotov et al. 1999; Knoops et al. 1999; Seo et al. 2000; Kropotov et al. 2004;
Lu et al. 2006). This complex subcellular distribution is linked to the
presence of an N-terminal MTS and a C-terminal peroxisomal targeting
sequence (see point 3.3). Finally, PRDX6 is mainly cytosolic, but was also
reported to be present in lysosomes and lamellar bodies of lung epithelial

cells. Targeting to these compartments depends on ten residues near the N-

14



2. Peroxiredoxins

terminal region of the protein (Frank et al. 1997; Fujii et al. 2001; Wu et al.
2006; Sorokina et al. 2009; Fisher 2011; Sorokina et al. 2011).

2.4. Mammalian mitochondrial PRDXs

In mammals, PRDX3 and PRDX5 are located in the mitochondrial matrix. In
this compartment, PRDX3 and PRDX5 coexist with other antioxidant
enzymes, namely manganese-SOD (Box 1), GPX1 (Box 2) and GPX4 (Box 3).
Together, these enzymes control ROS/RNS levels in mitochondria (Fig. 2.5).

NADP* NADPH + H*

G

J(

2GSH GSSG

GPX1
GPX4
e . e

0, = 0, =——— H,0, = 2H,0

Mn-SOD PRDX3

PRDX5

£

- TXN2/TXNRD2 |

P
NADPH + H* NADP*

Fig. 2.5. Mitochondrial antioxidant enzymes. Manganese superoxide dismutase
(Mn-SOD) is responsible for the dismutation of O,*~ into H»O,. Glutathione
peroxidases 1 and 4 (GPX1 and GPX4) catalyze the reduction of H>O, to water, with
glutathione (GSH) as electron donor. Oxidized glutathione (GSSG) is reduced by
glutathione reductase (GR) at the expense of NADPH. H>O: can also be reduced by
PRDX3 and PRDXS5, which depend on the TXN2/TXNRD2 system. NADPH is used
as final electron donor.
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Box 1 | Manganese superoxide dismutase (Mn-SOD)

Mn-SOD, also known as SOD2, catalyzes the dismutation of the superoxide radical
with a high rate constant (1.8 x 109 M-1s-1; see Fig. 2.5). The catalytic activity of this
homotetrameric enzyme depends on the presence of manganese (Halliwell and
Gutteridge 2007). Mn-SOD is strictly localized in mitochondria. Mitochondrial
localization results of the presence of an N-terminal mitochondrial targeting
sequence (MTS). In human, the sequence of this MTS presents a Vall6Ala genetic
dimorphism, which was shown to improve mitochondrial uptake (Sutton et al. 2003).
A number of epidemiological studies have been conducted to examine the
association between the Vall6Ala dimorphism and cancer susceptibility, but the
results remain controversial (see Holley et al. (2011) for review).

The importance of Mn-SOD is illustrated by the pre- and neo-natal lethality
in Mn-SOD-/- mice (Li et al. 1995; Lebovitz et al. 1996; Melov et al. 1999; Huang et al.
2001). Moreover, heterozygous Mn-SOD*/- mice exhibit increased mitochondrial
damage and susceptibility to oxidative stress, alterations in mitochondrial function
and enhanced cancer incidence (Williams et al. 1998; Kokoszka et al. 2001; Van
Remmen et al. 2001; Van Remmen et al. 2003). Conversely, overexpression of Mn-
SOD in mice has been shown to protect against oxidative damage without altering
life span (Silva et al. 2005; Jang et al. 2009).

2.4.1 PRDX3

PRDX3 was originally identified in murine erythroleukemia cells and was
thought to play a role in erythrocyte differentiation (Yamamoto et al. 1989;
Nemoto et al. 1990). A few years later, Watabe et al. isolated bovine PRDX3
in adrenal cortex as a highly abundant mitochondrial matrix protein used as
substrate by the Lon protease (Watabe et al. 1994). PRDX3 protein contains
256 amino acids, among which the 61 N-terminal residues form a
mitochondrial targeting sequence (MTS). This MTS is cleaved upon
mitochondrial import, releasing a mature protein of 21.5 kDa (Cox et al.

2010).

PRDX3 was shown to react efficiently with hydrogen peroxide with
a rate constant of 2 x 107 M-1s-! (Cox et al. 2009b). Given this high reaction

rate and the high abundance of the protein in the mitochondrial matrix, it
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was suggested that PRDX3 is responsible for 90% of mitochondrial
hydrogen peroxide decomposition (Cox et al. 2010). PRDX3 is also able to
reduce organic peroxides and amino acid, peptide and protein
hydroperoxides (Peskin et al. 2010). Its peroxynitrite reductase activity has
never been measured so far. PRDX3 uses mitochondrial TXN2 as electron
donor. The oxidized form of TXN2 is reduced by mitochondrial TXNRD2 in
a NADPH-dependent manner. Recently, Hanschmann et al. showed that
GRX2 also contributes to the reduction of PRDX3 (Hanschmann et al. 2010).
In turn, GRX2 can be reduced by either GSH/GSSH or TXNRD?2 (see Fig.
2.6).

NADPH
e
TXNRD2 GR
v '
(..) GSSGIGSH
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TXN2 GRX2 (...)
/i% oy
(-)  PRDX5 PRDX3 (..)

Fig. 2.6. PRDX3 reduction by thioredoxin 2 (TXN2) and glutaredoxin 2 (GRX2).
PRDX3 can be reduced by the thioredoxin (TXN) system, in which TXN2 reduces
PRDX3 and is subsequently reduced by thioredoxin reductase 2 (TXNRD2) at the
expense of NADPH. Additionally, PRDX3 can be reduced by GRX2, which uses
electrons from either TXNRD2 or glutathione (GSH). Oxidized glutathione (GSSG) is
reduced by glutathione reductase (GR), which uses electrons from NADPH.
[Adapted from Hanschmann et al. (2010)].

The role of PRDX3 in antioxidant defence was investigated by
studying the effects of a modulation of PRDX3 expression in cultured cells
and in vivo. Overexpression of PRDX3 in cells increases resistance to
exposure to various apoptosis inducers (Shih et al. 2001; Nonn et al. 2003;
Godoy et al. 2011) and decreases ROS production (Nonn et al. 2003).
Silencing of PRDX3 in cells was shown to enhance protein carbonylation (De

Simoni et al. 2008), alter mitochondrial morphology (Wonsey et al. 2002) and
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increase sensitivity to cell death (Araki et al. 1999; Chang et al. 2004;
Mukhopadhyay et al. 2006; De Simoni et al. 2008). PRDX3 knockout mice
exhibit a hypersensitivity to lipopolysaccharide-induced lung inflammation
(Li et al. 2007) and a higher frequency of stillbirths, which are associated to
an increased oxidative stress in placenta (Li et al. 2008). Also, macrophages
derived from these mice display an increased sensitivity to oxidative stress
(Li et al. 2009). Overexpression of PRDX3 in transgenic mice prevents left
ventricular remodeling and failure after myocardial infarction (Matsushima
et al. 2006) and protects against paraquat-induced cognition impairment and
amyloidogenesis (Chen et al. 2012). Moreover, hippocampal neurons from
mice overexpressing PRDX3 are protected from excitotoxic injury (Hattori et
al. 2003). Finally, glucose tolerance is improved in transgenic mice
overexpressing PRDX3 through reduction of mitochondrial hydrogen
peroxide (Chen et al. 2008).

PRDX3 was found to be ~30 fold more abundant in the mitochondria
of Hela cells than GPX1 (Chang et al. 2004). PRDX3 is overexpressed in lung
(Park et al. 2006) and prostate (Basu et al. 2011) cancer as well as in
hepatocellular (Choi et al. 2002; Qiao et al. 2012) and breast carcinomas (Noh
et al. 2001; Karihtala et al. 2003). A decreased PRDX3 expression was
observed in neurodegenerative disorders such as amyotrophic lateral
sclerosis (Wood-Allum et al. 2006), Down syndrome and Pick’s disease
(Krapfenbauer et al. 2003). Finally, Fanconi anemia was shown to be
associated with a deregulation of PRDX3, including cleavage and
mislocalization (Mukhopadhyay et al. 2006). All these diseases were shown

to be linked to oxidative stress.
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Box 2 | Glutathione peroxidase 1 (GPX1)

GPX1, also termed cytosolic GPX (c-GPX), is a member of the GPX family of
peroxidases. GPX1 is tetrameric, each subunit bearing a catalytic selenocysteine (Sec)
residue. The presence of selenium (Se) lowers the pKa of the Sec, conferring a high
reactivity towards peroxides (Halliwell and Gutteridge 2007). GPX1 detoxifies
efficiently hydrogen peroxide (rate constant ~ 1-5 x 107 M-1s-1) and various organic
hydroperoxides (rate constant ~ 2 x 106 to 4 x 107 M-1s-1) and requires two equivalents
of glutathione (GSH) as co-substrate (Fig. 2.5) (Toppo et al. 2009; Flohe et al. 2011).
GPX1 is ubiquitously distributed and, consistent with the antioxidant function of the
enzyme, particularly high levels are found in tissues with high rates of peroxide
production, such as erythrocytes, liver, kidney or lung (Brigelius-Flohe 1999).
However, GPX1 biosynthesis relies on the availability of diet-supplied Se and is thus
ceased rapidly in Se-deprived animals. Interestingly, recent studies on human
isolated blood cells evidenced that, like some PRDXs, GPX1 activity may be
inactivated by hydrogen peroxide. This irreversible inactivation involves the
overoxidation of Se-OH to SeO;H (Cho et al. 2010). GPX1 is predominantly localized
in the cytosol, but a small proportion of GPX1 is also present in mitochondria (Panfili
et al. 1991; Utsunomiya et al. 1991; Asayama et al. 1994; Esworthy et al. 1997). Also,
peroxisomal localization of GPX1 was described in rat hepatocytes in several studies
(Asayama et al. 1994; Singh et al. 1994).

Overwhelming evidence has demonstrated the protective function of GPX1
against oxidative stress. Indeed, overexpression or downregulation of GPX1 was
shown to affect resistance to ROS-induced cell death (Mirault et al. 1991; Taylor et al.
1993). Also, GPX1-/- mice develop normally and tolerate moderate oxidative stress
but are highly sensitive to severe oxidative challenges (Ho et al. 1997; Cheng et al.
1998; de Haan et al. 1998; Fu et al. 1999a; Fu et al. 1999b; Esposito et al. 2000).
Conversely, transgenic mice overexpressing GPX1 exhibit a decreased ROS-induced
lethality (Cheng et al. 1998). Surprisingly, GPX1 appears to exert a dual role in mice
by protecting against oxidative stress but promoting nitrosative stress, since GPX1-/-
mice were shown to be more resistant to RNS-induced cell death (Jiang et al. 2000; Fu
et al. 2001). Finally, it is interesting to note that altered GPX1 expression was found in
various human diseases like cancer, cardiovascular disease, neurodegenerative
diseases and diabetes (Lei et al. 2007; Lubos et al. 2011).

As a member of the typical 2-Cys PRDX group, PRDX3 can undergo
inactivation by hyperoxidation of the Cp. Although PRDX3 was reported to
be more resistant to hyperoxidation than cytosolic PRDX1 and PRDX2 (Cox
et al. 2009a), PRDX3 hyperoxidation has been observed in liver of aged rats
and in cultured cells following exposure to hydrogen peroxide or drugs

generating hydrogen peroxide (Chevallet et al. 2003; Woo et al. 2003b; Saito
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et al. 2007; Musicco et al. 2009). Hyperoxidized PRDX3 is reduced by Srx,
which is translocated from the cytosol to the mitochondria by a yet
unknown mechanism (Noh et al. 2009). Interestingly, Srx reduces
hyperoxidized PRDX3 more slowly than hyperoxidized PRDX1 and PRDX2
(Chevallet et al. 2003; Woo et al. 2003b). Therefore, despite the fact that
PRDX3 is more resistant to hyperoxidation, its slow reduction by Srx would
allow an accumulation of inactivated PRDX3 under certain conditions. This
would permit a local increase in mitochondrial hydrogen peroxide levels for
cell signalling (Cox et al. 2010). Thus, in addition to its role as protective
antioxidant, PRDX3 may potentially play a role in mitochondrial redox
signalling, albeit this role remains speculative. Moreover, since PRDX3 can
undergo hyperoxidation, this protein might form high molecular weight
complexes displaying chaperone activity. However, so far, there is no direct

evidence of chaperone activity linked to PRDX3 hyperoxidation.

2.4.2 PRDX5

A detailed description of PRDX5 is given in the next chapter of this

introduction.
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Box 3 | Glutathione peroxidase 4 (GPX4)

GPX4, or phospholipid hydroperoxide GPX (PHGPX), is the fourth selenium-
containing GPX member that has been characterized. GPX4 differs from the other
GPXs in many points. Indeed, GPX4 is a monomer whereas the other GPXs exhibit a
tetrameric structure. Moreover, in addition to reduce hydrogen peroxide, GPX4 is
able to reduce phospholipid hydroperoxides and a wide range of other lipid
peroxides (Imai and Nakagawa 2003). In contrast to GPX1, GPX4 exhibits a limited
specifity for GSH and can alternatively use protein-thiol groups as reducing
substrates (Toppo et al. 2009). Finally, GPX4 presents an unusual tissue distribution,
as its activity is lower than that of GPX1 in all organs except in testis, where GPX4 is
highly abundant. Interestingly, unlike for GPX1, GPX4 expression is maintained even
in selenium-depleted animals (Brigelius-Flohe 1999).

GPX4 is localized in the mitochondria, the cytosol and the nucleus. This
complex subcellular distribution is a consequence of the existence of three GPX4
isoforms which derive from a single gene. The long form (I-GPX4), or mitochondrial
form, is identical to the short form (s-GPX4) but contains an additional N-terminal
mitochondrial targeting sequence (MTS). This MTS is processed after mitochondrial
import, yielding a mature 1-GPX4 which is indistinguishable in size from s-GPX4.
Because of the lack of an MTS, s-GPX4 is found in the cytosol, but also in the nucleus.
The start codons of both 1-GPX4 and s-GPX4 as well as the MTS are encoded by the
first exon of the GPX4 gene (Pushpa-Rekha et al. 1995; Arai et al. 1996). Expression of
the third GPX4 isoform involves the transcription of an alternative first exon
encoding a nuclear localization signal (NLS) (Pfeifer et al. 2001). This isoform is
found in the nucleus.

Due to its ability to detoxify membrane-integrated lipid hydroperoxides,
GPX4 is generally considered as a primary defence system against oxidative
damages to cellular membranes. Furthermore, Seiler and co-workers showed that
GPX4 is a key regulator of apoptosis through the regulation of 12/15-lipoxygenase-
dependent lipid peroxidation in mitochondria (Seiler et al. 2008). Consistent with this
important function, knocking out GPX4 results in prenatal lethality, while mice
deficient in other GPXs are viable (Imai et al. 2003; Yant et al. 2003). Moreover, GPX4
ablation in adult mice results in lethality within two weeks, indicating that GPX4 is
also essential for survival of adult mice (Yoo et al. 2012). A multitude of other in vitro
and in vivo studies support the antioxidant role of GPX4 (Yagi et al. 1996; Ran et al.
2004). Finally, in addition to its antioxidant function, GPX4 was shown to be
implicated in spermatogenesis and sperm function (Conrad et al. 2005; Imai et al.
2009; Schneider et al. 2009; Liang et al. 2009; Puglisi et al. 2012).
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3. Peroxiredoxin 5

PRDXS is the last member of the mammalian PRDX family that has been
identified and characterized (Wattiez et al. 1999; Knoops et al. 1999;
Kropotov et al. 1999; Yamashita et al. 1999) (Fig 3.1). Mature human PRDX5
shares only 28 to 30% sequence identity with human PRDX1-4 and PRDXe6,
indicating that PRDX5 is the most divergent isoform in the mammalian
PRDX family (Leyens et al. 2003; Rhee et al. 2005). As mentioned before,
PRDXG5 is the only atypical 2-Cys PRDX in mammals.

3.1. Human PRDXS5 gene and genomic context

Human PRDX5 is localized on chromosome 11q13 and is composed of six
exons and five introns spanning ~3.7 kb (Fig 3.2A). The number of exons
and introns as well as the size of the protein-encoding exons appears to be
conserved among chordates (Nguyen-Nhu et al. 2007). In mammals, PRDX5
is in very close proximity with the HSPC152/TRMT112 gene, which is
positioned in the opposite direction (Fig. 3.2A) and which encodes a small
accessory protein required in some methyltransferase complexes (Figaro et
al. 2008; Songe-Moller et al. 2010). Only 689 bp separate the two first
translation initiation codons of the two genes in human. Consequently, it is
likely that PRDX5 and HSPC152/TRM112 share regulating sequences
(Nguyen-Nhu et al. 2007; Knoops et al. 2011).
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Fig. 3.1. Amino acid sequence alignment of human PRDX5 and animal orthologs.
The alignment was generated by ClustalX 2.0.7 (Larkin et al. 2007) program.
Asterisks indicate identities, dots and double dots indicate conservative and highly
conservative substitutions, respectively. Amino acid numbering refers to mature
human PRDX5 (Declercq et al. 2001). Methionines encoded by the two alternative
translation initiation sites are indicated in bold type. Confirmed (human) and
predicted (TargetP v1.1) (Nielsen et al. 1997; Emanuelsson et al. 2000) mitochondrial
targeting sequences (MTS) are highlighted in red. Peroxidatic (Cp) and resolving (Cr)
Cys implicated in catalysis are highlighted in yellow. The peroxisomal targeting
signal type I (PTS1) is highlighted in green. Residues involved in the stabilization of
the catalytic site are in grey. GenBank accession numbers are as follows: NP_036226
(Human, Homo sapiens); NP_036151 (House mouse, Mus musculus); CN508467
(Zebrafish, Danio rerio); AF498232 (Japanese lancelet, Branchiostoma belcheri
tsingtaunese); NP_650679 (Fruit fly, Drosophila melanogaster). [From Knoops et al.
(2011)].
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Fig. 3.2. Human PRDX5 gene organisation and protein isoforms. (A) Human
PRDX5 gene is located on chromosome 11q13 and is flanked by HSPC152/TRMT112
gene. Human PRDX5 gene contains six exons (boxes) and five introns. 5'- and 3’-
untranslated regions (UTRs) are indicated by open boxes. In human liver, three
alternative transcription initiation sites were identified (black arrows)(Nguyen-Nhu
et al. 2007). Exon I contains also two in-frame ATG initiation codons. The regions
encoding the mitochondrial targeting sequence (MTS) and peroxisomal targeting
signal type I (PTS1) are in red and green respectively. (B) The presence of alternative
transcription and translation start sites in human PRDX5 gene results in the
production of a long PRDX5 form (L-PRDX5) and a short PRDX5 form (S-PRDX5). L-
PRDX5 contains a cleavable N-terminal MTS (red) and is therefore imported into
mitochondria. S-PRDX5 contains a weak C-terminal PTS1 signal and is targeted to
the cytosol, the peroxisomes and the nucleus. Peroxidatic (Cp) and resolving (Cr) Cys
implicated in catalysis are indicated. [Adapted from Nguyen-Nhu et al. (2007) and
Knoops et al. (2011)].
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3.2. PRDX5 expression

Analysis of the 5-flanking region of human PRDX5 reveals features of a
housekeeping gene, i.e. CpG islands, no TATA- and CAAT-boxes as well as
multiple transcription start sites (see point 3.3). PRDX5 is constitutively
expressed in virtually all mammalian tissues, with the highest expression in
tissues that are particularly exposed to oxidative stress such as thyroid
gland, lung or kidney (Knoops et al., 1999). The amounts of PRDX5 were
estimated between 0.2 and 1.3 pg/mg of soluble proteins in rat tissues (Seo
et al. 2000). However, the expression level is variable between cell types and
can also be regulated in pathophysiological conditions or in response to
stress. For example, PRDX5 expression is upregulated in degenerative
human tendons (Wang et al. 2001), in breast carcinoma (Karihtala et al.
2009), in human hypertensive kidney cortex (Marques et al. 2011) and in
different thyroid pathologies (Gerard et al. 2005; Poncin et al. 2008; Senou et
al. 2010). On the opposite, downregulation of PRDX5 was observed in
corticobasal neurodegeneration (Chen et al. 2005) and in adrenocortical

carcinoma (Fernandez-Ranvier et al. 2008).

Little is known about the mechanisms involved in the regulation of
PRDX5 expression. Albeit their implication in PRDX5 regulation is not clear,
several putative response elements for transcription factors involved in the
response to oxidative stress, such as Nrf2 or Nf-kB, are present in the 5'-
flanking region of human PRDX5 (Kropotov et al. 2006b; Nguyen-Nhu et al.
2007; Kropotov et al. 2007). Moreover, it was demonstrated that transcription
factors such as Foxo3a, GATA1, GABP and NeuroD6 can regulate PRDX5
expression (Uittenbogaard and Chiaramello 2002; Olmos et al. 2009;
Usmanova et al. 2011; Seo et al. 2012).
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3.3. Subcellular distribution of PRDX5

As mentioned before (see point 2.3), PRDX5 exhibits the widest subcellular
distribution among the PRDX members. Indeed, it can be localized in the
cytosol (Yamashita et al. 1999; Seo et al. 2000; Kinnula et al. 2002; Banmeyer
et al. 2004), the mitochondria (Knoops et al. 1999; Oberley et al. 2001;
Banmeyer et al. 2004; Leyens et al. 2004; Pagliarini et al. 2008; Radyuk et al.
2009), the peroxisomes (Yamashita et al. 1999; Seo et al. 2000; Schluter et al.
2010) and, in several situations, in the nucleus (Kropotov et al. 1999; Oberley
et al. 2001; Kinnula et al. 2002; Gerard et al. 2005; Lu et al. 2006; Poncin et al.
2008).

This wide subcellular localization is permitted by a complex gene
organization (Fig. 3.2.A). Indeed, human PRDX5 gene presents two
alternative in-frame translation initiation codons, both present on the first
exon. To our knowledge, the relative efficiencies of these two translation
initiation sites, depending on the respect of the Kozak consensus, were not
investigated yet. Moreover, several alternative transcription start sites were
identified from transcripts issued from liver, brain and lung. These
transcription initiation sites are positioned upstream and downstream of the
more 5 translation start site (Nguyen-Nhu et al. 2007). In human, the
presence of these alternative transcription and translation start sites results
in the synthesis of either a short PRDX5 form (S-PRDXS5), or a long PRDX5
form (L-PRDX5) containing 52 additional residues at the N-terminal
terminus (Figs. 3.1 and 3.2B). S-PRDX5 is located in the cytosol, the nucleus
and the peroxisomes. Peroxisomal distribution is a consequence of the
presence of a weak C-terminal peroxisomal targeting signal (PTS1), which is
encoded by the sixth exon. On the other hand, the N-terminal extension
present in L-PRDX5 was shown to correspond to a mitochondrial targeting
sequence (MTS), as it is able to target the green fluorescent reporter protein

into mitochondria (Knoops et al. 1999). Therefore, L-PRDXS5 is imported as a
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precursor into the mitochondrial matrix where the MTS is cleaved off,
releasing a mature protein which is indistinguishable in size from S-PRDX5
(Seo et al. 2000; Banmeyer et al. 2004). Although the exact cleavage site was
never experimentally demonstrated, it is generally assumed that the first
amino acid downstream of the cleavage site corresponds exactly to the first
amino acid of S-PRDX5 after the cleavage of its first methionine (Knoops et
al. 2011). Finally, it is worthwhile to note that L-PRDX5 also exhibits the C-
terminal peroxisomal targeting signal. However, because the MTS is a
stronger targeting signal compared to the PTS1, it appeared that when both
targeting sequences coexist, PRDX5 is preferentially imported into

mitochondria (Banmeyer et al. 2004; Banmeyer et al. 2005).

3.4. Kinetics

PRDXS5 is able to react with hydrogen peroxide, organic peroxides
and peroxynitrite. Human PRDX5 reacts with hydrogen peroxide more
slowly (~10° M-s1) than with organic peroxides (~10¢® M-s) or
peroxynitrite (~107 M-1s-1). This suggests that, in subcellular compartments
where PRDX5 coexists with other PRDXs (cytosol, nucleus, mitochondria),
PRDX5 could be involved more specifically in the reduction of peroxynitrite
or organic peroxides rather than hydrogen peroxide (Trujillo et al. 2007; Cox
et al. 2010).

The reduction of oxidized PRDX5 is performed by cytosolic or
mitochondrial TXNs (TXN1 and TXN2, respectively). TXNs are then reduced
by cytosolic or mitochondrial TXNRDs (TXNRD1 and TXNRD2,
respectively) at the expense of NADPH (Seo et al. 2000; Zhou et al. 2000;
Dubuisson et al. 2004; Trujillo et al. 2007). Cyclophilin A was also reported
to potentially reduce PRDX5 (Lee et al. 2001). Noteworthy, PRDX5 reductant
in peroxisomes remains unknown and is still to be identified (Knoops et al.

2011).
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Although the enzymatic activities of typical 2-Cys PRDXs may be
modulated by different posttranslational modifications (see point 2.2.3), little
is known about such modifications on PRDX5. Interestingly, PRDX5 can
undergo glutathionylation in rat exposed to oxidative stress, but the
functional significance of this modification remains unknown yet (Fratelli et
al. 2003). Furthermore, PRDX5 is not likely to undergo hyperoxidation since
it lacks the C-terminal helix with the conserved “YF” motif (see point 2.1).
Accordingly, it appears that mammalian PRDX5 is more resistant to
sulfinylation than the typical 2-Cys-PRDXs (Woo and Rhee 2010) and that
sulfiredoxin does not interact with PRDX5 (Woo et al. 2005).

3.5. Functions

The cytoprotective antioxidant role of PRDX5 has been abundantly
investigated in various cellular models. Indeed, it was reported that PRDX5
overexpression protects cell lines against nitro-oxidative stresses (Seo et al.
2000; Zhou et al. 2000; Nguyen-Nhu and Knoops 2003; Banmeyer et al. 2004;
Zitzler et al. 2004; Yuan et al. 2004; Peng et al. 2004a; Peng et al. 2004b;
Radyuk et al. 2009), whereas PRDX5 silencing makes the cells more
vulnerable (Serikov et al. 2006; Kropotov et al. 2006a; Avila et al. 2008; De
Simoni et al. 2008; Gao et al. 2011). Furthermore, PRDX5 has been shown to
exert an antioxidant protective function in tissues, as exogenous
administration of recombinant human PRDX5 protects mouse brain against
ibotenate-induced excitotoxic stress (Plaisant et al. 2003). Recently, the
antioxidant function of PRDX5 was investigated in transgenic mice with
PRDX5 downregulation in kidney, lung and liver. PRDX5 knock-down had
no physiological effects under basal conditions, but proteomic analysis after
hypoxia revealed altered expression of renal proteins, among which proteins

involved in antioxidant protection (Yang et al. 2010).
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As mentioned before (see point 1), hydrogen peroxide is a key
molecule involved in cell signalling (Rhee 2006; Valko et al. 2007; Halliwell
and Gutteridge 2007; Forman et al. 2010). Initially, PRDX5 was shown to
modulate peroxide levels produced in cells stimulated with PDGF, TNF-q,
or p53 (Seo et al. 2000; Zhou et al. 2000). Therefore, PRDX5 could potentially
play a role in peroxide-dependent signal transduction. Also, since PRDX5
was reported to be translocated to the nucleus under oxidative stress
(Gerard et al. 2005; Poncin et al. 2008), one could hypothesize that PRDXS5 is
involved in redox-dependent transcription regulation. However, in contrast
to the cytoprotective function of PRDX5 which is well documented, little is
known about the possible function of PRDX5 in redox signalling. Also,
PRDX5 lacks characteristics to be a good candidate for this function, as it is
not prone to undergo hyperoxidation (see point 3.4) or phosphorylation by
kinases, like typical 2-Cys PRDXs (Chang et al. 2002; Woo et al. 2010).
However, a recent study reported that PRDX5 can play a role in LPS-
induced microglial activation through modulation of ROS levels and
signalling cascades dependent on c-jun N-terminal kinase (JNK) (Sun et al.
2010). Moreover, it was shown that Drospohila PRDX5 plays an important
modulatory role in immune signalling, by regulating negatively specific

immune pathways (Radyuk et al. 2010).

It is important to emphasize that PRDX5 coexists in subcellular
compartments with different peroxide-detoxifying enzymes. In the
mitochondria, PRDX5 coexists with GPX1, GPX4 and PRDX3. The
mitochondrial localization of PRDX5 seems to be a conserved feature as this
protein was detected in mitochondria of various animal species, i.e. human,
rat, mouse, hamster, bovine and fruitfly (Knoops et al. 1999; Oberley et al.
2001; Banmeyer et al. 2004; Leyens et al. 2004; Pagliarini et al. 2008; Radyuk
et al. 2009). Recent reports based on rate constants and enzyme abundance
suggest that mitochondrial PRDX5 would play a minor role in hydrogen
peroxide reduction compared with PRDX3 and GPX1, but would possess a
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more specific function through its high reactivity towards alkyl
hydroperoxides (~ 106 M-1s) and peroxynitrite (~ 107 M-1s1) (Cox et al,
2010; Trujillo et al., 2007). However, this proposed kinetic hierarchy has to be
qualified with respect to the cell type and the availability of physiological
reductants. Moreover, in vivo, mitochondrial peroxidases are likely to be
heterogeneously distributed in some niches and display also different

susceptibilities to inactivation (Knoops et al. 2011).

In the cytosol, mammalian PRDX5 coexists with PRDX1, PRDX2 and
PRDX6. In this compartment, it was proposed that PRDX1 and PRDX2
should rather be involved in hydrogen peroxide signalling, while PRDX5
and PRDX6 should rather be implicated in antioxidant defence (Knoops et
al. 2011).

In the peroxisomes, PRDX5 coexists with catalase, which is a very
efficient hydrogen peroxide scavenger. In this organelle, PRDX5 could be
involved in antioxidant defence through the reduction of alkyl
hydroperoxides and peroxynitrite. However, the specific function of PRDX5
in this subcellular compartment remains unclear. Indeed, until now, no
physiological reductant has been described for peroxisomal PRDXS.
Moreover, to our knowledge, no study has yet investigated the effect of the
overexpression/silencing of PRDX5 in the peroxisomal matrix itself (Knoops

et al. 2011).

The function of PRDX5 in the nucleus is still a matter of debate.
PRDXS5 is not expressed in the nucleus at high levels and in all mammalian
cell types. PRDX5 was first described as a DNA-binding protein repressing
the transcription of the Alu-family of retroposons (Kropotov et al. 1999).
Furthermore, it was shown that PRDX5 overexpression in the nucleus
protects DNA from peroxide-induced oxidative damages (Banmeyer et al.

2004) while PRDX5 silencing stimulates etoposide-induced double-strand
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DNA breaks (Kropotov et al. 2004), suggesting a protective antioxidant
function in the nucleus. Interestingly, it was reported that PRDX5 is
translocated into the nucleus under pathophysiological situations in some
cell types, like thyrocytes (Gerard et al. 2005; Poncin et al. 2008). This
suggests that PRDX5 may function in the nucleus either as a DNA-protective

enzyme or as a redox-dependent signalling molecule (Knoops et al. 2011).

Furthermore, an unexpected role of PRDX5 in immunogenicity was
described. Indeed, a point mutation in PRDX5 gene identified in human
metastatic melanoma was shown to yield a tumor antigen targeted by
cytotoxic T lymphocytes (Sensi et al. 2005). Moreover, two other short
peptides coded by PRDX5 gene were also shown to contribute to
immunogenicity (Sensi et al. 2009). These two antigenic nonapeptides were
shown to derive from two distinct alternative splicing variants of PRDX5,
widely expressed in neoplastic and normal tissues. These alternative splicing
variants are unstable at the protein level as they are detectable only after
inhibition of proteosomal degradation. It was proposed that the antigenic
nonapeptides are involved in an immune-mediated response to stress
contributing to the detection and elimination of damaged or neoplastic cells

(Sensi et al. 2009).

Recently, a new function for PRDXS5 in the initiation of post-ischemic
inflammation in the brain emerged. Indeed, Shichita and coworkers (2012)
showed that PRDX5 is released extracellularly from necrotic brain cells. This
induces the expression of proinflammatory cytotokines in infiltrating
macrophages, thereby triggering a destructive inflammatory response. This
new function contrasts with the antioxidant protective function of

intracellular PRDX5.
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4. Mitochondrial protein import

Cell compartmentalization appeared during eukaryotic evolution and
allowed a physical separation of incompatible biochemical reactions.
Consequently, each organelle needs to be equipped with a distinct set of
proteins to carry out the various metabolic pathways. Mitochondria contain
more than thousand different proteins. However, the coding capacity of the
mitochondrial DNA is restricted to a few polypeptides, i.e. thirteen in
human. All other proteins are encoded by nuclear DNA, synthetized at
cytosolic ribosomes and subsequently imported into the mitochondria (van
der Laan et al. 2010). Protein import into the mitochondria requires the

existence of both:
i) signal sequences containing targeting information and

if) sophisticated translocation machineries allowing signal
sequence recognition and protein translocation across the

mitochondrial double-membrane system.

Most of our knowledge on mitochondrial protein import derives from
studies on Neurospora crassa and Saccharomyces cerevisiae. However, despite
the existence of some species-specificities like in some parasitic
trypanosomatids (Singha et al. 2012), the mitochondrial import machinery
appears to be well conserved throughout eukaryotes, including in

mammalian mitochondria.
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4.1. Mitochondrial translocation pathways: an overview

For most precursor proteins, the common entry gate to the mitochondria is

the translocase of the outer membrane (TOM) complex. After passing

through the TOM complex, precursors are sorted to different mitochondrial

subcompartments. Currently, five different protein import pathways are

characterized (Fig. 4.1.) (for review see Becker et al. (2012)).

i)

i)

The presequence pathway concerns precursors carrying positively
charged N-terminal presequences (see point 4.2.1). After crossing
the outer membrane, preproteins are transferred to the presequence
translocase of the inner membrane (TIM23) complex. Precursors are
then either imported into the matrix with the help of the
presequence translocase-associated motor (PAM) or laterally
inserted into the inner membrane. Other presequence-containing
precursors are first completely translocated into the matrix and
subsequently inserted into the inner membrane with the help of the
oxidase assembly (OXA) machinery.

The carrier pathway imports proteins from the carrier family into
the inner membrane. These hydrophobic proteins contain multiple
transmembrane segments and carry internal targeting signals. They
are imported with the help of the TOM complex, the small TIM
chaperone complex of the intermembrane space and the carrier
translocase (TIM22) complex.

The oxidative folding pathway is responsible for the transport of
cysteine-containing proteins to the intermembrane space. The
precursors are synthesized with internal signal sequences and use
the TOM complex as well as the mitochondrial intermembrane
space assembly (MIA) machinery, which oxidizes the Cys residues.
The B-barrel pathway transports the precursors of pore-forming

proteins of the outer membrane that are composed of multiple
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transmembrane P-strands. Translocation of the precursors involves
the TOM complex and the small TIM chaperone complex of the
inner membrane space. Insertion into the outer membrane is
mediated by the sorting and assembly machinery (SAM) complex.

v) The a-helical insertion pathway is the last discovered import
pathway and concerns proteins anchored in the outer membrane by
one or more transmembrane o-helical segments. Precursors are
recognized by receptors of the TOM complex but do probably not
cross the TOM channel. Thus, these precursors do not use the main
translocation route across the outer membrane common to the other
import pathways. Instead, they are transferred to the Mim1 complex

for membrane insertion.

As this work deals with PRDX5, which is located in the mitochondrial
matrix, the next section focuses on signal sequences and translocation
machineries permitting protein import into this subcompartment. The other

import patways are not detailed in this introduction (for review see Becker

et al. (2012), Schmidt et al (2010) and Mokranjac and Neupert, (2009)).

Fig. 4.1. Overview of import pathways into mitochondria (facing page). The
presequence pathway (red) imports presequence-containing precursors into the
matrix or the inner membrane with the help of the translocase of the outer membrane
(TOM) and the presequence translocase of the inner membrane (TIM23) complexes.
Full translocation of precursors destined to the matrix is completed by the
presequence-associated motor (PAM). The OXA complex is also involved in the
insertion of some presequence-containing precursors into the inner membrane. The
carrier pathway (green) inserts hydrophobic proteins into the inner membrane and
involves the cooperation of TOM, small TIM and TIM22 complexes. The oxidative
folding pathway (purple) drives the import and oxidative folding of intermembrane
proteins and involves the TOM and mitochondrial intermembrane assembly (MIA)
machinery. The P-barrel pathway (blue) leads to the insertion of f-barrel proteins
into the outer membrane and is dependent on TOM, small TIM, as well as the sorting
and assembly machinery (SAM) complexes. The a-helical insertion pathway (orange)
inserts a-helical proteins into the outer membrane with the help of TOM receptors
and Mim1. [Adapted from Becker et al. (2012)].
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4.2. Protein import into the mitochondrial matrix
4.2.1. Presequences

Mitochondrial proteins are synthesized in the cytosol as precursor
preproteins containing specific signal sequences which are both necessary
and sufficient to direct them from the cytosol into mitochondria. In the case
of proteins imported into the mitochondrial matrix, the signal sequence
corresponds to a cleavable N-terminal mitochondrial targeting sequence
(MTS), also called presequence (Neupert and Herrmann 2007; Chacinska et
al. 2009). Presequences have a length of typically 15-50 residues, although
presequences shorter than 10 and up to 100 residues were described. Their
secondary structure is well conserved, as presequences adopt an
amphipathic a-helical conformation, i.e. with one positively charged face
and one hydrophobic face. These two faces are recognized by distinct
binding sites on the outer membrane translocase (see below). Moreover, the
positive charge of the presequence is critical for the electrophoretic effect of
the membrane potential (Ay), which, together with ATP hydrolysis,
constitutes the driving force for protein transport across the inner membrane
(Chacinska et al. 2009). In contrast with the secondary structure, the
primary structure of the presequence is not conserved, and varies even
considerably between closely related orthologs (Neupert and Herrmann

2007).

It is important to note that, in some cases, protein import into the
mitochondrial matrix can occur without presequence. This is the case of the
nuclearly encoded mitochondrial transcription factor Mtflp, which uses
alternative internal import signals (Biswas and Getz, 2002; Biswas and Getz,

2004).
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4.2.2. Protein translocation into the mitochondrial matrix
4.2.2.1. Crossing the outer membrane

A prerequisite for mitochondrial membrane translocation is that the
newborn presequence-containing precursors are in a loosely-folded,
translocation-competent state. Consequently, several cytosolic factors are
involved in chaperoning precursors from their site of synthesis to the
mitochondrial outer membrane. Mammalian cells use both Hsp90 and
Hsp70 for preprotein transfer from the ribosome to the mitochondrial outer
membrane receptors (Young et al. 2003). It was recently suggested that these
two chaperones are a part of a large cytosolic complex containing other

cochaperones, namely Hop, Tom34 and Cdc37 (Faou and Hoogenraad 2012).

The precursors enter into the mitochondria via the translocase of the
outer mitochondrial membrane (TOM complex) (Neupert and Herrmann
2007). The yeast TOM complex is formed by seven subunits termed “Tom”
followed by a number indicating their molecular mass (Fig. 4.1). By now,
mammalian counterparts for all of the components have been identified.
Preproteins cross the outer membrane through sequential binding to the
different Tom subunits. The TOM complex contains two primary surface
receptors, i.e. Tom20 and Tom70, which differ by their substrate specificity.
Tom20 is typically involved in the recognition of N-terminal presequences,
while Tom70 recognizes internal hydrophobic signal sequences of
precursors which are not destined to the mitochondrial matrix (Hoogenraad
et al. 2002; Neupert and Herrmann 2007). Nonetheless, in addition to its role
in signal recognition for non matricial preproteins, Tom70 was shown to act
as chaperone docking site. Therefore, both Tom70 and Tom20 would be
implicated in presequence-containing protein import (Young et al. 2003;
Yamamoto et al. 2009; Fan et al. 2011). Tom20 binds presequences by
interacting with the hydrophobic face of the amphipathic a-helix (Abe et al.

2000). The preprotein is subsequently transferred to the protein-conducting
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pore with the help of Tom5 and Tom?22, which interacts with the positively
charged face of the a -helix. The conducting channel of the TOM complex is
formed by the f-barrel protein Tom40. Moreover, the general import pore is
formed by the three small Tom proteins Tom5, Tom6 and Tom?7, which are
involved in the assembly and the dynamics of TOM complex. The precursor
crosses the channel as an unfolded linear polypeptide chain with its N-
terminus ahead. At the trans side of the outer membrane, the preprotein
binds to the intermembrane space domain of Tom22 and eventually to
Tom?7. At this stage of import, the precursor is transferred to the translocase
of the inner membrane, the TIM23 complex. (Johnston et al. 2002;
Hoogenraad et al. 2002; Neupert and Herrmann 2007; Kato and Mihara 2008;
Chacinska et al. 2009; Endo et al. 2011).
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Fig. 4.2. Translocation of presequence-containing precursors across the double
mitochondrial membrane (facing page). The outer mitochondrial membrane
translocase (TOM complex) is composed of seven subunits. The receptor Tom20
recognizes the precursor and transfers them to the channel formed by Tom40 with
the help of Tom22 and Tomb5. The small Tom proteins, Tom5, Tomé6 and Tom?7 are
involved in the stabilization of the TOM complex. Upon passage through the Tom40
channel, the precursor binds to the intermembrane space domain of Tom22 and is
subsequently transferred to the inner mitochondrial membrane translocase (TIM23
complex) with the help of Tim21 and Tim50. The precursor is directed through the
Tim23 channel by the Ay. The presequence-translocase associated motor (PAM, pink)
fulfills the matrix translocation in an ATP-dependent manner. In the matrix, the
presequence is cleaved from the precursor by the mitochondrial processing peptidase
(MPP), and potentially by the mitochondrial intermediate peptidase (MIP) or the
intermediate cleaving peptidase (Icp55). The free targeting peptides are subsequently
degraded by presequence proteases (PreP). [Adapted from van der Laan et al.
(2010)].
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4.2.2.2. Crossing the inner membrane

The TIM23 complex is responsible for the translocation of presequence-
containing precursors across the mitochondrial inner membrane. In yeast,
the TIM23 complex is formed by four subunits forming the conducting
channel, namely Tim17, Tim21, Tim23 and Tim50, as well as subunits
constituting the presequence translocase-associated motor (PAM), i.e. Tim44,
Pam16, Pam17, Pam18, mtHsp70 and Mgel (Fig. 4.1) (Chacinska et al. 2009;
van der Laan et al. 2010; Marom et al. 2011).

The presequence-containing precursor is handled over from Tom?22
to the TIM23 complex with the help of the intermembrane-spanning
domains of Tim50 and Tim21. Tim50 would act as the primary presequence
receptor of the TIM23 complex (Schulz et al. 2011). The presence of the
presequence and Ay across the inner membrane triggers the opening of the
translocation channel, which is formed by Tim23 and possibly Tim17. The
precursor is inserted into the protein-conducting pore and is driven towards
the matrix by the Ay, which exerts an electrophoretic force on the positively
charged presequence. Full translocation of preprotein into the matrix
requires an additional driving force, provided by the ATP-driven import
motor, PAM. The recruitment of PAM by the TIM23 complex is
accompanied by the release of Tim21. The central component of PAM is the
mitochondrial chaperone Hsp70 (mtHsp70), which binds to the incoming
precursor and finalizes matrix translocation using ATP. PAM comprises
further five co-chaperones, i.e. Tim44, Mgel, Pam16, Pam17 and Pam18 that
provide a membrane anchor for mt-Hsp70 and regulate the mt-Hsp70
ATPase activity (see Fig. 4.1) (Chacinska et al. 2009; van der Laan et al. 2010;
Marom et al. 2011). Furthermore, Zim17/Tim15, which was also shown to
bind mt-Hsp70, would be implicated in the maintenance of the solubility of
the aggregate-prone mt-Hsp70 (Momose et al. 2007). The precise mechanism

by which the PAM complex operates during protein translocation is still
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under debate. In the “Brownian ratchet model” the mtHsp70 molecule binds
to the incoming precursor and prevents its backsliding. By random
diffusion, short segments of the polypeptide enter temporally into the
matrix. Then, an additional mt-Hsp70 molecule binds to these segments,
preventing again retrograde movement. In this process, ATP hydrolysis by
mt-Hsp70 is enhanced by preprotein binding. Repeated cycles finally result
in the full translocation of the precursor. On the other hand, the “pulling or
power-stroke model” proposes that the ATP hydrolysis by the precursor-
bound mt-Hsp70 induces a conformational change of mt-Hsp70, resulting in
an active pulling of the precursor into the matrix. Moreover, in addition to
these two models, modified versions have been proposed over the years.
Additional studies will be required to settle this long standing dispute
(Chacinska et al. 2009; van der Laan et al. 2010; Marom et al. 2011).
Following translocation into the matrix, the presequence is removed from
the precursor by specific mitochondrial proteases to release a mature protein
(see point 4.1). Finally, the protein is folded and assembled with the help of
mitochondrial chaperones, resulting in the completion of a mature and
functionally active protein in the mitochondrial matrix (Hoogenraad et al.

2002).

Mammalian orthologs of the yeast TIM23 subunits forming the
conducting channel, i.e. Tim50, Tim23, Timl7 and Tim44, have been
identified. Moreover, mammalian homologues of the PAM members mt-
Hsp70, Mgel (mtGrpE), Paml6 (Magmas) and Paml18 (DNAJC19) are
characterized. In addition, mammalian Hsp40 isoforms (Tid-1 proteins) are
also reported to be a component of the PAM import motor in mammals
(Hoogenraad et al. 2002; Goswami et al. 2010; Sinha et al. 2010; Marom et al.
2011).
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4.2.2.3. Presequence processing

Once the precursor has been translocated, the presequence is no longer
necessary and may hamper protein folding and assembly. Therefore, the
presequence is proteolytically removed from the precursor upon
translocation, releasing a mature protein in the mitochondrial matrix
(Chacinska et al. 2009). The major presequence protease in the matrix is the
heterodimeric ~ mitochondrial processing peptidase (MPP). This
metalloprotease typically cleaves presequences with an arginine residue at
the -2 position (“R-2 motif”) (Vogtle et al. 2009). It was also demonstrated
that the cleavage of the presequence can occur in a two-step mechanism.
Indeed, the mitochondrial intermediate peptidase (MIP) catalyzes preprotein
maturation by removing an octapeptide after MPP processing. In this case,
the presequence presents an “R-10 motif”, with the arginine residue at
position -2 from the MPP cleavage site and -10 from the MIP cleavage site
(Gakh et al. 2002). Recently, a second two-step presequence processing,
involving the intermediate cleaving peptidase Icp55, was evidenced in the
yeast Saccharomyces cerevisiae. Icp55, a member of the aminopeptidase P
(APP) family of metalloproteases, was shown to remove single amino acids
from MPP-generated N-termini (Vogtle et al. 2009). Consequently,
presequences which are sequentially cleaved by MPP and Icp55 exhibit an
“R-3 motif”. Until now, the two-step processing of presequences by MPP
and Icp55 has never been demonstrated in mammals, although the
mitochondrial form of mammalian APP3 should be a good candidate for
sequential processing of MPP-generated termini (Vogtle et al. 2009). Finally,
in a few cases, other proteases, like the less specific mAAA protease, were

also shown to be involved in presequence processing (Nolden et al. 2005).
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5. Pigs and dogs: species and phylogenetic
relationships

5.1. Phylogeny of placental mammals

Mammalian phylogeny has been debated for more than a century. Recent
molecular studies have unambiguously established that the eighteen orders
of extant placental mammals can be grouped into three major clades:
Afrotheria, Xenarthra and Boreoeutheria (Fig. 5.1). The clade Boreoeutheria
is further divided in two major mammalian groups, Laurasiatheria and
Euarchontoglires. Despite large-scale molecular phylogenetic analyses, the
relationships between the three major clades remain unresolved. Also, many
of the interordinal relationships (i.e. among the orders) within the four major
mammalian groups remain unclear (Murphy et al. 2007; Wildman et al. 2007;
Nishihara et al. 2009; Murphy and Eizirik 2009; Hallstrom and Janke 2010;
McCormack et al. 2012). Therefore, no unambiguous phylogenic tree of
placental mammals at the level of the order can be presented in this
introduction. Instead, table 1.1 lists the eighteen orders of placental
mammals and their affiliation to the major clades (Springer and Murphy
2007). Moreover, domestic pig (Sus scrofa domesticus) and dog (Canis lupus
familiaris) belong both to the Laurasiatheria group. Pig is a member of the

order Cetartiodactyla, while dog is a member of the order Carnivora.
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A (basal-Afrotheria) B (basal-Xenarthra) C (basal-Boreoeutheria)
BOREOEUTHERIA BOREOEUTHERIA AFROTHERIA
LAURASIATHERIA LAURASIATHERIA
XENARTHRA
EUARCHONTOGLIRES EUARCHONTOGLIRES
BOREOEUTHERIA
XENARTHRA AFROTHERIA LAURASIATHERIA
AFROTHERIA XENARTHRA EUARCHONTOGLIRES

Fig. 5.1. Unresolved placental mammalian tree. Three competing hypotheses exist,
predicting (A) a basal position of Afrotheria (B) a basal position of Xenarthra (C) a
basal position of Boreoeutheria. [Adapted from Murphy et al. (2007) and Nishihara et
al. (2009)].

Table 1.1. Eighteen living orders in Placental mammals

Boreoeutheria
Laurasiatheria
Order Cetartiodactyla (cows*, pigs*, camels, hippos, whales, porpoises)
Order Carnivora (dogs*, bears*, seals*, cats)
Order Chiroptera (bats)
Order Pholidota (pangolins)
Order Eulipotyphla (moles, shrews, hedgehogs, solenodons)
Order Perissodactyla (horses, rhinos, tapirs)
Euarchontoglires
Order Primates (humans*, monkeys*, lemurs, tarsiers)
Order Dermoptera (flying lemurs)
Order Scandentia (tree shrews)
Order Rodentia (rats*, mice*, capybaras, squirrels)
Order Lagomorpha (rabbits, hares, pikas)
Xenarthra
Order Xenarthra (sloths, armadillos, anteaters)
Afrotheria
Order Proboscidea (elephants)
Order Sirenia (dugong, manatee)
Order Hyracoidea (hyraxes)
Order Tubulidentata (aardvark)
Order Afrosoricida (golden moles, tenrecs, otter shrews)
Order Macroscelidea (elephant shrews)

* Species which are studied/mentioned in this work
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5.2. Pig, a member of Cetartiodactyla

According to the current Cclassification, pigs belong to the order
Cetartiodactyla, which diverged from other placental mammals
approximately 84.6 million years ago (mya) (Murphy and Eizirik 2009).
Cetardiodactyla are composed of four suborders, i.e. Tylopoda (camels and
llamas), Suiformes (pigs and peccaries), Ruminantia (bovids, deer, tragulids
and giraffes) and Cetancodonta (hippos, dolphins and whales). Phylogenetic
relationships within Cetartiodactyla, and particularly the position of

Suiformes, remain controversial (Fig. 5.2).

A B
—— CETANCODONTA CETANCODONTA
L— RUMINANTIA
RUMINANTIA
— TYLAPODA TYLAPODA
C D
——— CETANCODONTA CETANCODONTA
RUMINANTIA
L RUMINANTIA ‘
TYLAPODA 7]
TYLAPODA

Fig. 5.2. Phylogeny of the Cetartiodactyls: a selection of hypotheses. It was
proposed that (A) the Suiformes and Tylapoda cluster together as a sister clade of the
Cetruminantia (Cetancodonta + Ruminantia) (Gatesy et al. 2002); (B) the Suiformes
are a sister clade of the Cetruminantia (Price et al. 2005; O'Leary and Gatesy 2008;
Zhou et al. 2011); (C) the Suiformes are the basal clade of the Cetartiodactyla (Marcot
2007; Hassanin et al. 2012); (D) the Suiformes and Ruminantia cluster together as a
sister clade of the Cetancodonta (Agnarsson and May-Collado 2008). [Adapted from
Boisserie et al. (2011)].
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The suborder Suiformes consists of two living families: the
Tasyassuidae (peccaries) and Suidae (pigs). The divergence of Suidae and
Tayassuidae from their common ancestor would have occurred 33.8 — 37.2
mya (Orliac et al. 2010). According to our current knowledge, the extant
Suidae family would comprise five genera, including Sus. The genus Sus
appeared at least 3 — 5 mya in Europe and Indonesia, and is represented by
seven species, among which Sus scrofa. The species Sus scrofa is
geographically widespread, as it has spread naturally through Europe and
Asia, and has been introduced into North and South America, Australia and
Oceania (Ruvinsky et al. 2011). Sus scrofa diversified into numerous
regionally distinct populations (subspecies), and several of them are likely to
have been independently domesticated, or have contributed genes to
domestic pigs through hybridization. The domestication process is thought

to have begun over 10.000 years ago (Larson et al. 2011).
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5.3. Dog, a member of Carnivora
5.3.1. Order Carnivora

The order Carnivora consists of about 286 living species and appeared
around 63 mya. Early in the history of Carnivora, the order split into two
suborders, the Caniformia (dog-like carnivores) and Feliformia (cat-like
carnivores). Each of these groups diversified to form 16 extant families (Fig.
5.3). The suborder Caniformia further split into two groups: (i) the
Cynoidea, comprising the Canidae family (dogs and relatives) which is
thought to be the deepest divergence in the Caniformia, (ii) the Arctoidea,
comprising the families Ursidae (bears), Procyonidae (raccoons, kinkajou
and coatis), Mephitidae (skunks), Mustelidae (weasels and otters), Ailuridae
(red panda), Otariidae (fur seals), Odobenidae (walrus) and Phocidae (‘true
seals’) (Van Valkenburgh and Wayne 2010; Eizirik et al. 2010). Despite some
controversy persists concerning the phylogenetic relationships among
Caniformia families, several portions of the tree have been clarified and are
well supported by numerous molecular analyses (reviewed in Eizirik and

Murphy (2009) and Flynn et al. (2010)):

i) Skunks do not belong to the Mustelidae and form a distinct arctoid
clade, i.e. Mephididea.

if) Mustelidae and Procyonidae are sister taxa.

iii) Odobenidae are more closely related to Otariidae than to Phocidae.
These three families form together the Pinnipedia clade, which is most
closely related to the Musteloidea clade (Mustelidea + Procyonidae +
Ailuridae + Mephitidae).

iv) The red panda (Ailurus fulgens) is the unique living member of the
family Ailuridae. The phylogenetic position of Ailuridae within
Musteloidea remains unresolved, being continuously disputed with

each new phylogenetic study.
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v) Giant panda (Ailuropoda melanoleuca) is a member of the Ursidae family.

Its phylogenetic position is basal to all other living ursids.

Mirounga angustirostris
(northern elephant seal)

Felidae

Nandiniidae

55 34 24 5 18
Millions of years ago

Fig. 5.3. Time-calibrated phylogeny of the order Carnivora. (A) The phylogeny of
Carnvivora is currently not completely stabilized, e.g. concerning the position of
Ailuridae. The presented phylogenetic tree is based on 14 nuclear gene sequences
from 50 different genera representing all carnivoran families (Eizirik et al. 2010).
[Adapted from Van Valkenburgh and Wayne (2010)]. (B) Non-canid carnivoran
species which are studied in this work are represented. Pictures are from Myers et al.
(2012).
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5.3.2. Family Canidae

The family Canidae diverged from other Carnivora about 50 mya, but extant
canids have diverged from a common ancestor within the last 10 million
years. As a consequence, the 35 living canid species are genetically very
similar (Ostrander and Wayne 2005). The Canidae family comprises three
major phylogenetic groups: the fox-like canids, the wolf-like canids and the
South American canids (Fig. 5.4). Additionally, several canids do not belong

to any of the three main clades, such as the gray fox (Urocyon

cinereoargenteus). The gray fox lineage was shown to be the most primitive
among canids (Lindblad-Toh et al. 2005, Wayne and Ostrander 2007). The
wolf-like canids, which have origins more than 6 mya, are more closely
related to South American canids than to fox-like canids. Among wolf-like
canids, dog (Canis lupus familiaris) is most closely related to gray wolf (Canis
lupus), followed by coyote (Canis latrans), golden jackal (Canis aureus) and
Ethiopian wolf (Canis simensis). African jackals (Canis mesomelas and Canis
adustus) are the most basal members. The South American canids are rooted

by the bush dog (Speothos venaticus) and the maned wolf (Chrysocyon
brachyurus). Bat-eared fox (Otocyon megalotis) and the raccoon dog

(Nyctereutes procyonoides) root the red fox-like canids (Lindblad-Toh et al.
2005).
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Fig. 5.4. Phylogeny of canid species. The phylogenetic tree is based on ~15kb from
12 exons and 4 introns. The three major phylogenetic groups are indicated in red for
the fox-like canids, in green for the South American canids and in blue for the wolf-
like canids. The gray fox and the island fox indicated in orange do not belong to a
major clade. Underlined species names are represented with corresponding
illustrations. Species which are studied in this work are boxed. [Adapted from
Lindblad-Toh et al. (2005)].
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5.3.3. Domestic dogs

Dogs are the first domesticated species in human history. Extensive
molecular analyses clearly demonstrate that the domestic dog is derived
from gray wolves only, rather than other wolf-like canids (Ostrander and
Wayne 2005). Accordingly, domestic dog and gray wolf are extremely close
relatives, differing by only ~0.04% and 0.21% in ~15 kb nuclear exon and
intron sequences, respectively (Lindblad-Toh et al. 2005). The process by
which domestication took place is poorly understood and involves most
likely multiple domestication and backcrossing events (Leonard et al. 2002;
Savolainen et al. 2002; Vila et al. 2005). Dogs would have evolved first
through a progressive adaptation to the human presence, sharing living
space and food sources. Later, humans have selectively bred dogs, creating
more than 400 breeds exhibiting large behavioral and morphological
variation (Lindblad-Toh et al. 2005). To date, the oldest fossil evidence which
places dogs in close proximity with humans is 31.000 years old and was
discovered in the Condroz, a region in the south of Belgium (Germonpre et
al. 2009). However, whether these fossils represent the earliest domestic
dogs or extinct varieties of wolves remains a matter of debate. Moreover,
estimations regarding the time since domestication based on molecular
studies vary greatly. Overall, domestication is thought to have originated at
least 15.000, and possibly as far back as >100.000 years ago (Parker et al.
2010). Also, the geographical origin of dog domestication remains elusive.
Indeed, albeit domestication was thought to have taken place in East Asia,
recent mtDNA sequence analyses of African village dogs called this theory

into question (Boyko et al. 2009).
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Aim of the study

To regulate intracellular levels of ROS and RNS, mammalian cells are
equipped with antioxidant enzymes, amongst which PRDX5. This
peroxidase exhibits a remarkably wide subcellular distribution. Indeed, in
human, PRDX5 was shown to be targeted to the mitochondria, the cytosol,
the peroxisomes and in several cases, the nucleus. In this work, we studied
the interspecific variability of PRDX5 mitochondrial targeting. Our work is
based on the hypothesis that, although mitochondrial localization of PRDX5
is conserved amongst most animals, mitochondrial targeting of PRDX5 is

absent in domestic pig and domestic dog.

In the first part of this study, the existence of interspecific variability
in PRDX5 mitochondrial targeting was investigated. To this end, we
examined the existence of a functional mitochondrial targeting sequence in
lugworm PRDX5 and we compared PRDX5 subcellular distribution in
domestic pig and rat. Afterward, the existence of compensatory mechanisms
counterbalancing the absence of mitochondrial PRDX5 was investigated in

pig liver mitochondrial extracts.

The second and third parts focused on the absence of mitochondrial
PRDX5 in domestic dog. We assessed the absence of PRDX5 in dog
mitochondria and examined the molecular evolution of PRDX5
mitochondrial targeting sequence in Caniformia. Moreover, we studied the
functional consequences of the restoration of mitochondrial PRDX5 in dog
cells, by expressing mitochondrial PRDX5 in Madin-Darby canine kidney
(MDCK) cells.

During this thesis, we contributed to the following publications:

i) Knoops, B., Loumaye, E., and Van der Eecken, V. (2007) Evolution of the
peroxiredoxins. Subcell Biochem 44: 27-40 (see provided CD-ROM).
ii) Knoops, B., Goemaere, J., Van der Eecken, V., and Declercq, J.P. (2011)

Peroxiredoxin 5: Structure, mechanism and function of the mammalian
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iif)

iv)

atypical 2-Cys peroxiredoxin. Antioxid Redox Signal 15: 817-829 (see
provided CD-ROM).

Nguyen-Nhu, N.T., Berck, J., Clippe, A., Duconseille, E., Cherif, H.,
Boone, C. Van der Eecken, V., Bernard, A., Banmeyer, 1., and Knoops B.
(2007) Human peroxiredoxin 5 gene organization, initial characterization
of its promoter and identification of alternative forms of mRNA. Biochim
Biophys Acta 1769: 472-483 (see provided CD-ROM).

Van der Eecken, V., Clippe, A., Van Veldhoven, P.P., and Knoops, B.
(2011) Mitochondrial targeting of peroxiredoxin 5 is preserved from
annelids to mammals but is absent in pig Sus scrofa domesticus.

Mitochondrion 11: 973-81.

56



III. Results

57






6. Mitochondrial PRDXS5 is absent in domestic pig

MITOCHONDRION

Volume 11, Number 6, Pages 973-81, 2011

© 2011 Elsevier B.V. and Mitochondria Research Society.
doi:10.1016/j.mito.2011.06.013

6. Mitochondrial targeting of
peroxiredoxin 5 is preserved from
annelids to mammals but is absent in pig
Sus scrofa domesticus

Valérie Van der Eecken?, André Clippe?, Paul P. Van Veldhoven® and
Bernard Knoops»

a Université catholique de Louvain, Institut des Sciences de la Vie (ISV), 4-5 place
Croix du Sud, B-1348 Louvain-la-Neuve, Belgium.

b Katholieke Universiteit Leuven, Department of Molecular Cell Biology, LIPIT,
Campus Gasthuisberg, Herestraat, 3000 Leuven, Belgium.

Address correspondence to:
Prof. Bernard Knoops

Institut des Sciences de la Vie Received 7 December 2010;

Université catholique de Louvain Received in revised form 13 May
place Croix du Sud, 4-5 bte 2 2011;

B-1348 Louvain-la-Neuve Accepted 29 June 2011.

Belgium

E-mail: bernard.knoops@uclouvain.be

Abstract

Peroxiredoxin 5 (PRDX5) is a thioredoxin peroxidase able to reduce
hydrogen peroxide, alkyl hydroperoxides and peroxynitrite. In human,
PRDX5 was reported to be localized in the cytosol, the mitochondria, the
peroxisomes and the nucleus. Mitochondrial localization results from the

presence of an N-terminal mitochondrial targeting sequence (MTS). Here,
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Results

we examined the conservation of mitochondrial localization of PRDX5 in
animal species. We found that PRDX5 MTS is present and functional in the
annelid lugworm Arenicola marina. Surprisingly, although mitochondrial
targeting is well conserved among animals, PRDX5 is missing in
mitochondria of domestic pig. Thus, it appears that mitochondrial targeting
of PRDX5 may have been lost throughout evolution in animal species,

including pig, with unknown functional consequences.

Keywords: Peroxiredoxin, Subcellular targeting, Mitochondrion, Annelids,

Mammals

Abbreviations used: AmPRDX5: Arenicola marina peroxiredoxin 5; DTT:
dithiothreitol; GFP: Green Fluorescent Protein; GPX: glutathione peroxidase;
HsPRDX5: Homo sapiens peroxiredoxin 5; L-PRDX5: long form of
peroxiredoxin 5, MTS: mitochondrial targeting sequence; PRDX:
peroxiredoxin; RNS: reactive nitrogen species; ROS: reactive oxygen species;
S-PRDX5: short form of peroxiredoxin 5; SsSPRDX5: Sus scrofa peroxiredoxin
5; t-BHP: tert-butyl hydroperoxide

6.1. Introduction

To avoid oxidative and nitrosative damage caused by reactive oxygen
species (ROS) and reactive nitrogen species (RNS), cells have developed
enzymatic antioxidant defence systems including peroxiredoxins (PRDXs)
(Wood et al. 2003; Rhee et al. 2005). Among the six isoforms of mammalian
PRDXs (PRDX1-6), PRDX5 is the last member that has been characterized
(Knoops et al. 1999; Kropotov et al. 1999; Yamashita et al. 1999). PRDX5 is
able to reduce hydrogen peroxide, alkyl hydroperoxides or peroxynitrite
and uses cytosolic and mitochondrial thioredoxins as physiological electron

donors (Knoops et al. 1999; Seo et al. 2000; Dubuisson et al. 2004; Trujillo et
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al. 2007). Moreover, the cytoprotective role of PRDX5 has been well

documented as reviewed recently (Knoops et al. 2011).

Human PRDX5 can be localized in the cytosol, the mitochondria, the
peroxisomes and the nucleus (Knoops et al. 1999; Kropotov et al. 1999;
Yamashita et al. 1999; Seo et al. 2000; Kinnula et al. 2002; Lu et al. 2006).
Intracellular targeting in human cells appears to depend on the use of
multiple transcription start sites and two alternative translation initiation
sites (Nguyen-Nhu et al. 2007). Indeed, translation initiating at the second
site produces a short form (S-PRDX5) which is found in the cytosol, the
peroxisomes and the nucleus (Knoops et al. 1999; Kropotov et al. 1999;
Yamashita et al. 1999; Seo et al. 2000). If translation initiates at the first AUG
codon, a long PRDX5 form (L-PRDX5) containing an additional N-terminal
mitochondrial targeting sequence (MTS) is expressed (Nguyen-Nhu et al.
2007). L-PRDXS5 is imported into the mitochondrial matrix where the MTS is
cleaved, releasing a mature form which is indistinguishable from S-PRDX5
(Knoops et al. 1999; Wattiez et al. 1999; Seo et al. 2000; Banmeyer et al. 2004).
Moreover, based on MTS identification in databases, mitochondrial
localization of PRDX5 seems to be well conserved in animal kingdom
(Zhang et al. 2003; Dubuisson et al. 2004; Nguyen-Nhu et al. 2007; Li et al.
2011) (see also Fig. 6.1 and annex 1). Accordingly, the presence of PRDX5 in
mitochondria was experimentally demonstrated in human, rat, mouse,
hamster, bovine and fruitfly (Knoops et al. 1999; Oberley et al. 2001;
Banmeyer et al. 2004; Leyens et al. 2004; Pagliarini et al. 2008; Radyuk et al.
2009).

61



Results

Human #
House mouse #
Norway rat #

Dog
Giant panda

Pig
Cattle #
Zebrafish
Japanese lancelet
Frultfly #

d» S L o]
Lugworm

Human #

House mouse #
Norway rat #
Dog

Giant panda
Pig

Cattle #
Zebrafish
Japanese lancelet
Fruitfly #
Bay scallop
Lugworm

Human #

House mouse #
Norway rat #
Dog

Giant panda
Pig

Cattle #
Zebrafish
Japanese lancelet
Fruitfly #
Bay scallop

Human

House mouse #
Norway rat #
Dog

Giant panda
Pig

Cattle #
Zebrafish
Japanese lancelet
Fruitfly #
Bay scallop
Lugworm

MGLAGVCALRRSAGYILVGGAGGQSARARARRC----~ SEGEWASGGVRSFSRAAARMAP
MLOLGLRVLGCKASSVLRAS---TCLAGRAGRK----- EAG-WECGGARSFSSSAVIMAFP
MVQLRFCVLGSIAGSVLRASATWTCVAGRAGRK-———~ GAG-WECGGARSFSSAAVTMAP
————————————————————————————————————————————————————————— MAP
MELFPHRVLSRLPGSLEVRATVVESAVSAASRAGGCRORGOEWTLGGAHGFRSAASAMAP
777777777777777777777777777777777777777777777777777777777 MAP
MRLGWLRVLGCRPGSVVSRATIVEGASTTAAGTRGCLEGILEWTFGGVRGFRSAAVAMAP
———————————————— MISTPLLOKGVRAAHCT----------—-—-FRQLHCTPITSMP
———————————— MLIPVIICSLARRLPSAIGAR----------—----CATYTATAYNMP
-------------- MRVLSCKFLGRVVNSALPQ----------QIISLRSLSKTSAAMV -
—————————————— MSVT-CLRVRAVCRAVNYG-—--------—---—-RCFSRTSAVNTS
———————————————— MLSLRCLOFQA-VARSQ------—--------CRALSLSTARRMP

IKVGDAIPAVEVFEGEPGNKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGEVEQAEAL
IKVGDAIPSVEVFEGEPGEKVNLAELFEGKKGVLEFGVPGAFTPGCSKTHLPGEVEQAGAL
IKVGDTIPSVEVFEGEPGKKVNLAELFKDKKGVLFGVPGAFTPGCSKTHLPGEFVEQAGAL
IKVGDAIPSVTVFEGEPGNEVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGEFMEQAEAL
TIKVGDAIPSVVVFEGE PGNKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGEVEQADAL
IKVGDAIPSVVVFEGE PEKKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGEVEQAEAL
TIKVGDAIPSVEVFEKGPGNKVNLAELFKGKKGVLFGLPGAFTPGCSKTHLPGEVEQADAL
IKVGQRLPAVEVQEEDPGNSLSMAELFSCKRGVLFGVPGAFTPGCSKTHLPGFIQMAGEL
IKVGDKLPGIDLYENTPGNKVNVSELFAGKKGVLFAVPGAFTPGCSKTHLPGYVGKAGDL
—KVGDSLPSVDLFEDSPANKINTGDLVNGKKVIIFGVPGAFTPGCSKTHLPGYVSSADEL
AKVGDSLPSVDLFENDPGTKVNTAEAFASGKHIIFGVPGAFTPGCSKTHLPGYIEDFSKL
IKEGDKLPAVTVFGATPNDKVNMAELFAGKKGVLFAVPGAFTPGCSKTHLPGYVEQAAAI

* ok ks * . sopik ckkkkkkkkkkkkkkk oy .

KAK-GVQVVACLSVNDAFVTIGEWGRAHKAEGKVRLLADPTGAFGKETDLLLDDS-LVSIF
KAK-GAQVVACLSVNDVFVIEEWGRAHQAEGKVRLLADPTGAFGKATDLLLDDS-LVSLF
KAK-GAQVVACLSVNDAFVTAEWGRAHQAEGKVQLLADPTGAFGKETDLLLDDS-LVSLE
KAK-GVQVIACLSVNDVFVTEAWGRAHNSGGKVRLLADPTGAFGKETDLLLDDS-LVSLF
KAK-GVQVIACLSVNDVFVTEEWGRAHNSGGKVRLLADPTGAFGKETDLLLDDS-LVSLE
KAK-GIQVVACLSVNDVEVIEMWGRAHNTEGKVRLLADPTGAFGKETDLLLDDS-LVSLE
KAK-GIQVVACLTVNDVFVTEEWARTHKAEGKVRLLADPSGTFGKETDLLLDDS-LLFLE
RAK-GVDEVACISVNDVFVMSAWGKQNGADGKVRMLADPTGAFTKAVDLVLNNAQLIPVL
KAK-GVQVIACVSVNDPFVMEAWGKDOKAEGKVRMLADTGAEFTKAIGLDLD--ATG-LL
KSKQGVDEIVCVSVNDPFVMSAWGKEHGAAGKVRLLADPAGGFTKALDVTID----LPPL
EAK-GVKSVNCVSVNDPFVMQAWGENQGAAGKVRMLADTCGAFTSQLGLDLP--AVKDVL
HGK- GVDIIACMAVNDSFVMDAWGKAHGADDKVQMLADPGGAFTKAVDMELD———LSAVL

Lx ok ok ahak kA * I SR * .

PTS1
GNRRLERFSMVVQDGIVKALNVEPDGTGLTCSLAPNIIE ex#
GNRRLEKRFSMVIDNGIVKALNVEPDGTGLTCSLAPNILE exd
GNRRLERFSMVIDKGVVKALNVEPDGTGLTCSLAPNILEexd
GNHRLEKRFSMVIENGIVKSLNVEPDGTGLTCSLAPNILE[ex
GNHRLERFSMVVEDGIVKSLNVEPDGTGLTCSLAPNILLQL
GNRRLERFSMVIEDGIVESLNVEPDDTGLTCSLAPNI I ex#
GNHRLKRFSMVIEDGIVKSLNVEPDGTGLTCSLAPNIL
GNLRSQRYAMLIENGVVTKLSVEPDGTGLTCSLASNFLAEV
GNIRSKRYSMLVEDGEVKQLNVEPDGTGLTCSLAEGLKL--
GGVRSKRYSLVVENGKVTELNVEPDGTGLSCSLANNIGEK-
GNVRCERFAMVVNDGKIEEKLNVEPDGTGLTCSLSTSLCDEL
GNVRSKRYSLVIE‘.DGVVTKVNVEPDGKGLTCSLAPNIL-

* ok ek s sea * s s WKk ks kkok s

62



6. Mitochondrial PRDXS5 is absent in domestic pig

Fig 6.1 (facing page). ClustalX 2.0.7 amino acid sequence alignment of human
PRDX5 and animal orthologs. Dots () and double dots (:) indicate conservative
substitutions, asterisks (*) indicate identities. Conservative cysteines, peroxisomal
targeting sequences (PTS1) and TargetP v1.1 predicted MTS are highlighted in
yellow, blue and red respectively. Methionines (bold) encoded by the two alternative
initiation codons are indicated. Species names are written in blue for mammals,
green for teleosteans (fishes), pink for cephalochordates, black for arthropods, grey
for mollusks and red for annelids. The names of the species for which mitochondrial
PRDX5 localization was experimentally evidenced are followed by a hash (#).
GenBank accession numbers are as follows: NP_036226 (Human, Homo sapiens);
NP_036151 (House mouse, Mus musculus); NP_446062 (Norway rat, Rattus
norvegicus); XP_533241 (Dog, Canis lupus familiaris); XM_002916664 (Giant panda,
Ailuropoda melanoleuca); NP_999309 (Pig, Sus scrofa); NP_777174 (Cattle, Bos taurus);
CNb508467 (Zebrafish, Danio rerio); AF498232 (Japanese lancelet, Branchiostoma belcheri
tsingtaunese); NP_650679 (Fruit fly, Drosophila melanogaster); HM461987 (Bay scallop,
Argopecten irradians); AAY96293 (Lugworm, Arenicola marina).

Here, we show that, while mitochondrial targeting of PRDX5 is
widely conserved from annelids to mammals, this subcellular localization

has been lost in some species including domestic pig Sus scrofa domesticus.

6.2. Materials and methods

6.2.1. Reagents and antibodies

Dulbecco’s Modified Eagle medium (DMEM), F-12K medium, foetal calf
serum (FCS), GlutaMAX, streptomycin, penicillin, pcDNA3.1/CT-GFP-
TOPO vector and Mitotracker Red were obtained from Invitrogen. FuGENE-
6 reagent was purchased from Roche. H>O,, tert-butyl hydroperoxide (t-
BHP), Ponceau S, glutathione peroxidase (GPX) from bovine erythrocytes,
mouse anti-p-actin monoclonal antibody and FITC-conjugated donkey anti-
sheep IgG were purchased from Sigma. Polyclonal rabbit anti-PRDX3 and
rabbit anti-PRDX5 antibodies, raised against recombinant human proteins,
were obtained previously (Wang et al. 2001; De Simoni et al. 2008). Sheep
anti-human catalase polyclonal antibody was obtained from SanBio and is
raised against purified catalase from erythrocytes. Rabbit anti-GPX1 and

rabbit anti-GPX4 polyclonal antibodies were obtained from AbFrontier and
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are raised against recombinant human protein. Rat GPX4 monoclonal
antibody raised against a peptide from murine GPX4 was kindly given by
Professor M. Conrad (Helmholtz Zentrum Miinchen-German Research
Center for Environmental Health) and is described in Seiler et al. (2008).
FITC-conjugated donkey anti-rabbit IgG and TRITC-conjugated donkey
anti-rabbit IgG were purchased from Jackson ImmunoResearch
Laboratories, Inc. Peroxidase-conjugated goat anti-rabbit IgG, rabbit anti-rat
IgG and goat anti-mouse IgG were obtained from Dako. Western Lightning
Chemiluminescence kit was purchased from Perkin Elmer. Human
recombinant PRDX5 was obtained as described previously (Wang et al.

2001).

6.2.2. Computer analysis

Multiple sequence alignments were performed with ClustalX 2.0.7 software
(Larkin et al. 2007). TargetP 1.1 was used for MTS prediction (Nielsen et al.
1997; Emanuelsson et al. 2000).

6.2.3. Cell culture

COS-7 (green monkey kidney) and SAOS-2 (human primary osteogenic
sarcoma) cell lines were cultured in DMEM 4.5g D-glucose/L with
GlutaMAX, supplemented with 10% FCS. LLC-PK10 (porcine kidney) cells
were cultured in DMEM/F12 (1:1) with GlutaMAX, supplemented with 10%
FCS. C6 (rat gliome) cells were cultured in F-12K Medium, supplemented
with 2,5% FCS and 15% horse serum. Cell lines were maintained at 37°C in

5% COz in the presence of 100 U/ml streptomycin and 100 U/ml penicillin.
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6. Mitochondrial PRDXS5 is absent in domestic pig

6.2.4. Expression of Homo sapiens and Arenicola marina PRDX5 MTS in

fusion with Green Fluorescent Protein in COS-7 cells

The sequence encoding the MTS of human PRDX5 (HsPRDX5) was PCR-
amplified from human PRDX5 cDNA (Knoops et al., 1999) using primers 5’-
GGTTATGGGACTAGCTGGCG-3’ and 5'-
TGATTGGGGCCATGGCTGCAGCG-3. The sequence encoding the
potential MTS of Arenicola marina PRDX5 (AmPRDX5) was amplified from
Arenicola marina PRDX5 cDNA (GenBank ID: DQ059566) using primers 5'-
CACGATGCTGTCTCTGCGTT-3" and 5-CCTTGATCGGCATTCTGCGA-3'.
PCR products were cloned into pcDNA3.1/CT-GFP-TOPO vector and the
resulting plasmids were sequenced. COS-7 cells cultured on coverslips were
transiently transfected using FuGENE-6 reagent according to manufacturer’s
instructions. 48 hours after transfection, cells were incubated with 100 nM
Mitotracker Red and fixed with 4% formaldehyde. The coverslips were
mounted in Mowiol containing 50 pg/ml 4’, 6-diamidino-2-phenylindole

dihydrochloride (DAPI).
6.2.5. Purification of liver mitochondria

Pig and rat livers were homogenized and centrifuged to obtain nuclear
fractions (N) and postnuclear supernatants (E). E-fractions were
subfractionated into heavy mitochondrial (M), light mitochondrial (L),
microsomal (P) and cytosolic (S) fractions by differential centrifugation. The
L-fraction was further subfractionated on a Percoll gradient. Marker
enzymes and protein content were measured in each fraction. Experimental
procedures have been described previously (Declercq et al. 1984; Van

Veldhoven et al. 1996).
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6.2.6. Western blotting

Western blotting was performed as described previously (Banmeyer et al.
2004). Blots were probed with 1:4000 rabbit anti-human PRDX5 and 1:4000
rabbit anti-human PRDX3 polyclonal antibodies. PRDX3 protein levels were
normalized to actin levels using 1:5000 mouse anti-B-actin monoclonal
antibody. GPX1 detection was performed using 1:2000 rabbit anti-human
GPX1 polyclonal antibody. For the determination of the subcellular
distribution of GPPX4, blots were probed with 1:5 rat anti-GPX4 monoclonal
antibody (Fig. 6.7.D) and 1:2000 rabbit anti-human GPX4 polyclonal
antibody. GPX4 protein level measurement was performed with rabbit anti-
human GPX4 polyclonal antibody (Fig. 6.7.E). After incubation with the
primary antibody, nitrocellulose membranes were washed in TTBS,
followed by incubation with the HRP-conjugated secondary antibody. Blots
were developed with the Western Lightning Chemiluminescence kit
according to manufacturer’s instructions. Proteins transferred to the blots
were stained by incubating the nitrocellulose membrane with 0.5% (w/v)
Ponceau S in 1% (v/v) acetic acid. Statistical analysis was carried out on the

means of triplicates using a Student’s t-test.
6.2.7. Immunostaining

Cells cultured on coverslips were stained with 100 nM Mitotracker Red prior
to fixation. Immunostaining was performed as described previously
(Knoops et al. 1999) using 1:200 rabbit anti-human PRDX5 polyclonal
antibody and 1:50 FITC-conjugated donkey anti-rabbit IgG. Co-localization
experiments with catalase were performed with 1:200 rabbit anti-human
PRDX5 polyclonal antibody, 1:100 sheep anti-human catalase polyclonal
antibody, 1:50 TRITC-conjugated donkey anti-rabbit IgG and 1:50 FITC-
conjugated donkey anti-sheep IgG.
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6. Mitochondrial PRDXS5 is absent in domestic pig

6.2.8. Peroxidase assay

Peroxidase activity was measured as described by Knoops et al. (1999) with
minor modifications. The Percoll fractions 1 to 3 were pooled and incubated
at 37°C in PBS containing 0.5 mM dithiothreitol (DTT). The reaction was
initiated with the addition of 0.5 mM HxO, or 0.3 mM tert-butyl
hydroperoxide (t-BHP). Every 5 min, remaining H>O. or #-BHP was
measured by addition of ferrous ammonium sulfate and potassium
thiocyanate to 25 ul of reaction mixture and compared with standards.
Peroxidase activity of recombinant human PRDX5 and GPX from bovine
erythrocytes was measured according to the same protocol. Statistical

analysis was carried out on the means of triplicates using a Student’s t-test.

6.3. Results

6.3.1. A functional MTS is present in AmPRDX5

To demonstrate the presence and the functionality of an MTS in AmPRDXS,
a pcDNA3.1 plasmid containing the sequence encoding the 31 N-terminal
residues of AmPRDXS5 fused with the Green Fluorescent Protein (GFP) was
generated (Fig. 6.2.E). After transient transfection of COS-7 cells with this
vector, the reporter protein was detected in mitochondria, as demonstrated
by colocalization with Mitotracker Red (Fig. 6.2. F-H). Human PRDX5
(HsPRDX5) MTS constituted the positive control for MTS functionality (Fig.
6.2. A-D).
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Fig. 6.2. Subcellular localization of Homo sapiens (A-D) and Arenicola marina (E-H) PRDX5 mitochondrial targeting sequences expressed
in fusion with GFP. A and E, structure of the constructs cloned into mammalian expression vector pcDNA3.1 and transfected in COS-7 cells.
Both alternative ATG initiation codons are indicated (arrows). Transfected cells were examined for GFP fusion expression (B and F).
Mitochondria were stained with Mitotracker Red (C and G) and nuclei were counterstained with DAPI. AmPRDXS, Arenicola marina PRDX5;
BGH polyA, bovine growth hormone polyadenylation signal; HsSPRDX5, Homo sapiens PRDX5; MTS, mitochondrial targeting sequence; pCMV,
promoter of cytomegalovirus.



6. Mitochondrial PRDXS5 is absent in domestic pig

6.3.2. PRDX5 is absent in domestic pig mitochondria

Analysis of pig PRDX5 (SsPRDX5) sequences from GenBank databases
revealed the presence of a unique translation initiation codon for SsPRDX5
corresponding to the second translation initiation site of HsPRDX5 that
produces the short form of the protein (S-PRDX5). The first AUG initiation
codon enabling the translation of the long form of PRDX5 (L-PRDX5) is not
present in pig (GenBank ID: NM_214144 and CU861533).

Absence of mitochondrial PRDX5 (L-PRDX5) in domestic pig tissue
was confirmed by subcellular fractionation. Firstly, fractions resulting from
the differential centrifugation of liver homogenate were analyzed for
enzyme markers (see annex 2). Western blotting analysis of PRDX5 revealed
that the enzyme was mainly present in the cytosolic (S) fraction (see annex
2). Secondly, in order to analyse PRDX5 localization in both peroxisomes
and mitochondria, the light mitochondrial fraction (L) was further
subfractionated on a Percoll gradient. PRDX5 was detected in the
peroxisome-enriched fractions but not in fractions containing mitochondria
(Fig. 6.3.A and C). When applying a similar approach to rat liver, rat PRDX5,
used as positive control, was detected in both peroxisomal and

mitochondrial fractions (Fig. 6.3.B and D).
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Fig. 6.3. Subcellular fractionation of pig and rat liver. Fractions obtained by separation of the light mitochondrial fraction (L) on a self-
generating Percoll gradient were analyzed for GDH (mitochondrial marker) and catalase (peroxisomal marker) activities (C and D). Analysis
of pig (A) and rat (B) PRDX5 content was performed by Western Blotting.



6. Mitochondrial PRDX5 is absent in domestic pig

To confirm the absence of pig PRDX5 in mitochondria, PRDX5
expression was examined using immunofluorescence in the LLC-PK10 (pig)
cell line. PRDX5 was detected in the cytosol and in organelles with granular
patterns, but no colocalization with the mitochondrial marker was observed
(Fig. 6.4. A-C). SAOS-2 and C6 cell lines were used as a positive control for
the presence of PRDX5 in mitochondria of human and rat cells respectively

(Fig. 6.4. D-1).

PRDX5 Mitotracker

LLC-PK10 (pig)

SAQS-2 (human)

C6 (rat)

Fig. 6.4. Subcellular localization of PRDXS5 in pig LLC-PK10 (A-C), human SAOS-2
(D-F) and rat C6 (G-I) cells. PRDX5 immunofluorescence detection (A, D and G) was
performed, mitochondria were stained with Mitotracker Red (B, E and H) and nuclei
were labelled with DAPI.

PRDX5 detection by immunofluorescence evidenced also the
peroxisomal localization of the protein, as shown by co-localization with

peroxisomal catalase (Fig. 6.5). In the LLC-PK10 and SAOS-2 cell lines,
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PRDX5 was detected in almost all peroxisomes. In the C6 cell line, PRDX5

signal was detected in only several peroxisomes.

Catalase

LLC-PK10 (pig)

SAQOS-2 (human)

C6 (rat)

Fig. 6.5. Peroxisomal localization of PRDXS5 in pig LLC-PK10 (A-C), human SAOS-
2 (D-F) and rat C6 (G-I) cells. Detection of PRDX5 (A, D and G) and peroxisomal
catalase (B, E and H) was performed by immunofluorescence. Nuclei were labelled
with DAPIL Arrows indicate peroxisomes. Insets on the right corner represent
magnification of outlined areas.

6.3.3. PRDX3, GPX1 and GPX4 expression in pig mitochondria

In human, PRDX5 coexists in mitochondria with other peroxidases, i. e.
PRDX3, GPX1 and GPX4 (Cox et al. 2010). To confirm the presence of PRDX3
in pig mitochondria, the fractions obtained by subcellular fractionation of
the liver were analyzed for PRDX3 content (Fig. 6.6.A). The results indicated
that, like rat PRDX3, pig PRDX3 is present in mitochondria-enriched
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6. Mitochondrial PRDXS5 is absent in domestic pig

fractions. To compare PRDX3 protein levels in pig and rat liver, PRDX3 was
analyzed by Western blotting in postnuclear (E) fractions and normalized to
actin levels (Fig. 6.6.B). The results indicated that PRDX3 protein content

was ~4.5 fold higher in pig compared to rat (Fig. 6.6.C).
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Fig. 6.6. Expression of PRDX3 in pig and rat liver mitochondria. Mitochondrial
distribution of PRDX3 was assessed by Western blotting in the seven first fractions
obtained by separation of the pig and rat liver light mitochondrial (L) fraction on a
self-generating Percoll gradient (A). PRDX3 protein level was evaluated by Western
blotting on pig and rat postnuclear (E) fractions (B). PRDX3 protein levels were
normalized to B-actin and were expressed in relative percentage of PRDX3 content in
rat liver (C). Values represent means * S.EM. from triplicates. Significance is
designed as ** p < 0.01.

GPX1 and GPX4 localization in pig mitochondria was also examined
by Western blotting on the fractions issued from liver subcellular
fractionation (Fig. 6.7.A and 6.7.D). GPX1 and GPX4 were detected in
mitochondrial fractions. Since GPX1 and GPX4 are not exclusively localized
in mitochondria (Herbette et al. 2007), the comparison of GPX1 and GPX4
protein levels in pig and rat mitochondria was performed on the fractions
containing these purified organelles. Therefore, the three first fractions
obtained by separation on Percoll gradient were pooled and the GPX1 and
GPX4 protein levels were analyzed by Western blotting. The values were
normalized to the total transferred protein levels evaluated by Ponceau S

staining. No difference of mitochondrial GPX1 content was detected
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between rat and pig, while GPX4 content in mitochondria was ~2.7 fold

higher in pig compared to rat (Fig. 6.7. C and F).
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Fig. 6.7. Expression of GPX1 and GPX4 in pig and rat liver mitochondria.
Mitochondrial distribution of GPX1 (A) and GPX4 (D) was assessed by Western
blotting in the seven first fractions obtained by subcellular fractionation of pig and
rat liver on a self-generating Percoll gradient. Mitochondrial GPX1 (B) and GPX4 (E)
protein levels in pig and rat liver were evaluated by Western blotting on
mitochondrial protein extracts deriving from the pooled three first Percoll fractions
containing purified mitochondria. GPX1 and GPX4 protein levels were normalized
to the total transferred protein level evaluated by Ponceau S staining and were
expressed in relative percentage of GPX1 and GPX4 content in rat liver mitochondria
(C and F). Values represent means + S.E.M. from triplicates. Significance is designed
as ** p <0.01.
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6.3.4. Comparison of peroxidase activity in pig and rat mitochondria

To examine the consequences of the absence of L-PRDX5 on peroxidase
activity in porcine mitochondria, the global peroxidase activity was
compared in pig and rat mitochondrial extracts. Peroxidase activity was
evaluated by detecting the time-dependent consumption of H2O: or t-BHP in
presence of DTT as reductant. Human recombinant PRDX5 and purified
GPX from bovine erythrocytes were used as positive controls. Recombinant
PRDX5 exhibited peroxidase activity of 0.134 + 0.032 nmol H20: / min x ug
proteins and 0.177 + 0.024 nmol +-BHP / min x pg proteins. Purified GPX
exhibited peroxidase activities of 45.778 + 7.129 nmol H20: / min x pg
proteins and 82.901 + 4.711 nmol #+-BHP / min x pg proteins. These results
indicate that DTT is able to reduce and regenerate both PRDXs and GPXs.
Therefore, the peroxidase activity assay performed on mitochondrial
extracts measures the peroxidase activities of both mitochondrial PRDXs
and GPXs. No significant differences were detected between pig and rat
peroxidase activities against H20: in liver mitochondrial extracts (Fig. 6.8).
However, peroxidase activity against -BHP was significantly lower in pig

mitochondria than in rat mitochondria (p < 0.001).
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Fig. 6.8. Peroxidase activity in pig and rat mitochondrial protein extracts.
Peroxidase activity was measured in the presence of DTT and H>O> (A) or t+-BHP (B).
Proteins from the pooled three first fractions obtained by separation of the liver light
mitochondrial fraction (L) on Percoll gradient were used. Results are the means +
S.E.M. of triplicate experiments. Significance is designed as *** p < 0.001.

6.4. Discussion

In this work, we first demonstrate the presence of a functional MTS in the
annelid AmPRDX5, since the 31 N-terminal residues of the protein are
sufficient to target the GFP reporter protein into mitochondria.
Phylogenetically, the annelid Arenicola marina is the most distant animal
species from human, for which a PRDX5 MTS has been functionally
characterized. As mentioned before, PRDX5 mitochondrial targeting was
also demonstrated in human, rodents, bovine and fruitfly (Knoops et al.
1999; Oberley et al. 2001; Banmeyer et al. 2004; Leyens et al. 2004; Pagliarini
et al. 2008; Radyuk et al. 2009). Furthermore, based on MTS identification in
databases, it appears that mitochondrial localization of PRDX5 is conserved

in mollusks, arthropods, cephalochordates and vertebrates (see Fig. 6.1 and
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Zhang et al. (2003), Li et al. (2011)). Taken together, these data suggest that
mitochondrial targeting of PRDX5 is widely conserved from invertebrates to
mammals. However, here, we show that mitochondrial PRDX5 (L-PRDX5) is
missing in domestic pig although cytosolic/peroxisomal PRDX5 (S-PRDX5)
appears to be conserved. The abolition of PRDX5 targeting to mitochondria
is unexpected since this organelle is a major source of hydrogen peroxide
and peroxynitrite in mammalian cells (Jezek and Hlavata 2005). Moreover,
the cytoprotective function of PRDX5 in mitochondria was supported by
several studies. Indeed, it has been shown previously that L-PRDX5
overexpression may prevent peroxide or drug-induced cell death and DNA
damage (Nguyen-Nhu and Knoops 2003; Banmeyer et al. 2004; Peng et al.
2004a; Peng et al. 2004b; Banmeyer et al. 2005).

In domestic pig, the lack of L-PRDX5 could have been
counterbalanced by higher expression of other mitochondrial peroxidases,
ie. PRDX3 (Watabe et al. 1994; Araki et al. 1999; Oberley et al. 2001;
Mowbray et al. 2008), GPX1 (Panfili et al. 1991; Utsunomiya et al. 1991;
Asayama et al. 1994; Esworthy et al. 1997; Legault et al. 2000) and GPX4
(Arai et al. 1996; Ursini et al. 1999; Schneider et al. 2009). In the present
study, mitochondrial localization of pig PRDX3, GPX1 and GPX4 was
confirmed experimentally (see Fig. 6.6 and 6.7). Moreover, in this work,
PRDX3 and GPX4 were shown to be more abundant in pig liver
mitochondria compared to rat liver mitochondria (see Fig. 6.6.C and 6.7.F),
suggesting the existence of compensatory mechanisms counterbalancing the
absence of PRDX5 in mitochondria of pig liver. To confirm these results, in
addition to the use of Ponceau S-staining for protein loading estimation,
GPX1 and GPX4 protein levels could be normalized using mitochondrial
markers like Tom20 and Tim23. It would be interesting to compare pig and
rat PRDX3, GPX1 and GPX4 expression in more tissues to support this
hypothesis at the level of the whole organism. Tissues like thyroid gland,
lung and kidney, in which PRDXS5 is especially highly expressed (Knoops et
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al. 1999), would be of particular interest. It would be also useful to evaluate
PRDX3, GPX1 and GPX4 expression in pig and other mammals having
maintained L-PRDX5. Furthermore, to study the consequences of the
absence of L-PRDX5 on peroxidase activity in pig mitochondria, the global
peroxidase activity was compared in pig and rat liver mitochondrial
extracts. Our results indicate that peroxidase activity in presence of H>O is
not different in pig and rat liver mitochondria (see Fig. 6.8.A). On the other
hand, #~-BHP reduction by liver mitochondrial extracts is significantly lower
in pig compared to rat (Fig. 6.8.B). These results suggest that the expression
of PRDX3, GPX1 and GPX4 in pig liver mitochondria is sufficient to
maintain comparable H>O; reduction rates, but is not sufficient to maintain
similar alkyl hydroperoxide reduction rates compared to rat liver
mitochondria. Different substrate specificities of mitochondrial peroxidases
could account for the dissimilarities obtained between pig and rat H,O, and
t-BHP reduction rates. Indeed, PRDX3 is highly reactive towards H>O» (k2 =
2 x 107 M1 s1) and is thought to be a more efficient H,O, scavenger (Cox et
al. 2010). Therefore, a higher PRDX3 expression in pig compared to rat liver
mitochondria would enable the maintenance of H>O> reduction rates but not
alkyl hydroperoxide reduction rates. It is important to note that, in vivo,
mitochondrial peroxidase activity relies on recycling by physiological
reductants. The availability of these reductants is thus likely to modulate the
contribution of PRDX3, PRDX5, GPX1 and GPX4 to mitochondrial peroxide
removal. Moreover, recent reports based on rate constants and enzyme
abundance suggest that PRDX5 possesses a specific function in
mitochondria through its high reactivity towards alkyl hydroperoxides and
peroxynitrite (k2 ~ 107 M-1s7) (Trujillo et al. 2007; Cox et al. 2010). So far,
PRDXS5 is the only mitochondrial peroxidase for which a peroxynitrite
reductase activity was demonstrated. Because PRDX5 is absent in pig
mitochondria, further studies would be necessary to measure peroxidase

activity of pig mitochondrial extracts in presence of peroxynitrite. Also, it
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would be of interest to determine whether other peroxidases are able to

reduce peroxynitrite with similar rate constants.

Strikingly, according to sequence analysis, we reported also
previously that PRDX5 should be absent in dog mitochondria (Nguyen-Nhu
et al. 2007) (see also Fig. 6.1). While the present work was being finalized,
the absence of dog L-PRDX5 was evidenced (Usmanova et al. 2011). Thus,
mitochondrial PRDX5 has been lost in at least one caniformia (dog) and one
artiodactyla (pig). It is interesting to note that bovine (artiodactyla) (Leyens
et al. 2004) and giant panda (caniformia) have maintained a PRDX5 MTS
(see Fig. 6.1). Taken together, these data suggest that the loss of PRDX5 MTS
results from at least two separate and recent events during evolution.
Moreover, it appears that mitochondrial PRDX5 is not essential in dog and
pig. However, the reproductive occurrences in these two domesticated
species were finely regulated by human intervention, biasing the natural
selection process. Therefore, one cannot conclude that the abolition of
mitochondrial PRDX5 has occurred without any consequences on

evolutionary success in dog and pig.

Finally, a sequence comparison of the 5 region of the PRDX5 gene
from different animal species revealed that the abolition of L-PRDX5 in pig
involves a mutation of the first ATG initiation codon. This impedes the
synthesis of the L-PRDXb5. Interestingly, subcellular distribution of the
intermediary metabolic enzyme alanine:glyoxylate aminotransferase (AGT)
was reported to change at many occasions during mammalian evolution
according to a similar molecular basis (Holbrook et al. 2000; Birdsey et al.
2004). Moreover, the abolition of mitochondrial localization of AGT was
found to be an adaptation to herbivory. In the case of PRDXS5, it is difficult to
correlate its variable subcellular distribution to a phenotypic trait or to
positive selection pressures. In this context, it should be noted that PRDX5

and HSPC152/TRM112 genes closely coexist and are positioned in opposite
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orientations (Nguyen-Nhu et al. 2007). This feature appears to be conserved
in mammals and is thus also present in pig (Genbank accession numbers
XM_003122572.3 and NM_214144.1). Therefore, the 5 region of PRDX5 is
likely to coincide with HSPC152/TRM112 promoter and is thereby possibly
exposed to selection pressures linked to both PRDX5 and HSPC152/TRM112

functions.

To conclude, the present study demonstrates the abolition of
mitochondrial PRDX5 in domestic pig, while PRDX5 MTS functionality is
maintained in numerous species between annelids and mammals. Further
studies will be necessary to determine the functional consequences of this
loss although our work suggests that some compensatory mechanisms may

have occurred.
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Abstract

Peroxiredoxin 5 (PRDX5) is a thioredoxin peroxidase able to reduce
hydrogen peroxide, alkyl hydroperoxides and peroxynitrite. In human, this
antioxidant enzyme is found in the cytosol, the mitochondria, the
peroxisomes and the nucleus. Mitochondrial distribution results from the
presence of an N-terminal mitochondrial targeting sequence (MTS). In
human, PRDX5 subcellular targeting is dependent on the use of multiple
alternative transcription start sites and two alternative in-frame translation
initiation sites, which determine whether or not the region encoding the
MTS is translated. In the present study, the abolition of PRDX5
mitochondrial targeting in dog is highlighted and the molecular mechanism
underlying the loss of mitochondrial PRDX5 during evolution is examined.
Here, we show that the absence of mitochondrial PRDX5 is generalized

among the extant canids and that the first events leading to PRDX5 MTS

81



Results

abolition in canids involve a mutation in the more 5 translation initiation
codon as well as the appearance of a STOP codon. Furthermore, we found
that PRDX5 MTS functionality is maintained in giant panda and northern
elephant seal, which are phylogenetically closely related to canids. Also, the
functional consequences of the restoration of mitochondrial PRDX5 in dog
Madin-Darby canine kidney (MDCK) cells were investigated. We show that
the restoration of PRDX5 mitochondrial targeting in MDCK cells provokes
deleterious effects following peroxide exposure, indicating that
mitochondrial PRDX5 gains cytotoxic properties under acute oxidative stress
in MDCK cells. This led us to suggest that, although PRDX5 cytoprotective
function against oxidative stress has been clearly demonstrated in several
studies in human and rodents, the conservation of mitochondrial PRDX5

would not confer necessarily an advantage in all mammalian species.

Keywords: Peroxiredoxin 5, Dog, Canid, Subcellular targeting,

Mitochondrion, Evolution
Running head: PRDX5 mitochondrial targeting is abolished in canids

Abbreviations used: CHO: Chinese hamster ovary; GFP: Green Fluorescent
Protein; GPX: glutathione peroxidase; LDH: lactate dehydrogenase; L-
PRDX5: long form of peroxiredoxin 5; MDCK: Madin-Darby canine kidney;
MTS: mitochondrial targeting sequence; mya: million years ago; PRDX:
peroxiredoxin; RNS: reactive nitrogen species; ROS: reactive oxygen species;

S-PRDX5: short form of peroxiredoxin 5; +-BHP: tert-butyl hydroperoxide.
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7.1. Introduction

Due to the presence of the electron transport chain, mitochondria are
particularly exposed to oxidative attacks caused by reactive oxygen species
(ROS) and reactive nitrogen species (RNS). To scavenge ROS/RNS, the
mitochondrial matrix is equipped with antioxidant enzymes. Among them,
manganese superoxide dismutase (MnSOD) is responsible for the
dismutation of the superoxide radical (O2*—) to hydrogen peroxide (H20z).
H:0: is subsequently reduced to water by mitochondrial peroxidases, i.e.
glutathione peroxidase 1 (GPX1), glutathione peroxidase 4 (GPX4),
peroxiredoxin 3 (PRDX3) and peroxiredoxin 5 (PRDX5) (Halliwell and
Gutteridge 2007).

PRDXS5 is a thiol-specific peroxidase able to reduce HO2, alkyl
hydroperoxides and peroxynitrite (Knoops et al. 1999; Seo et al. 2000;
Dubuisson et al. 2004; Trujillo et al. 2007). The importance of PRDX5 in
antioxidant defence was demonstrated in several studies, recently reviewed
in Knoops et al. (2011). The subcellular distribution of human PRDX5 is not
restricted to mitochondria, as it is also localized in the cytosol, the
peroxisomes and, in some situations, in the nucleus (Yamashita et al. 1999;
Kropotov et al. 1999; Knoops et al. 1999; Seo et al. 2000; Lu et al. 2006).
PRDX5 uses cytosolic and mitochondrial thioredoxins (TXNs or Trxs) as
physiological electron donors. In turn, TXNs are reduced by mitochondrial
or cytosolic thioredoxin reductases (TXNRDs or TrxRs), finally relying on
NADPH as electron donor (Seo et al. 2000; Zhou et al. 2000; Dubuisson et al.
2004; Trujillo et al. 2007).

In human, the complex subcellular distribution of PRDX5 is a

consequence of the existence of two protein isoforms. The latter are encoded
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by a single gene containing alternative transcription start sites and two
alternative in-frame translation initiation sites (Fig. 7.1). Translation at the
more 3’ start codon produces a short PRDX5 form (S-PRDX5) which is found
in the cytosol, the peroxisomes and the nucleus (Nguyen-Nhu et al. 2007).
Peroxisomal targeting is linked to the presence of a weak C-terminal
peroxisomal targeting signal (PTS1) (Knoops et al. 1999; Yamashita et al.
1999). Translation at the more 5 start codon produces a long PRDX5 form
(L-PRDX5) containing an additional N-terminal mitochondrial targeting
sequence (MTS) or presequence (Knoops et al. 1999; Nguyen-Nhu et al.
2007). This MTS is cleaved after mitochondrial import, releasing the mature
mitochondrial PRDX5 which is identical to S-PRDX5. Moreover,
mitochondrial targeting of PRDX5 seems to be a conserved feature in animal
kingdom. Up to now, the mitochondrial localization of the protein was
experimentally verified in human, rat, mouse, hamster, bovine and fruitfly
(Knoops et al. 1999; Oberley et al. 2001; Banmeyer et al. 2004; Leyens et al.
2004; Pagliarini et al. 2008; Radyuk et al. 2009). Furthermore, presequences
were identified in orthologous PRDX5 of invertebrate species (Zhang et al.
2003; Radyuk et al. 2009; Li et al. 2011; Van der Eecken et al. 2011) (see also
Fig 7.2 and annex 1). Some of these invertebrate species belong to basal
metazoan phyla, i.e. porifera and placozoa. However, we reported recently
that mitochondrial PRDXS5 is absent in some mammalian species, such as in
pig (Van der Eecken et al. 2011). Moreover, according to sequence analysis,
we also predicted that mitochondrial PRDX5 would be absent in dog (Fig.
7.2) (Nguyen-Nhu et al. 2007). While the present work was in progress, the
absence of dog L-PRDX5 was also evidenced by another team (Usmanova et

al. 2011).
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7. Abolition of PRD X5 mitochondrial targeting in canids

In this work, we confirm that dog PRDX5 is not addressed to
mitochondria and we examined the molecular basis responsible for the
abolition of mitochondrial targeting. Furthermore, we show that the loss of
mitochondrial PRDX5 is generalized throughout the Canidae family. Finally,
the functional consequences of the restoration of mitochondrial PRDX5 in

dog MDCK cells were also studied.
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Fig. 7.1. Human PRDX5 gene organisation and protein forms. (A) Human PRDX5
gene is located on chromosome 11q13 and is flanked by the HSPC152/TRMT112 gene,
positioned in opposite direction. Human PRDX5 contains six exons (boxes) and five
introns. 5" and 3’ UTRs are indicated by open boxes. In human liver, three alternative
transcription initiation sites were identified (black arrows) (Nguyen-Nhu et al. 2007).
Also, Exon I contains two in-frame ATG initiation codons. The regions encoding the
mitochondrial targeting sequence (MTS) and peroxisomal targeting signal (PTS1) are
in red and green, respectively. (B) The presence of alternative transcription and
translation start sites in human PRDX5 gene results in the production of a long
PRDX5 form (L-PRDX5) and a short PRDX5 form (S-PRDXS5). L-PRDX5 contains a
cleavable (scissors) N-terminal MTS (red) and is therefore imported into
mitochondria. S-PRDX5 contains a weak C-terminal PTS1 (green) and is targeted to
the cytosol and the peroxisomes. Peroxidatic (Cp) and resolving (Cr) Cys implicated
in catalysis are indicated. [Adapted from Nguyen-Nhu et al. (2007) and Knoops et al.
(2011)].
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7. Abolition of PRD X5 mitochondrial targeting in canids

Fig. 7.2 (next two pages). ClustalX 2.0.7 amino acid sequence alignment of human
PRDX5 and animal orthologs. Asterisks (*) indicate identities, dots (.) and double
dots (:) indicate conservative and highly conservative substitutions, respectively.
Methionines encoded by the two alternative translation initiation sites are indicated
in bold type. Peroxidatic (Cp) and resolving (Cr) Cys implicated in catalysis are
highlighted in yellow. The peroxisomal targeting signal (PTS1) is highlighted in
green. Mitochondrial targeting sequence (MTS) predictions were performed with
TargetP (Nielsen et al. 1997; Emanuelsson et al. 2000) and Mitoprot (Claros and
Vincens 1996). MTS predicted by TargetP are highlighted in red. MitoProt and
TargetP subcellular localization predictions for PRDX5 were similar, excepting for X.
laevis PRDX5, which was predicted to be imported into mitochondria with high
probabilities when using Mitoprot, while the protein was predicted to be secreted
with TargetP. Taxonomic groups are indicated between brackets. GenBank accession
numbers are NP_036226.1 (human, Homo sapiens); XP_533241.1 (domestic dog, Canis
lupus familiaris); XP_003230134.1 (green anole, Anolis carolinensis); NP_001085580.1
(African clawed frog, Xenopus laevis); ADI78068.1 (gilthead seabream, Sparus aurata);
AAM18076.1 (Japanese lancelet, Branchiostoma belcheri tsingtaunese); NP_650679.3
(fruitfly, Drosophila melanogaster); ADQ57291.1 (bay scallop, Argopecten irradians);
AAY96293.1 (lugworm, Arenicola marina); XP_001629337.1 (Starlet sea anemone,
Nematostella  vectensis); XP_002108078.1 (Trichoplax adhaerens); XP_003384607.1
(Amphimedon queenslandica).

87



Figure 7.2.

[Mammalial
[Mammalia]
[Saurial
[Amphibia)
[Teleostei]
[Cephalocherdatal)
[Arthropoda]
[Molluscal
[Annelidal
[Cnidaria]
[Placozoal
[Poriferal

[Mammalia]
[Mammalial
[Saurial
[Amphibia)
[Telecstei]
[Cephalocherdatal)
[Arthropoda]
[Molluscal
[Annelida)
[Cnidaria]
[Placoczoal
[Poriferal

PREPMOBOX>OE

BHEMMDDLOXMOD

sapiens

lupus familiaris
carcolinensis
laevis

aurata

belcheri tsingtaunese
melanogaster
irradians

marina

vectensis
adhaerens
gueenslandica

sapiens

lupus familiaris
carclinensis
laevis

aurata

belcheri tsingtaunese
melanocgaster
irradians

marina

vectensis
adhaerens
gueenslandica

MTS

FPIEVGD
———————————————————————————————————————————————————— MAPIKVGD
METG- - - - -WRGAGVIVIAG- - - RARARARASPECNTWALE - WRIE/ TCAAAMAALKYGD
MALR--———— IPVESFLLLSP--LRAVASPASR——————--——-—————— TRAMS-IEVGD

------- LFFTRGLETTASLEMPIQVGO

1

Cp
AIPAVEVFEGEFGNEVNLAELFKGKEGVLEGVFGAFTPGCSKTHLPGFVEQREALKAK-G
ATPSVIVFEGEPGNEVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGFMEQAEATLKAK -G
KLPSVEVYEGDPGTEVNLASLFKGKKGVLEGVPGAFTPGCSKTHLPGYVEKAGOLEGK -G
QLPNVOVYEGGPGNEVNIRDLFTNKKGVLEGVPGAFTPGCSKTHLPGYVAQAAELKSR-G
OLPAVEVOEGEPGNEVAMDOLFKGEEGVLEAVPGAFTPGCSKTHLPGFVEQASELKGE -G
KLPGIDLYENTPGNEVNVSELFAGKKGVLFAVPGAFTPGCSKTHLPGYVGKAGDLEAK -G
SLPSVDLFEDSPANKINTGDLVNGKKVIIFGVPGAFTPGCSKTHLPGYVSSADELKEKQG
SLPSVDLFENDEGTEVNTAEAFASGKHIIFGVPGAFTPGCSKTHLPGYIEDFSELEAK-G
KLPAVIVFGATEFNDEVNMAELFAGKKGVLFAVPGAFTPGCSKTHLPGYVEQRAATHGE -G
ALPSIKVMEGTPKDTVDVASLFKGKEGILFAVPGAFTPGCSKTHLPGYVADFDKIKSK-G
KLPSTALHONSPGNEVDIRQLFANKKGILFAVPGAFTPGCSKTHLPGYLOHYDNFKSK-G
TLPSIELHEGTPKDEKVNILELFKGKKGILFAVPGAFTPGCSQTHLPGYVNDYLELKAK -G

. E e . * . Fowek hEFERAEFEFE A EFE R . . *
s H S

: - H R HEr—



[Mammalial
[Mammalia]
[Saurial
[Bmphibia)
[Teleostei]
[Cephalochordatal
[Arthropoda]
[Molluscal
[Annelida]
[Cnidaria]
[Placozoa]
[Porifera]

[Mammalia]
[Mammalia]
[Saurial
[Emphibia]
[Teleostei]
[Cephalochordatal)
[Arthropodal
[Molluscal
[Annelidal
[Cnidaria]
[Placozoal
[Porifera]

sapiens

lupus familiaris
carolinensis
laevis

aurata

belcheri tsingtaunese
melanogaster
irradians
marina

vectensis
adhaerens
queenslandica

sapiens

lupus familiaris
carclinensis
laevis

aurata

belcheri tsingtaunese
melanogaster
irradians

marina

vectensis
adhaerens
gqueenslandica

VOVVACLSVNDAFVTGEWGRAHKAEGKVRLLADPTGAFGKETDLLLD-DSLVSIFGNRRL
VOVIACLSVNDVEVTEAWGRAHNSGGEVRLLADPTGAFGKETDLLLD-DSLVSLFGNHRL
VEIIACLSVNDVFEFVMEEWGNAHHAEGEVREMLADPTGAFGEKATNLLLDKEPLEDLEGTNRS
AAVVACTISVNDVEVVSEWGKVHEAEGEVCMLADPCGEFAKACGLLLDEEKELSELFGNQRC
IQEVACISVNDAFVMAAWGKEHGTDGEVEMLADPTGAFTEAVDLLLDSDQIVOVLGNERS
VOVIACVSVNDPEFVMEAWGKDQKAEGKVRMLADTGAEFTKAIGLDLD-—-ATGLLGNIRS
VDEIVCVSVNDPEFVMSAWGKEHGAAGKVRLLADPAGGFTKALDVTID----LPPLGGVRS
VESVNCVSVNDPFVMOAWGENQGAARGKVEMLADTCGAFTSQLGLDLP-—-AVKDVLGNVRC
VDIIACMAVNDSEFVMDAWGKAHGADDEVOMLADPGGAFTKAVDMELD---LSAVLGNVRS
VOVVACIAVNDEFEVMSAWGEANGCOGKIOMLADVHGEFTEAVDLELD---ATPFLGNIRS
IDVIACVSVNDAFVVDAWSKSNNVDDELEMLADTSAQFTKSVGLDFD-—-ATPVLGNIRS
FEVIACVSVNDAFVMSAWGIERKATGKIRMLADPAGEFTEAVDLGFD---ATPALGNIRS

a ke e kokok kR * T * . .k *
e H . H

. . . . a s . PR

Cr PTS

ERFSMVVQDGIVEKALNVEPDGTGLTCSLAPNIT
KRESMVIENGIVESLNVEPDGTGLTCSLAFNIL
KRFSMVVDDGIVESLNVEEDGTGLTCSLATNT -
KERFSMVVEDGKIKAINVEEDGTGLTCSLAGNIT
KRYSMLVEDGVVEKINVEPDGTGLTCSLASSILSDL-
KRYSMLVEDGEVEKQLNVEPDGTGLTCSLAEGLEL---
KRYSLVVENGEKVIELNVEPDGTGLSCSLANNIGEE--
KRFAMVVNDGKIEKLNVEPDGTGLTCSLSTSLCDEL-
KERYSLVIEDGVVTEVNVEPDGEGLTCSLAPNIL =
KRYAMLVEDGVVEQLHVEPDGTGLTCSLSNSIL -
ERYAMITEDTVVEQINVEPDGTGLSCSLAQNILEQLS
KRYAMTIEDGVVESVAIEPDATGLTVSLSCSILNE--

E T - =k dok e R e .



Results

7.2. Materials and methods

7.2.1. Computer analysis

Multiple sequence alignment was performed with ClustalX 2.0.7 (Larkin et
al. 2007). TargetP 1.1 and MitoProt II v.1.101 were used for MTS prediction

(Claros and Vincens 1996; Emanuelsson et al. 2000).
7.2.2. Dog liver fractionation

Fresh beagle dog liver was homogenized and centrifuged to obtain nuclear
fractions (N) and postnuclear supernatants (E). E-fraction was further
fractionated by differential centrifugation into heavy mitochondrial (M),
light mitochondrial (L), microsomal (P) and cytosolic (S) fractions. Sub-
fractions of the L-fraction were obtained by centrifugation through a Percoll
gradient. Marker enzymes and protein content were measured in each
fraction (see annexes 3 and 4). Based on glutamate dehydrogenase (GDH,
mitochondrial marker) and catalase (peroxisomal marker) activities (see
annex 4), Percoll fractions 2 and 10 were chosen to represent mitochondrial
(Mito) and peroxisomal (Perox) fractions respectively. Experimental
procedures were described before (Declercq et al. 1984; Van Veldhoven et al.

1996).
7.2.3. Western Blotting

Western blotting was performed as described before (Van der Eecken et al.
2011). Blots were probed overnight with 1:4000 polyclonal rabbit anti-human
PRDX5 (Wang et al. 2001), 1 pg/ml monoclonal mouse anti-heat shock
protein 90 (Hsp90; Millipore), 1:2000 monoclonal mouse anti-cytochrome c
oxidase subunit 4 (COX4; Molecular Probes), 1:3000 polyclonal rabbit anti-

catalase (Rockland) or 1:1500 polyclonal rabbit anti-actin (Sigma).
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Subsequently, blots were incubated for one hour with peroxidase-
congugated goat anti-rabbit IgG or goat anti-mouse IgG (Dako). Blots were
developed with the Western Lightning Chemiluminescence kit according to

manufacturer’s instructions.

7.2.4. Cell culture

MDCK (dog kidney) cell line was cultured in Dulbecco’s Modified Eagle
medium (DMEM) containing 4,5 g/l D-glucose with GlutaMAX (Gibco),
supplemented with 10% foetal calf serum (FCS; Gibco), 1% non-essential
amino acids, 100 U/ml streptomycin and 100 U/ml penicillin (Gibco). Cells

were maintained at 37°C in 5% CO..
7.2.5. Immunofluorescence

Mitotracker (Molecular Probes) staining and immunofluorescence were
performed as described previously (Van der Eecken et al. 2011), using 1:200
rabbit anti-human PRDX5 and 1:50 FITC-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch Laboratories Inc.). Co-localization experiment
with catalase was performed using 1:200 rabbit anti-human PRDXS5, 1:100
sheep anti-human catalase (San Bio), 1:50 TRITC-conjugated donkey anti-
rabbit IgG (Jackson ImmunoResearch Laboratories Inc.) and 1:50 FITC-
conjugated donkey anti-sheep IgG (Jackson ImmunoResearch Laboratories
Inc.). The coverslips were mounted in Vectashield (Vector Laboratories, Inc.)
containing 50ug/ml 4’, 6-diamidino-2-phenylindole dihydrochloride (DAPI)

and analyzed by fluorescence microscopy.
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7.2.6. Sequencing the 5’ region of PRDX5 from caniformia species

The species examined in this experiment are the following: arctic wolf (Canis
lupus arctos), American black bear (Ursus americanus), domestic dog (Canis
lupus familiaris), giant panda (Ailuropoda melanoleuca), gray fox (Urocyon
cinereoargenteus), maned wolf (Chrysocyon brachyurus), northern elephant seal
(Mirounga angustirostris), raccoon dog (Nyctereutes procyonoides) and red fox
(Vulpes vulpes). Arctic wolf blood sample was kindly provided by Dr. JC
Bertho, zoological park “Le Monde Sauvage”, Aywaille, Belgium. American
black bear heart sample is described in (Van Der Heyden et al. 2007) and
was generously given by Pr. MAG Van Der Heyden, University Medical
Center Utrecht, The Netherlands. Gray fox and maned wolf DNA samples,
described in (Lindblad-Toh et al. 2005), were kindly provided by Pr. RK
Wayne, University of California, USA. Northern elephant seal blood sample
was provided by C Louis and Pr. C Debier, Université catholique de
Louvain, Belgium. Tissue samples of raccoon dog and red fox were taken at
necropsy of animals that have been found dead accidentally respectively in

Finland and in Belgium.

Genomic DNA was extracted from blood or muscle using the
DNeasy Blood and tissue Kit (Qiagen) following manufacturer’s
instructions. Primers 5-CCAGCGGTCACCTTGATTGGGGC-3" (forward)
and 5-ATGCGAGCTCAGCAGGTTGTGG-3’ (reverse) were used to amplify
the genomic region comprised between the first exon of PRDX5 and the first
exon of HSPC152/TRMT112, which is in close proximity of PRDX5 and
positioned in opposite direction (Fig. 7.1 and Nguyen-Nhu et al. (2007)). The
primers were designated to map on regions sharing 100% identity between
giant panda and dog sequences. The PCR reaction was performed using the

Taq DNA polymerase (Eurogentec) in the presence of 5% (v/v) dimethyl
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sulfoxide (DMSO). The PCR products were cloned into pCR2.1 vector and
sequenced. At least eight clones, deriving from three independent PCR

reactions, were sequenced for each species.

7.2.7. Expression of giant panda and northern elephant seal PRDX5 MTS in
fusion with Green Fluorescent protein (GFP) in MDCK cells

Based on Genbank database sequence XM_002916664, the sequence
encoding giant panda PRDX5 MTS was synthetized and cloned into pEX-A
vector by Eurofins MWG Operon. The sequence coding for giant panda
PRDX5 MTS was subsequently PCR-amplified using forward primer 5'-
GGGATCGGCATGAAGCTTTTTCCGCACCG-3' and reverse primer 5'-
CCATGGCTGAGGCGGCGCTTCTGAAACC-3. The sequence encoding the
MTS of northern elephant seal PRDX5 was PCR-amplified from a pCR2.1
vector containing northern elephant seal PRDX5 5 flanking region (see
point 7.2.7.) using forward primer 5-
GGTTTGGGCATGCCGTTCGTTCAGCTACG-3' and reverse primer 5'-
CCATGGCTGAGGCGGCGCTTCTGAAACC-3. PCR products were cloned
in the pcDNA3.1/CT-GFP-TOPO vector (Invitrogen) and the resulting
plasmids were sequenced. MDCK cells were transiently transfected using
Amaxa Nucleofection system (Lonza AG) according to manufacturer’s
instructions. 72 h after transfection, cells were incubated with Mitotracker
Red prior to fixation. The coverslips were mounted in Vectashield

containing 50 pg/ml DAPI and analyzed by fluorescence microscopy.
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7.2.8. Generation of stable MDCK clones expressing mitochondrial or

cytosolic/peroxisomal human PRDX5

Plasmid pEF-BOS containing an EF-1-a promoter, a puromycin resistance
gene and G-CSF-poly(A) adenylation signal was used as mammalian
expression vector. pEF-BOS-Mito-PRDX5 (PRDX5 cDNA sequence encoding
human L-PRDX5) and pEF-BOS-Cyto-PRDX5 (PRDX5 cDNA sequence
encoding human S-PRDX5) were described previously (Banmeyer et al.
2004).

For the construction of pEF-BOS-Mito-PRDX5-C47A (PRDX5 cDNA
sequence encoding human L-PRDX5 with the residue Cys47 mutated into
Ala) vector, human PRDX5 cDNA was PCR-amplified from pEF-BOS-Mito-
PRDX5 using forward primer 5'-ACAGGGATTTCTTGTCTCCCACG-3" and
reverse primer 5-TCTCAAGCCTCAGACAGTGG-3'. The C47A mutation
was generated by PCR-mediated site-directed mutagenesis using the
complementary = primers  containing a  base  mismatch 5'-
ACCCCTGGAGCTAGCAAGACACACCTG-3 (forward) and 5'-
TGTGTCTTGCTAGCTCCAGGGGTGAAGG-3" (reverse). The resulting
amplicon was ligated in the pCR2.1 vector and subcloned into the Spel and

Notl sites of pEF-BOS vector.

For the construction of pEF-BOS-Cyto-PRDX5-C47S (PRDX5 cDNA
sequence encoding human S-PRDX5 with the residue Cys47 mutated into
Ser) vector, human PRDX5 cDNA containing the mutation C47S (Plaisant et
al.  2003) was PCR-amplified wusing forward  primer 5'-
AGCGACTAGTCCGCCATGGCCCCAATCAAGGTGGGAGATGC-3"  (Spel
site underlined) and reverse primer 5-

TATCTGGCGGCCGCCACTCAGAGCTGTGAGATGATATTGGG- 3" (Notl
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site underlined). The resulting amplicon was ligated in the pCR2.1 vector

and subcloned into the Spel and Notl sites of pEF-BOS vector.

MDCK cells were transfected with the plasmids using Amaxa
Nucleofection system according to manufacturer’s instructions. Two days
after transfection, cells were selected 16 days with 2 ug/ml puromycin
(Sigma-Aldrich). Subsequently, stably transfected cell lines were obtained by
isolation of individual clones by a dilution technique. At least three clones

per cell line were obtained and characterized.

Overexpression of PRDX5 was confirmed by immunofluorescence
and immunoblotting (see points 7.2.4 and 7.2.6). Incorporation of puromycin
resistance gene in the genome of MDCK control cells was verified by PCR on
genomic DNA. The latter was extracted from 5x10¢ cells using the DNeasy
Blood and Tissue kit (Qiagen) following the manufacturer’s instructions. The
puromycin N-acetyltransferase gene was amplified by using forward primer
5-GACCGAGTACAAGCCCACGGTGCG-3* and reverse primer 5'-
CGAGACGCC GACGGTGGCCAGGAACCACG-3..

7.2.9. Cell treatment with hydrogen peroxide and tert-butyl hydroperoxide
(t-BHP) and lactate dehydrogenase (LDH) assay

MDCK cells were seeded at a density of 3x10* cells/cm? into 24-well plates.
After 15-18 h culture, stress was induced during one hour in DMEM without
phenol red containing 4.5 g/l D-glucose and supplemented with 1% FBS, 100
U/ml penicillin, 100 U/ml streptomycin, 1% non-essential amino acids and
200 nM GlutaMAX. Cytotoxicity was evaluated by the lactate
dehydrogenase (LDH) release assay (Cytotoxicity detection Kit, Roche). Fifty

ul of supernatants were used for LDH assay. The total LDH release (100%

95



Results

cell death) was determined for each well after lysis of cells with 2% Triton X-

100 detergent. Cell mortality was calculated according to this scale.
7.2.10. Statistical analysis

Cell death values were calculated from triplicates within an experiment.
Each experiment was repeated three times for one clone, allowing the
calculation of means and SEM. Statistical analysis was performed using two-
way ANOVA with the Bonferroni post hoc test. Significance is designated as
*p<0.05, **p<0.01, ***p<0.001. At least three clones were tested for each cell

line.

7.3. Results

7.3.1. Mitochondrial PRDX5 is absent in domestic dog

The absence of mitochondrial PRDX5 in domestic dog was demonstrated by
subcellular fractionation of a liver homogenate. Marker analysis on post-
nuclear (E), cytosolic (S), mitochondrial (Mito) and peroxisomal (Perox)
fractions was performed by Western blotting (Fig. 7.3A). The results
indicated that the cytosolic, mitochondrial and peroxisomal fractions are
enriched in Hsp90 (cytosolic marker), COX4 (mitochondrial marker) and
catalase (peroxisomal marker) respectively. Evaluation of PRDX5 content by
Western blotting revealed the presence of PRDX5 in cytosolic and

peroxisomal fractions but its absence from the mitochondrial fraction.

To confirm the absence of mitochondrial PRDX5 in domestic dog,
PRDX5 expression was examined using immunofluorescence in the MDCK
(dog) cell line. PRDX5 was detected in the cytosol but no colocalization with

the mitochondrial marker was observed (Fig. 7.3B-D). PRDX5 detection by
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immunofluorescence also evidenced the peroxisomal localization of the
protein, as illustrated by colocalization with peroxisomal catalase (Fig. 7.3E-

G).

kDa E S Mito Perox
17 | < PRDX5

90 — wwe  w— < Hsp90

< COX4

57

60 — <« Catalase

Catalase . Merge + DAPI _10pm_

Fig. 7.3. Dog PRDX5 subcellular distribution. (A) Intracellular localization of dog
PRDX5 was assessed by liver subcellular fractionation. Post-nuclear (E), cytosolic (S),
mitochondrial (Mito) and peroxisomal (Perox) fractions were analyzed for marker
enzyme and PRDX5 content by western blotting, using anti-Hsp90 (cytosolic), anti-
COX4 (mitochondrial), anti-catalase (peroxisomal) and anti-PRDX5 antibodies.
Fifteen pg of soluble proteins from each fraction were loaded. PRDX5 subcellular
localization was also assessed by immunofluorescence detection of endogenous
PRDXS5 in MDCK cells (B, E) with co-localization with MitoTracker Red (C) or with
peroxisomal catalase (F). Nuclei were counterstained with DAPI. Hsp90, heat shock
protein 90; COX4, cytochrome c oxidase subunit 4.
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Analysis of domestic dog PRDX5 sequences from GenBank
databases (GenelD: 476032) revealed the presence of a single translation
initiation codon. This ATG codon corresponds to the second translation
initiation site of human PRDXS5 that produces the short form of the protein
(5-PRDX35). The first translation initiation codon that enables the synthesis of

the long form of PRDX5 (L-PRDX5) is not present in domestic dog.

7.3.2. L-PRDXS5 is absent in other canids

To date, giant panda (Ursidae) is the phylogenetically closest related species
to domestic dog (Canidae) for which PRDX5 mRNA sequence is available in
Genbank databases. These two species belong both to the Caniformia
phylum (Fig. 7.4A). Analysis of the 5" region of giant panda PRDX5 mRNA
(GenBank ID: XM_002916664) revealed the existence of two in-frame
translation initiation codons (AUG+1 and AUG+172). These two codons are
presumed to lead to the translation of both L-PRDX5 and S-PRDX5.
Moreover, subcellular prediction programs predicted a mitochondrial
distribution for giant panda L-PRDX5 protein (TargetP: 0.804 and MitoProt
II: 0.859 compared with human PRDX5 TargetP: 0.830 and MitoProtIl: 0.832;
Claros and Vincens 1996, Emanuelsson et al. 2000). Since the translation
initiation codon of L-PRDX5 appears to be maintained in giant panda but
not in domestic dog, the loss of this translation initiation site was likely to
have occurred in additional species which are phylogenetically positioned
between domestic dog and giant panda, like the other canids (Fig. 7.4A).
Family Canidae contains three major phylogenetic groups: the fox-like
canids, the South American canids and the wolf-like canids (Fig. 7.4B).
Additionally, several canids do not belong to any of the three main clades,
such as the gray fox, which was shown to be more primitive (Lindblad-Toh

et al. 2005). To assess the presence of a sequence encoding an MTS in PRDX5
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of other canids, the PRDX5 5 region of gray fox, raccoon dog (fox-like
canid), red fox (fox-like canid), maned wolf (South American canid) and
arctic wolf (dog-like canid) was sequenced. Moreover, PRDX5 5 region was
also sequenced in northern elephant seal (Phocidae) and American black
bear (Ursidae). To obtain the sequence of PRDX5 5 region in these species,
the sequence was first PCR-amplified using genomic DNA as template (Fig.
7.4C). The primers were designated to map on regions sharing 100% identity
between giant panda and domestic dog sequences. PCR products were
cloned in pCR2.1 vector and were subsequently sequenced. Genbank
accession numbers are presented in Table 1. The alignment of the 5 PRDX5
sequences revealed that the ATG+1 of giant panda, northern elephant seal
and American black bear PRDX5 corresponds to a GTG codon in all the
studied canids (Fig. 7.4D). Moreover, in gray fox and fox-like canids, a STOP
codon (position -90) is present in the same reading frame as the ATG+1.
Furthermore, in the South American and dog-like canids PRDX5, the GTG-
171 codon is not in the same reading frame as the ATG+1 codon. In the
nucleotidic alignment, this shift in the reading frame corresponds to a gap
between nucleotides -64 and -63. It is also worth noting that two slightly
different sequences, corresponding to two different alleles, were found in

gray fox and American black bear PRDX5 5’ region (Table 1).

Table 1. Sequences of PRDX5 5' flanking region:
Genbank accession numbers

Species Accession number
Northern elephant seal JQ411224
American black bear (Allele 1) JQ411225
American black bear (Allele 2) JQ411226
Gray fox (Allele 1) JQ411227
Gray fox (Allele 2) JQ411228
Raccoon dog JQ411229
Red fox JQ411230
Maned wolf JQ411231
Arctic wolf JQ411232
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A B C
Mustelidae Hspc152/
Procyonidae TRMT112 PRDX5
Alurion - e
Mephitidae i . L Femeemre e R
Odobenidae. Foxhkecamdae _ :
© Otariidae | South American canidae EHSPC152/TRMT112 PRDX5
E Phaci Wolf-like canidae ' exon | exon|
5 ocidae : N
2 _ — - UTR) RS
8 Canidae ATG ATG? ATG
D
Northern elephant seal -31 GGGCGGAGCGGCAGTGCGCTCCGGTTTGGE CGTTCGTTCAGCTAC  +19
Giant panda -31 GGGCGGGGCGATCGTGCGTTCTGGGATCGE GCTTTTTCCGCACC  +19
American black bear -31 GGGCGGGGCGATCGTGCGCTCTGGGATCTGC GCTTTTTCCGCACG  +19
-202  GGGCCGGGCCGTCGTGCGCGCCGEEATCGECGTGCAGCTGCTTTCGTTGA ~153
Raccoon dog -202 GGGCCGGGCGGTCGTGCGCGCTGGGATCGGCGTGCAGCTGCTTTCGTTGG 153
Red fox -202 GGGCCGGGCCGTCGTGCGCGCTGGGCTCGGCGTGGAGCTGCTTTCGTCGA  ~153
Maned wolf -201 GGGCCGGGCCGTGETGCGCGCCGGEGEGETCTGCGTGCAGCCGCTTTCGTTGA  —152
Arctic wolf -201 GGGCCGGGCCGTGGTGCGCAGCGGGGTCGGCGTGCGGCCGCTTGCGTTGE  ~152
Domestic dog -201 GGGCCGGGCCGTGGTGCGLGGLGEGGTCGECGTGCGGCCGCTTGCGTTGE  ~152
Ekk kK M wk ok wE kk % 'k %
Northern elephant seal +20 GCGTCCTGAGTGGTGGGGCAGGCTCGGTTCTCGTCCGGGCAGCTGCCGTC +69
Giant panda +20  GTGTTCTGAGTCGTCTGCCAGGCTCGCTTTTCGTCCGTGCTACTGTCGTC  +69
Bmerican black bear +20 GIGTTCTGAGTCGTCTGCTAGGCTCGCTTTTCGTCCGTGCAACTGTCGTC +69
-152 ACGTCCTGATCGGCCGGGTGGGCTCGGGTTTCGTCCCCGLGGCTGCCTTC  ~103
Raccoon dog -152 ACGTCCTGACCGGCCGGGTGGGCTCGGGTTICGTCCCCGCGGCTGCCTTC  ~103
Red fox -152 ACGTCCTGAACCGCCGGGTGGGCTCGGCTTICGTCCCCGCGGCTGCCTTC  ~103
Maned wolf -151 ACGCCCTGACCGGCCGGGTGEGCTCCGEGTTCGTCCCCGCGGCTGCCTTC  ~102
Arctic wolf -151 ACGCCCTGACCGGCCCGGTGGGCTCCGEGTTCGTCCCCGCGGCTGCCTTC  ~102
Domestic dog -151 ACGCCCTGACCGGCCCGGTGGGCTCCGGGTTCGTCCCCGCGGCTGCCTTC  ~102
* kkEE ok x xwwaw EREEEE  kk kEE K A%
Northern elephant seal +70 GAGTCTGCAGCATCGGCGCCGTCGAGAGCAGGCGGGCGCCGGCGACCAGG  +119
Giant panda +70  GAGTCTGCAGTTTCGGCGGCGTCGAGAGCAGGCGGGTGCCGGCAACGRGE  +119
American black bear +70 GAGTCTGCAGCTTCGGCGGCGTCGAGAGCAGGCGGGTGCCGGCAACGAGG +119
-102 GGGTCTGCAGCATAGGCAGCGTCGACAGCCGGAGGGTGCCAGCAACGAGG  -53
Raccoon dog -102 GGGTCTGCAGCATAGGCAGTGTCGACAGCCGGAGGGTGCCAGCAACCGAGG  -53
Red fox -102 GGGTCTGCAGCATAGGCCGTGTCCACAGCCGGAGGGTGCCAGCAACCAGG  -53
Maned wolf -101 GGGTCTGCAGCACAGGCAGTGTCGACAGCCGGAGGGTGO-EGCAACGAGE  -53
Arctic wolf -101 GGGTCTGCAGCACAGGCAGTGTCGGCAGCCGGAGGGTG! GCAGCGAGG -53
Domestic dog -101 GGGTCTGCAGCACAGGCAGTGTCGACAGCCGGAGGGTG! GCAGCGAGG -53
ok ok ok ok ok ok ke Kk *ok ok ok ok kok kokk ko * ok * kok ok
Northern elephant seal +120 CAGGGAGIGGACGCTTGGCGGGGCCTACGGTTTCAGAAGCGCCGCCTCAG +169
Giant panda +120 CCAGGAGTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGCCTCAG  +169
Bmerican black bear 4120 CAAGGAGTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGCCTCAG +169
-52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGLCTCCG -3
Raccoon dog -52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGCCTCCG -3
Red fox -52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGAARGCGCCGCCTCCG -3
Maned wolf -52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGARGCGCCGCCTCCG -3
Arctic wolf -52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGCCTCCG -3
Domestic dog -52 CAGGGACTGGACGCTTGGCGGGGCCCACGGTTTCAGAAGCGCCGCCTCCG -3

Northern elephant seal
Giant panda
American black bear

Raccoon dog
Red fox
Maned wolf
Arctic wolf
Domestic dog

k kkk kkkkkhhhhhkhkkkkhhhk khhhkhkhhhhrhhhkrkhhkhkhkhd K
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7. Abolition of PRD X5 mitochondrial targeting in canids

Fig. 7.4. Sequencing of the PRDX5 5-region in some Canidae, Ursidae and
Phocidae (facing page). (A) Phylogenetic relationships between the nine families
composing the suborder Caniformia. The phylogeny of Caniformia is currently not
completely stabilized, e.g. concerning the position of Ailuridae. The presented
phylogenetic tree is based on multiple nuclear gene sequences and is adapted from
Van Valkenburgh and Wayne (2010). (B) Phylogeny of Canidae, based on ~15kb from
12 exons and 4 introns, resolved by Lindblad-Toh et al. (2005). Canidae family
contains three major phylogenetic groups, which are indicated in red for the fox-like
canids, green for the South American canids and blue for the wolf-like canids.
Additionally, several canids do not belong to any of the three main clades, such as
the gray fox (yellow), which was shown to be more primitive. [Adapted from
Lindblad-Toh et al. (2005)] (C) Schematic diagram of HSPC152/TRMT112 and PRDX5
genes and cloning strategy. Exons I from both genes are detailed. 5° UTRs are
indicated by open boxes. Gray box represents the sequence encoding the potential
PRDX5 MTS. Conserved translation start sites are indicated in black. The potential
translation start site enabling the translation of L-PRDX5 is indicated in red. P1 and
P2 indicate the positions to which the PCR primers (green arrows) map. The primers
were designated to map on regions sharing 100% identity between giant panda and
domestic dog sequences. (D) ClustalX 2.0.7. nucleotidic sequence alignment of
PRDX5 5 region from nine Caniformia. Asterisks (*) indicate identities. Sequences
encoding a potential MTS are highlighted in gray. Translation initiation codons are
highlighted in black. STOP codons being in-frame with the ATG+1 codon are
underlined. Gaps are boxed. Species names are written in brown for Phocidae, gray
for Ursidae, yellow for gray fox, red for the fox-like canids, green for the South
American canids and blue for the wolf-like canids. Only one of the two alleles (Allele
1) found for gray fox and American black bear PRDX5 are represented. GenBank
accession numbers are detailed in Table 1. The sequences of domestic dog and giant
panda PRDX5 5 region were downloaded from the Genbank references
GenelD:476032 (domestic dog) and GenelD:100473172 (giant panda). Arctic wolf,
Canis lupus arctos; American black bear, Ursus americanus; domestic dog, Canis lupus
familiaris; giant panda, Ailuropoda melanoleuca; gray fox, Urocyon cinereoargenteus;
maned wolf, Chrysocyon brachyurus; northern elephant seal, Mirounga angustirostris;
raccoon dog, Nyctereutes procyonoides ; red fox, Vulpes vulpes.
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7.3.3. A functional MTS is present in giant panda and northern elephant
seal PRDX5

Given that giant panda and northern elephant seal PRDX5 present two in-
frame ATG codons, it was interesting to assess if the region comprised
between these codons encodes a functional MTS. To this end, two pcDNA3.1
plasmids containing the sequence encoding the 58 N-terminal residues of
giant panda or northern elephant seal PRDX5 fused with the green
fluorescent protein (GFP) were generated (Fig. 7.5A and E). After transient
transfection of MDCK cells with these vectors, the reporter protein was
detected in mitochondria, as demonstrated by colocalization with

Mitotracker Red (Fig. 7.5 B-D and F-H).
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Fig. 7.5. Subcellular localization of giant panda (A-D) and northern elephant seal (E-H) PRDX5 MTS expressed in fusion with GFP in
MDCK cells. Structure of the constructs cloned into mammalian expression vector pcDNA3.1 and used for MDCK transfection (A and E). Both
alternative ATG initiation codons are indicated (arrows). Transfected cells were examined for GFP fusion expression (B and F). Mitochondria
were stained with Mitotracker Red (C and G) and nuclei were counterstained with DAPL. BGH polyA, bovine growth hormone polyadenylation
signal; GFP, green fluorescent protein; MTS, mitochondrial targeting sequence; pCMYV, promoter of cytomegalovirus.
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7.3.4. Human L-PRDX5 makes MDCK cells more vulnerable to acute

oxidative stress

Since PRDXS5 is absent in dog mitochondria, it was interesting to assess the
functional consequences of the restoration of mitochondrial localization of
the protein in MDCK (dog) cells. pEF-BOS was used as mammalian
expression vector (Fig. 7.6A). Fig. 7.6B presents the proteins encoded by the
constructs used for MDCK transfection. pEF-BOS-mito-PRDX5 and pEF-
BOS-cyto-PRDXS5 vectors encode human L-PRDX5 (Mito-hum) and S-PRDX5
(Cyto-hum) respectively and were described previously (Banmeyer et al.
2004). pEF-BOS-mito-PRDX5-C47A and pEF-BOS-cyto-PRDX5-C47S vectors
encode the enzymatically inactive human L-PRDX5 (Mito-hum-C47A) and
S-PRDX5 (Cyto-hum-C47S) respectively. The two latter were used in

experiments which are described in the following section (see point 7.3.5.)

After transfection of MDCK cells with the empty expression vector
(control cells), with pEF-BOS-mito-PRDX5 or with pEF-BOS-cyto-PRDX5
vectors, stable clones were selected. The clones were named MDCK control,
MDCK mito-hum or MDCK cyto-hum, according to the name of the proteins
encoded by the expression vectors. Overexpression of PRDX5 was
quantified by immunoblotting (Fig. 7.6C). Immunoblots of total cell lysates
revealed a 15- to 30-fold overexpression compared to the MDCK control
cells, and a 1.5- to 3-fold higher PRDX5 content compared to human SH-
SY5Y cells (Fig. 7.6D). These cells contain endogenous mitochondrial PRDX5
(De Simoni et al. 2008). The intracellular localization of PRDX5 was verified
by immunofluorescence (Fig. 7.7). In the MDCK mito-hum cells, PRDX5 was
largely located in the mitochondria, while MDCK cyto-hum cells strongly

expressed PRDX5 in the cytosol. Incorporation of puromycin resistance gene
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in the genome of MDCK control cells was verified by PCR on genomic DNA

(data not shown).
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Fig. 7.6. Overexpression of human PRDX5 in MDCK cells. (A) Organization of the
construct cloned into mammalian expression vector pEF-BOS. EF-1a prom, promoter
region of human EF-la chromosomal gene; G-CSF poly(A), polyadenylation signal
from human granulocyte colony-stimulating factor. (B) Representation of the
proteins encoded by the different constructs used for transfection. Mito-hum and
Mito-hum-C47A correspond to the enzymatically active and inactive mitochondrial
human PRDX5 with the cleavable (scissors) presequence (MTS), respectively. Cyto-
hum and Cyto-hum-C47S correspond to enzymatically active and inactive cytosolic
human PRDX5, respectively. PRDX5 content of each MDCK clone was verified by
Western Blotting (C) and a quantification of the total expression level was performed
(D). PRDX5 protein levels were normalized with -actin and were expressed in
relative units of PRDX5 content in MDCK control cells. Values are means + SEM of
triplicates. The subcellular localization of PRDX5 in the MDCK clones was verified
by immunofluorescence (E). Mitochondria were stained with MitoTracker Red prior
to cell fixation. Cell nuclei were counterstained with DAPIL. HsPRDX5: human
PRDX5.
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Fig. 7.7. Overexpression of human PRDX5 in MDCK cells. The subcellular
localization of PRDX5 in the MDCK clones was verified by immunofluorescence.

Mitochondria were stained with MitoTracker Red prior to cell fixation. Cell nuclei
were counterstained with DAPI. HsPRDX5: human PRDX5.
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The MDCK clones were exposed to acute oxidative stress with
growing concentrations of H20: or t-BHP (Fig. 7.8). In basal conditions, the
MDCK cells expressing human PRDX5 exhibited no significantly different
LDH release compared to control cells. Cell death increased with H202 and ¢-
BHP exposure. Surprisingly, cell death was significantly more important in
MDCK mito-hum cells compared to control cells at 15 mM H20:2 and 70-80
mM ¢-BHP. On the contrary, cell death was significantly decreased in MDCK

cyto-hum cells compared to control cells at high concentrations of H20: and

t-BHP.
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Fig. 7.8. Cytotoxicity induced by hydrogen peroxide (A-B) and #-BHP (C-D) in
MDCK cells overexpressing human PRDX5. After one hour exposure to high levels
of peroxide, cell death was evaluated by LDH release. The total LDH release (100%
cell death) was determined after lysis of the cells with 2% Triton X-100. Assays were
performed three times for each clone and values are means + SEM. Significance is
designated as *p<0.05, **p<0.01, ***p<0.001. t-BHP, tert-butyl hydroperoxide.
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7.3.5. Increased cell death of MDCK mito-hum cells during acute oxidative
stress is not linked to PRDX5 peroxidatic activity

Since human L-PRDX5 provoked increased cell mortality during acute
peroxide-induced oxidative stress in MDCK cells, it was interesting to assess
whether this deleterious effect was linked to PRDX5 peroxidatic activity.
This latter depends on the presence of a peroxidatic cysteine (Cp). Therefore,
MDCK mito-hum-C47A cells were generated, which expressed human L-
PRDXS5 with the Cp replaced by an alanine (C47A mutation; Fig. 7.6B). This
mutation inactivates peroxidatic activity. Also, MDCK cyto-hum-C47S cells
were generated, expressing the enzymatically inactive human S-PRDX5
containing the C47S mutation. After transfection and puromycin resistance
selection, stable clones were selected and overexpression was quantified by
immunoblotting (Fig. 7.6C). Immunoblots of total cell lysates revealed a 10-
to 30-fold overexpression compared to MDCK control cells, and a 1.5- to 3-
fold higher PRDX5 content compared to human SH-SY5Y cells (Fig. 7.6D).
The intracellular localization of PRDX5 was verified in MDCK clones by
immunofluorescence (Fig. 7.6E). In the MDCK mito-hum-C47A cells, PRDX5
was largely located in the mitochondria, while MDCK cyto-hum-C47S cells

strongly expressed PRDX5 in the cytosol.

MDCK cell lines were exposed to acute oxidative stress induced by
H20: or t-BHP exposure (Fig. 7.8). Cell death was significantly more
important in MDCK mito-hum-C47A cells compared to control cells at 15
mM H:0zand 70-80 mM t-BHP. On the other hand, expression of Cyto-hum-
C47S protein had no effect on MDCK cell viability following H202 or t-BHP

exposure.
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7.4. Discussion

In this work, we show that mitochondrial PRDX5 (L-PRDX5) is
absent in domestic dog although cytosolic/peroxisomal PRDX5 (S-PRDX5) is
conserved. A sequence analysis of the PRDX5 5 region revealed that the
abolition of L-PRDX5 in domestic dog results from the loss of one nucleotide
as well as the mutation of the first ATG initiation codon. To determine
whether the abolition of mitochondrial PRDX5 occurred only in dog, we
analyzed the PRDX5 5 region of some species which are phylogenetically
closely related to dog and Canidae: giant panda (Ursidae), American black
bear (Ursidae) and northern elephant seal (Phocidae). We found that, unlike
in domestic dog, the translation initiation codon allowing the synthesis of L-
PRDX5 is maintained in these three species. Moreover, we experimentally
confirmed that the 58 N-terminal residues of giant panda and northern
elephant seal L-PRDX5 are able to target the GFP reporter protein into
mitochondria. This indicates that the N-terminal region of giant panda and
northern elephant seal L-PRDX5 corresponds to a functional MTS. Since
PRDX5 MTS is abolished in domestic dog but neither in giant panda nor in
northern elephant seal, it was interesting to assess the existence of an MTS in
PRDX5 in other canids. We found that the first ATG codon is mutated in a
GTG codon in PRDXS5 in all canids that were examined. From these results,
we conclude that the loss of mitochondrial PRDXS5 is generalized among the
extant canids. Moreover, in gray fox, raccoon dog and red fox PRDX5, a
STOP codon at position -90 is present in the same reading frame as the
translation initiation codon of S-PRDX5 (TCG/TAG mutation). Thus, in these
more basal canids, two factors impede L-PRDX5 synthesis: the absence of L-
PRDXS5 translation initiation codon and the presence of a STOP codon.

Taken together, our results suggest that the 5" region of PRDX5 in canids
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corresponds to a sequence that was able to encode a presequence ancestrally.
The first events leading to PRDX5 MTS abolition in canids would involve
the mutation of the first translation initiation codon (ATG/GTG mutation) as
well as the apparition of a STOP codon (TCG/TAG mutation). However,
from our results, we cannot conclude which of these two events occurred
tirst during evolution. Furthermore, in South-American canids (maned wolf)
and wolf-like canids (domestic dog and arctic wolf), the ATG/GTG mutation
would have been maintained but the STOP codon would further have
evolved to a CAG codon. Also, in the ancestral PRDX5 MTS from these
species, a single nucleotide would have been lost. Finally, our results
indicate that the abolition of PRDX5 MTS would have occurred after the
divergence of Canidae from the other Caniformia members. The family
Canidae diverged from other Caniformia about 50 million years ago (mya),
but extant canids have diverged from a common ancestor within the last 10
million years (Ostrander and Wayne 2005). Therefore, the loss of
mitochondrial PRDX5 in canids would have occurred between 50 and 10

mya.

It is interesting to note that two different alleles were found in gray
fox PRDX5 5’ region. The presence of these two alleles would not result in
the generation of two different PRDX5 proteins since the heterozygous site is
not localized in the coding region. On the opposite, we found also two
alleles in American black bear PRDX5 5 region which would result in the
generation of two different PRDX5 protein sequences. Indeed, sequence
analysis of allele 2 revealed the presence of an additional ATG codon at
position -6 which refers to the ATG+1 codon from allele 1 (Table 1).
Noteworthy, the existence of these two alleles is confirmed by numerous

expressed sequence tags (for example, Genbank accession numbers
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GW308481.1 and GW308562.1). Therefore, it would be interesting to
investigate the consequences of the expression of these two alleles on PRDX5

subcellular distribution in American black bear.

The abolition of PRDX5 MTS in canids suggests that mitochondrial
PRDX5 is not essential in canid species. Some of them have encountered
high evolutionary success, like the raccoon dog or the red fox. It appears
thus that the absence of mitochondrial PRDX5 does not impair species’
ability to meet a huge evolutionary success. The abolition of mitochondrial
PRDX5 in canids is nevertheless surprising. Indeed, it appears that
mitochondrial localization is conserved in various other vertebrate and
invertebrate species (Knoops et al. 1999; Oberley et al. 2001; Zhang et al.
2003; Banmeyer et al. 2004; Leyens et al. 2004; Pagliarini et al. 2008; Radyuk
et al. 2009; Li et al. 2011; Van der Eecken et al. 2011), even belonging to basal
metazoan phyla, like placozoa and porifera. Furthermore, the abolition of L-
PRDX5 is unexpected since mitochondria are particularly exposed to
oxidative attacks caused by ROS and RNS (Halliwell and Gutteridge 2007).
Moreover, the cytoprotective function of mitochondrial PRDX5 was
described in several studies. For example, it has been shown that
overexpression of L-PRDX5 confers resistance to peroxide or drug-induced
cell death and DNA damage (Nguyen-Nhu and Knoops 2003; Banmeyer et
al. 2004; Peng et al. 2004a; Peng et al. 2004b; Banmeyer et al. 2005).

In a recent paper, we have shown that domestic pig has also lost
mitochondrial PRDX5 according to a similar molecular mechanism, namely
by the loss of the translation initiation codon of L-PRDX5 (Van der Eecken et
al. 2011). Since mitochondrial PRDX5 is maintained in bovine, we concluded
that PRDX5 MTS was lost during Cetartiodactyla evolution. Therefore, the

loss of L-PRDX5 in canids and domestic pig results from two distinct events
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during mammalian evolution, i.e. one having occurred during Caniformia
diversification, the other taking place during Cetartiodactyla evolution.
However, given that PRDX5 distribution was analyzed in a limited number
of species so far, we cannot exclude that its subcellular distribution would
have changed at more occasions during the evolution of mammals.
Accordingly, it would be interesting to study PRDX5 subcellular distribution
in additional phylogenetic groups. To our knowledge, few enzymes have
been reported to have changed their subcellular distribution during
mammalian evolution. One example concerns the intermediary metabolic
enzyme alanine:glyoxylate aminotransferase (AGT), whose subcellular
localization was reported to change during mammalian evolution (Holbrook
et al. 2000; Birdsey et al. 2004). Interestingly, the molecular mechanism
responsible for the loss of mitochondrial targeting in AGT and PRDX5 is

very similar.

Since mitochondrial PRDX5 is absent in dog, it was interesting to
study the functional consequences of the restoration of L-PRDX5 in a dog
cellular model. In order to evaluate the ability of mitochondrial PRDX5 to
afford antioxidant protection in dog during oxidative stress, we generated
MDCK (dog) cell lines expressing human mitochondrial PRDX5. Moreover,
to compare PRDX5 ability to exert a cytoprotective effect according to its
subcellular localization, we also generated MDCK expressing human
cytosolic/peroxisomal PRDX5. Surprisingly, PRDX5 expression in MDCK
mitochondria resulted in an increased cell mortality at high peroxide
concentrations, while PRDX5 expression in MDCK cytosol/peroxisomes
afforded a greater resistance to acute oxidative stress. As mentioned in the
introduction, L-PRDX5 differs from S-PRDX5 by the presence of an

additional N-terminal MTS. However, this MTS is cleaved after
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mitochondrial import, releasing a functionally active 17 kDa mature
mitochondrial PRDX5 which is identical to S-PRDX5 (Knoops et al. 2011). In
MDCK mito-hum cells, no PRDX5 signal at higher molecular weight was
detected by western blotting, indicating that the MTS was removed
efficiently. = Therefore, it  appears that  mitochondrial and
cytosolic/peroxisomal human PRDXS5, although being identical, do not
equally protect MDCK cells, depending on their subcellular localization.
Moreover, PRDX5 does not only appear to be an ineffective antioxidant
protective enzyme in MDCK mitochondria — which would have resulted in
an unchanged cell viability during oxidative stress — but this protein seems
also to gain cytotoxic properties under acute oxidative stress, resulting in an
increased cell mortality. Furthermore, given that MDCK mito-hum cells
exhibit an increased cell death during oxidative stress but not under basal
conditions, one could hypothesize that the sensitization is linked to PRDX5
peroxidatic activity. However, MDCK cells expressing enzymatically
inactive mitochondrial PRDX5 exhibited also a higher cell mortality
following oxidative stress, indicating that human PRDX5 provokes
deleterious effects in MDCK mitochondria independently of its enzymatic
activity. It seems thus that the presence of the protein, rather than its
peroxidatic activity, is inappropriate in the MDCK mitochondrial matrix
during acute oxidative stress. At this stage, it is difficult to establish which
molecular mechanism is responsible for the peroxide-induced sensitization
of the MDCK mito-hum cells. A possible explanation is that PRDX5
cytotoxic property is linked to a redox-dependent interaction with another
MDCK mitochondrial protein, impairing the function of the binding partner.
Interactions of PRDXs with various proteins have been described, such
interactions having been shown to modulate the functions of the binding

partners (Rhee and Woo 2011). However, so far, little is known about PRDX5
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interactions with mitochondrial proteins. Therefore, it would be interesting
to study and compare the interactions of PRDX5 with other MDCK
mitochondrial proteins in basal versus oxidative conditions. Finally, it is
important to note that, in a previous study, we used the same expression
vectors to assess the cytoprotective function of human L-PRDX5 and S-
PRDX5 in Chinese hamster ovary (CHO) cells (Banmeyer et al. 2004). In
these cells, which contain endogenous mitochondrial PRDX5, both L-PRDX5
and S-PRDX5 afforded antioxidant protection during acute oxidative stress.
It appears thus that human L-PRDX5 triggers deleterious effects during
acute oxidative stress in cells lacking endogenous mitochondrial PRDXS5,
while the same protein confers antioxidant resistance in cells possessing
endogenous mitochondrial PRDX5. This led us to suggest that, despite the
fact that PRDX5 cytoprotective function has been clearly demonstrated by
several studies in human and rodents, the conservation of mitochondrial
PRDX5 would not confer necessarily an advantage in all mammalian
species. Also, although the loss of L-PRDXS5 in canids could have occurred
without link with this phenomenon, it is tempting to speculate that the
cytotoxic property of L-PRDX5 in mitochondria is at the origin of the

abolition of mitochondrial PRDX5 in canids.

Interestingly, analysis of PRDX5 sequences from different animal
species reveals that the non-conservation of PRDX5 mitochondrial targeting
represents only a fraction of PRDX5 subcellular variability that is found
through animal kingdom (see Fig. 7.2.). Indeed, in addition to the lack of
PRDX5 MTS in some mammals, the PTS1, responsible for peroxisomal
localization, appears also to be abolished in some animal species. Moreover,
the presence of the second translation initiation codon, permitting the

translation of S-PRDX5, appears to be absent in some species, like in bay
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scallop. In these species, only L-PRDX5 (mitochondrial) is likely to be
translated. Taken together, it seems that PRDX5 relocalizations occurred at
many occasions during mammalian evolution. Whether this variability
permits an adaptation to specific needs, metabolic pathways or life

environments remains a matter of speculation.

To conclude, the present study shows that mitochondrial PRDX5 is
not essential in canids. Our results suggest that the abolition of
mitochondrial PRDX5 in the family Canidae would have occurred between
50 and 10 mya and involves the mutation of the first translation initiation
codon of PRDX5 as well as the appearance of a STOP codon in the ancestral
MTS. Finally, our work shows that the restoration of mitochondrial PRDX5
in MDCK cells triggers deleterious effects during acute oxidative stress
conditions. Further studies will be necessary to investigate the mechanism
by which MDCK mitochondrial matrix is inappropriate to PRDX5

antioxidant protective function.
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8. Overexpression of dog PRDX5 in
Madin-Darby canine kidney (MDCK) cells
does not confer antioxidant protection
during acute oxidative stress

Abstract

The antioxidant enzyme PRDX5 is unusual as its subcellular distribution
appeared to be variable among mammals. Indeed, in some species, like
human, this enzyme is localized in the cytosol, the mitochondria, the
peroxisomes and in the nucleus. In other species, like pig and dog, PRDX5
mitochondrial targeting has been lost. Previously, in order to study the
functional consequences of the restoration of PRDX5 mitochondrial
targeting in dog, we expressed human mitochondrial PRDX5 in Madin-
Darby canine kidney (MDCK) cells. Unexpectedly, we showed that the
expression of this human protein in MDCK mitochondria increased cell
mortality under acute peroxide-induced oxidative stress, while expression of
this protein in MDCK cytosol/peroxisomes had a protective effect under the
same experimental conditions. Here, we examine the consequences of the
restoration of mitochondrial targeting of dog PRDX5 in MDCK cells. Like
with human mitochondrial PRDX5, expression of dog PRDX5 in MDCK
mitochondria resulted in increased cell death during acute oxidative stress.
However, unlike human cytosolic/peroxisomal PRDX5, dog PRDX5
overexpression in MDCK cytosol/peroxisomes resulted also in a
sensitization during acute oxidative stress. Thus, overexpression of dog
PRDX5 in MDCK cells provokes deleterious effects under oxidative stress
independently of the subcellular localization. Therefore, for a yet unknown
reason, it appears that dog PRDX5 is unable to exert its antioxidant

protective function in the MDCK cellular model.
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Keywords: Peroxiredoxin 5, Subcellular targeting, Mitochondrion, Canis

lupus familiaris, MDCK cells, oxidative stress

Abbreviations used: LDH: lactate dehydrogenase; L-PRDX5: long form of
peroxiredoxin 5; MDCK: Madin-Darby canine kidney; MTS: mitochondrial
targeting sequence; PRDX: peroxiredoxin; S-PRDX5: short form of
peroxiredoxin 5; t-BHP: tert-butyl hydroperoxide

8.1. Introduction

PRDX5 is the last member of the mammalian PRDX family that has been
identified. This antioxidant enzyme exhibits a wide subcellular distribution.
Indeed, in human, PRDX5 can be targeted to the cytosol, the mitochondria,
the peroxisomes and, in several situations, to the nucleus (Knoops et al.
1999; Kropotov et al. 1999; Yamashita et al. 1999; Seo et al. 2000; Kinnula et
al. 2002; Lu et al. 2006). This complex subcellular distribution results from
the existence of two PRDX5 forms encoded by a single gene. The short
PRDX5 form (S-PRDX5) corresponds to the cytosolic/peroxisomal form
while the long PRDX5 form (L-PRDXb5) is targeted to mitochondria thanks to
a cleavable mitochondrial targeting sequence (MTS) (Knoops et al. 2011).
Interestingly, in mammals, PRDX5 subcellular localization has changed at
least at two different occasions during mammalian evolution. Indeed,
although the cytosolic/peroxisomal distribution seems to be conserved in
mammals, mitochondrial localization of PRDX5 is lacking in some species,

like pig and dog (see chapters 6 and 7).

In chapter 7, we investigated the functional consequences of the
restoration of mitochondrial PRDX5 in dog by overexpressing human L-
PRDX5 in MDCK cells. Surprisingly, peroxide-induced cell death was
increased in MDCK cells expressing human PRDX5 in mitochondria. On the

other hand, expression of human S-PRDX5 protected MDCK cells against
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peroxide-induced oxidative stress. We concluded that, for an unknown
reason, human PRDX5 gains cytotoxic properties in MDCK mitochondria
under acute oxidative conditions. These cytotoxic properties were not
related to PRDX5 enzymatic activity. However, we cannot exclude that
PRDX5 heterologous expression (human PRDX5 was expressed in dog
mitochondria) is at the origin of the deleterious effects in MDCK cells.
Therefore, we assessed whether dog PRDXS5 targeted to mitochondria would
also provoke deleterious effects in MDCK cells during acute oxidative stress.
In this work, we study the consequences of the (over-)expression of dog

PRDX5 in MDCK mitochondria or cytosol/peroxisomes.

8.2. Materials and methods

8.2.1. Computer analysis

Multiple sequence alignment was performed with ClustalX 2.0.7 software

(Larkin et al. 2007).
8.2.2. Cloning of MDCK PRDX5 cDNA

Total RNA from MDCK cells was isolated using NucleoSpin RNAII kit
(Macherey-Nagel) following manufacturer’s instructions. The cDNA strand
was synthesized from total RNA using oligo(dT) and ReverAid™ H Minus
First Strand cDNA Synthesis Kit (Fermentas). cDNA was amplified by RT-
PCR using forward primer 5-GGTCTGCAGCACAGGCAGTGTCG-3" and
reverse primer 5-CCTTTGTCCAGGGCTGGGCAGGTGC-3'. The amplified
sequence was ligated into the pCR2.1-TOPO vector (Invitrogen) and

subsequently sequenced.
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8.2.3. Plasmid construction

Plasmid pEF-BOS containing an EF-1-a promoter, a puromycin resistance
gene and G-CSF-poly(A) polyadenylation signal was used as mammalian

expression vector (Banmeyer et al. 2004).

To target dog PRDX5 to the mitochondria, the MTS of human
PRDX5 was fused to the N-terminus of dog S-PRDX5. The plasmid pEF-
BOS-mito-can-PRDX5 (encoding human PRDX5 MTS in fusion with dog S-
PRDX5) was constructed as follows. The sequence encoding human PRDX5
MTS was PCR-amplified (PCR1) from human PRDX5 cDNA (Knoops et al.

1999) using forward primer 5'-
GGCCGTACTAGTGGTATGGGACTAGCTGGCGTGTGCGCC-3’ (Spel
restriction site underlined) and reverse primer 5-

GGCATCTCCCACCTTGATTGGGGCCATGGCTGC-5.  The  sequence
encoding dog S-PRDX5 was amplified (PCR2) from dog PRDX5 cDNA (see
point 8.2.2) using forward primer 5-
GCCATGGCCCCAATCAAGGTGGGAGATGCC-3" and reverse primer 5'-
TATCTGGCGGCCGCCACTCAGAGCTGCGAGAGGATGTTGGG-3"  (Notl
restriction site underlined). The two fragments were joined by overlapping
PCR using forward primer from PCR1 and reverse primer from PCR2. The
resulting amplicon was ligated in the pCR2.1 vector and subcloned into the

Spel and Notl sites of the pEF-BOS vector.

The plasmid pEF-BOS-cyto-can-PRDX5 (encoding dog S-PRDXS5),
was generated by PCR amplification of dog PRDX5 cDNA (see point 8.2.2)
using forward primer 5-
AGCGACTAGTCCGCCATGGCCCCAATCAAGGTGGGAGATGC-3"  (Spel
restriction site underlined) and reverse primer 5-
TATCTGGCGGCCGCCACTCAGAGCTGCGAGAGGATGTTGGG-3"  (Notl

restriction site underlined). The resulting amplicon was ligated in the
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pCR2.1 vector and subcloned into the Spel and Notl sites of the pEF-BOS

vector.
8.2.4. Stable transfection of MDCK cells

Transfection was performed using Amaxa™ Nucleofector™ Technology
(Lonza AG). Cells were selected for puromycin resistance and individual
clones were isolated. At least three clones were obtained and characterized
for each cell line. PRDX5 overexpression was verified by immunostaining

and Western blotting. Experimental procedures were described in Chapter 7.

8.2.5. Cell treatment with H>O; and t-BHP and lactate dehydrogenase
(LDH) assay

Cells were exposed for one hour to increasing concentrations of H>O» or #-
BHP (Sigma). Cytotoxicity was evaluated by the lactate dehydrogenase
(LDH) release assay. Experimental procedures were described in Chapter 7.
Cell death values were calculated from triplicates within an experiment. The
experiment was repeated three times, allowing the calculation of means and
SEM. Statistical analysis was performed using two-way ANOVA with the
Bonferroni post-hoc test. Significance versus control is designated as

*p<0.05, ** p<0.01, *** p<0.001.
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8.3. Results

8.3.1 Generation of MDCK clones (over-)expressing dog PRDX5 in

mitochondria or cytosol/peroxisomes

To study the effect of the (over-)expression of dog PRDX5 in mitochondria
or cytosol/peroxisomes during acute oxidative stress, stable MDCK
transfectants were generated. pEF-BOS was used as mammalian expression
vector (Fig. 8.1.A). Figure 8.1.B. presents schemes of the proteins encoded by
the different constructs used for transfection. pEF-BOS-mito-can-PRDX5
encodes human PRDX5 MTS in fusion with the N-terminal part of dog S-
PRDX5 (Mito-can). pEF-BOS-cyto-can-PRDX5 vector encodes dog S-PRDX5
(Cyto-can). After transfection of MDCK cells with the empty expression
vector (control cells) or with one of the two PRDX5 expression vectors, stable
clones were selected. The cell lines were named MDCK control, MDCK
mito-can and MDCK cyto-can according to the name of the proteins encoded
by the expression vectors. Overexpression of PRDX5 was quantified by
immunoblotting (Fig. 8.1.D). PRDX5 expression in MDCK mito-can cells was
~4-fold higher than in control cells while in MDCK cyto-can cells, this
expression was ~22-fold higher (Fig. 8.1.E). Subcellular localization of
PRDX5 was verified by immunofluorescence. In MDCK control and MDCK
cyto-can cells, a cytosolic and nuclear signal, as well as a typical peroxisomal
granular pattern, were detected (Fig. 8.1.C). In MDCK mito-can cells, PRDX5

was mainly detected in the mitochondria.
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Fig. 8.1. Overexpression of dog PRDX5 in MDCK cells. (A) Organization of the
construct cloned into mammalian expression vector pEF-BOS. EF-1a prom, promoter
region of human EF-la chromosomal gene; G-CSF-poly-A, poly(A) adenylation
signal from human granulocyte colony-stimulating factor. (B) Representation of the
proteins encoded by the different constructs used for transfection. Mito-can
corresponds to the cleavable (scissors) human PRDX5 mitochondrial targeting
sequence (Hs MTS) expressed in fusion with the N-terminal part of dog PRDX5 (Cf
PRDX5). Cyto-can corresponds to dog PRDX5. (C) The subcellular localization of
PRDX5 was verified by immunofluorescence in each clone. (D) PRDX5
overexpression was verified by Western blotting. (E) PRDX5 protein levels were
quantitated, normalized with B-actin levels and expressed in relative units of PRDX5
content in MDCK control cells. Values are means + SEM of triplicates.
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8.3.2. Cytotoxicity induced by high concentrations of H,O; and t-BHP

To determine whether dog PRDX5 targeted to mitochondria could protect
against oxidative stress induced by peroxides, MDCK control and MDCK
mito-can cells were exposed for one hour to various H>O» (Fig. 8.2.A) and ¢-
BHP concentrations (Fig. 8.2.C). Under basal conditions, the MDCK mito-can
and control cells exhibited equivalent LDH release. At high levels of H.O:
and t-BHP, cell death was significantly higher in MDCK mito-can cells
compared to MDCK control cells. On the other hand, MDCK cyto-can cells
were also subjected to acute oxidative stress (Fig 8.2.B and 8.2.D). Cell death
was significantly increased in cyto-can cells compared to control cells at high

concentrations of H,O, and t-BHP.
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Fig. 8.2. Cytotoxicity induced by hydrogen peroxide (A-B) and t-BHP (C-D) in
MDCK cells overexpressing dog PRDX5. After one hour exposure to high peroxide
levels, cell death was evaluated by the lactate dehydrogenase (LDH) release. The
total LDH release (100% cell death) was determined after lysis of the cells with 2%
Triton X-100. Values are means + SEM of three independent assays. Significance is
designated as *p<0.05, **p<0.01, ***p<0.001.
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8.4. Discussion

8.4.1. Human PRDXS5 versus dog PRDX5

In Chapter 7, we showed that human PRDX5 expression in MDCK
mitochondria increased cell death during acute peroxide-induced oxidative
stress, while expression of the enzyme in the cytosol/peroxisomes had the
opposite effect (see Fig. 8.3). This result was unexpected, and suggests that
PRDX5 gains cytotoxic properties in MDCK mitochondria under acute
oxidative stress conditions. However, we cannot exclude that the
cytotoxicity was linked to the heterologous expression of the protein. To test
this hypothesis, we targeted dog PRDX5 to MDCK mitochondria and
reiterated the experiment. As a control, dog PRDX5 was overexpressed in
MDCK  cytosolic/peroxisomal compartment. We expected that
mitochondria-targeted dog PRDX5 would provoke deleterious effects in
MDCK cells while overexpression of dog cytosolic/peroxisomal PRDX5 (S-
PRDX5) would confer resistance to oxidative stress. In this case, we would
have concluded that the cytotoxic properties of human PRDX5 in MDCK
mitochondria were not linked to heterologous expression. Unexpectedly,
increased cell death was observed in both MDCK mito-can and MDCK cyto-
can cells during acute oxidative stress (see Fig. 8.3). Given the increased cell
death in MDCK cyto-can cells, the present work does not answer our

primary question.
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Fig. 8.3. Peroxide-induced cytotoxicity in MDCK cells (over-)expressing
human/dog PRDX5 in mitochondria or cytosol/peroxisomes: summary of the
results. Overexpression of human mitochondrial PRDX5, dog cytosolic/peroxisomal
PRDX5, as well as dog mitochondria-targeted PRDX5 triggered increased MDCK cell
mortality during acute oxidative stress. On the other hand, expression of human
cytosol/peroxisomal PRDX5 in MDCK cells conferred antioxidant protection.

8.4.2. Dog and human S-PRDX5 exhibit different properties

Our results do not respond to our main question, but rather they raise
another important issue: why does the overexpression of canine S-PRDX5
provoke deleterious effects during acute oxidative stress, while expression of
human S-PRDX5 prevents cell death under the same experimental
conditions? It is worth noting that PRDX5 expression level in MDCK cyto-
hum (MDCK expressing human S-PRDX5) and MDCK cyto-can cells
(MDCK overexpressing dog S-PRDX5) are similar (see Figs. 7.6 and 8.1).
Human and dog S-PRDX5 opposite effects in MDCK cells are thus not due
to different expression levels, but suggest that human and dog S-PRDX5
possess different intrinsic properties. This is unexpected because human and
dog S-PRDX5 peptidic sequences are not divergent, presenting 89% identity
and 96% similarity (see Fig. 8.4). Also, the catalytic sites of dog S-PRDX5 are

conserved. Furthermore, based on tertiary structure predictions, no specific
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constraints would hinder dog PRDXS5 to adopt a similar tertiary structure as
human PRDX5 (Declecq JP, personal communication). Taken together, these
data suggest that dog S-PRDX5 should act as an efficient antioxidant
enzyme. However, we cannot totally exclude that the slightly different
sequences could confer new properties to dog PRDX5. For example, some
amino acid substitutions could create new interaction sites for another dog
cytosolic or peroxisomal protein. Furthermore, dog and human PRDX5
different properties could possibly be linked to post-translational
modifications, which would differ on dog and human PRDXS5. Interestingly,
the generation of MDCK cells expressing human PRDX5 revealed that dog
PRDX5 possesses a lower apparent molecular weight compared to human
PRDX5 (see Fig. 7.6). Amino acid comparison of dog and human PRDX5
suggests that this apparent molecular weight difference (~1.5 kDa), could
not be caused by a variation in the primary structure of the protein. It is thus
possible that some post-translational modifications that occur in human
PRDX5 are absent in dog PRDX5. The absence of these post-translational
modifications could possibly alter dog PRDX5 antioxidant function, or
confer new properties to the protein. Interestingly, in silico analysis of
human and dog PRDX5 protein sequences revealed that Ser74 and Ser118
residues are predicted to be phosphorylated in human but not in dog
PRDX5 (see Fig. 8.4.). In this context, although it was shown that the typical
2-Cys PRDXs may undergo different posttranslational modifications (Rhee
and Woo 2011), little is known about such modifications of PRDX5. Unlike
typical 2-Cys PRDXs, PRDX5 is not known to be a good candidate to
undergo hyperoxidation (Woo and Rhee 2010). By contrast, it was shown
that PRDX5 can be glutathionylated in rat hepatocytes exposed to oxidative
stress (Fratelli et al. 2003). To further investigate the origin of the different
properties of dog and human PRDX5, a two-dimensional gel electrophoresis

purification of the proteins with subsequent analysis would be necessary.
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Fig. 8.4. ClustalX 2.0.7 amino acid sequence alignment (Larkin et al. 2007) of
human and dog PRDX5. Asterisks indicate identities, dots and double dots indicate
conservative and highly conservative substitutions, respectively. Amino acid
numbering refers to mature human PRDX5 (Declercq et al. 2001). Peroxidatic (Cp)
and resolving (Cr) cysteines are indicated in yellow. Residues involved in the
stabilization of the catalytic pocket are highlighted in grey. Phosphorylated residues
predicted with the NetPhos server (Blom et al. 1999) are boxed. The peroxisomal
targeting sequence (PTS1) is indicated in green.

8.4.3. Mechanism underlying dog PRDX5 cytotoxicity in MDCK cells

It is difficult to establish which mechanism is responsible for the
sensitization observed in the MDCK cyto-canis cells during acute oxidative
stress. In the previous section, we propose that the absence of some post-
translational modifications could impair PRDX5 peroxidatic activity.
However, the absence of peroxidatic activity would have no effect on cell
viability and does not explain the increased cell death of MDCK cyto-can
cells. It is thus possible that dog PRDXS5 is able to function as an efficient
antioxidant enzyme in MDCK cells, but that the protein concomitantly
provokes deleterious effects which surpass the antioxidant protection
conferred by PRDX5. These deleterious effects, which would be linked to
dog-specific PRDX5 properties, could be driven by different mechanisms,
such as a redox-dependent interaction with another protein, leading to the

dysfunction of this protein. Also, an altered interaction with the reducing
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protein thioredoxin 1 (TXN1) could account for the deleterious effects
observed in MDCK cyto-can cells. For example, dog PRDX5/TXN1 complex
could be more stable as human PRDX5/TXN1 complex, increasing the
complex half-life and rendering thereby TXN1 less available for the
reduction of other oxidized proteins. Interestingly, it has been suggested
recently that, in yeast, under oxidative stress conditions, it would be critical
to allow TXN to act on substrates other than PRDXs to ensure repair of
oxidized proteins and cell survival (Day et al. 2012). Finally, dog PRDX5
could also trigger deleterious effects by inducing a decreased expression of
other antioxidant enzymes. Therefore, it would be interesting to evaluate the
expression levels of catalase, GPXs and the other members of the PRDX

family in MDCK cyto-can cells.
8.4.4. Dog cytosolic/peroxisomal PRDX5 is conserved

Although mitochondrial PRDX5 is abolished in dog, we show that the
cytosolic/peroxisomal form of the protein is maintained (see Chapter 7).
From this observation, one could logically hypothesize that cytosolic PRDX5
is essential in dog, or, at least, confers an advantage to the species. This is
not consistent with the fact that overexpression of dog S-PRDX5 in MDCK
cells provokes deleterious effects during acute oxidative stress. However, we
cannot conclude from our results that the presence of endogenous S-PRDX5
in dog makes no sense. First, the high peroxide resistance of MDCK cells led
us to use very high H»O» concentrations (10-15 mM) to induce peroxide
cytotoxicity. These concentrations are not physiologically relevant, as it was
estimated that cells may experience up to 0.01-1 mM H>O» during their life
history (Schroder and Eaton 2008). Testing lower peroxide concentrations
during longer periods would permit to mimic more physiological relevant
situations, and could possibly lead to different results. Secondly, it is
interesting to note that endogenous PRDX5 content in MDCK cells is low
compared to human SH-SY5Y cells (see Fig 8.1). Transfection of MDCK cells
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led to a 22-fold PRDX5 overexpression, which is considerable. Therefore, the
presence of S-PRDX5 in low concentrations could be beneficial in MDCK
cells, but, beyond a critical threshold, could provoke deleterious effects
under oxidative conditions. It would be interesting to compare
cytosolic/peroxisomal PRDX5 content in more dog and rat tissues to
evaluate whether PRDX5 expression level is globally lower in dog compared
to other species. Also, it would be useful to test the consequences of PRDX5
overexpression in another dog cell line, like in Cf2Th (dog thymus) cell line.
Finally, to study the function of dog PRDX5, it would be of interest to
evaluate the consequences of PRDXS5 silencing in MDCK cells.

8.4.5. Conclusion

This work, although not responding to our primary objective, raises new
questions. Here, we show that dog PRDX5 presents specific features not
only because the absence of the mitochondrial form, but also through an
atypical behavior of its cytosolic/peroxisomal form following acute
oxidative stress. This makes dog cytosolic/peroxisomal PRDX5 an

interesting tool to study the consequences of PRDX5 interspecific variability.
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9. General discussion

9. General discussion

This work focuses on interspecific variability of PRDX5 mitochondrial
targeting sequence. In this chapter, a general view of the major outcomes of
this work will be given. However, before discussing our experimental
results, this section will situate our key issue in a more general context.
Indeed, it seems critical to us to emphasize that interspecific variability of
PRDX5 mitochondrial targeting represents only a fraction of PRDX5
subcellular distribution variability that is found through the animal
kingdom (Fig. 9.1). Despite the fact that we can find some disparate elements
representing this variability in the literature, this point was never

underlined nor deeply investigated until now.
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PRDX5 subcellular
distribution variability
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Fig. 9.1. General context (green) in which our key issue (red) lies. PRDX5
subcellular distribution may vary within an organism (according to cell type and
during time) and during animal evolution (according to species). In the latter case,
PRDX5 subcellular distribution variation concerns not only mitochondrial targeting.
Intraspecific variability (variability between organisms in the same species) could
also occur, but no evidence of such variability is reported in the literature.

134



9. General discussion

9.1. PRDX5: from a complex gene organization to variable

subcellular distribution

9.1.1. Multiple targeting of human PRDX5

In eukaryotes, a protein can be located in several subcellular compartments;
a phenomenon termed multiple targeting, multiple distribution or multiple
localization. Differentially localized proteins are termed isoproteins
(Karniely and Pines 2005; Yogev and Pines 2011). Human PRDXS5, being
distributed in mitochondria, cytosol, peroxisomes and in several situations,
in the nucleus, is an example of multiply targeted protein. In eukaryotes,
multiple targeting can be achieved by several mechanisms (for review see
Karniely and Pines (2005); Yogev and Pines (2011)). These are principally
divided up into two groups, based on the presence of one or two translation
products. If two translation products are present, one of the two translation
products possesses a targeting signal while the other lacks it. The production
of two translation products can result from (i) the presence of two genes, (ii)
the presence of multiple RNAs, involving alternative transcription initiation
or alternative splicing or (iii) alternative translation initiation, based on the
ability of the ribosome to skip the first AUG. More complicated mechanisms
are those allowing multiple targeting of single translation products. These
mechanisms involve (i) the presence of an ambiguous targeting signal, being
recognized by more than one organelle, (ii) inefficient or incomplete
targeting, allowing a subpopulation of molecules to be targeted to one
organelle while other molecules remain in the cytosol, (iii) multiple targeting
sequences, (iv) changes in targeting sequence accessibility in a
subpopulation of molecules, (v) reverse translocation during mitochondrial
import, or (vi) release of proteins from organelles by membrane leakage or
export (Knott et al. 2000; Karniely and Pines 2005; Yogev and Pines 2011). It

is interesting to note that not less than three features allowing multiple
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targeting in eukaryotes are present in human PRDX5. Indeed, three
alternative transcription initiation sites were identified in liver PRDX5
(Nguyen-Nhu et al. 2007) and two in-frame translation initiation codons are
present. This allows the synthesis of two translation products: L-PRDX5 and
S-PRDX5 (see Fig. 3.2). It is generally accepted that L-PRDX5, exhibiting a
strong N-terminal MTS, is exclusively targeted to the mitochondria, while S-
PRDXS5 is again multiply targeted to the cytosol and the peroxisomes. S-
PRDX5 multiple targeting is thought to rely on low efficiency of peroxisomal
targeting (Banmeyer et al. 2004; Nguyen-Nhu et al. 2007; Knoops et al. 2011).
Indeed, the non-canonical PRDX5 PTS1 sequence (SQL) has a two-out-of-
three match with the consensus sequence (S/A/C)-(K/R/H)-(L/M). This
would allow a subpopulation of PRDX5 to remain in the cytosol while other
PRDX5 molecules are targeted to peroxisomes. Interestingly, in mammals,
other examples of dual peroxisomal/cytosolic distribution have been
attributed to the presence of a non-consensus PTS1, like for
alanine:glyoxylate aminotransferase (AGT) (Knott et al. 2000) or epoxide
hydrolase (Arand et al. 1991).

In addition to be localized in mitochondria, cytosol and
peroxisomes, human PRDX5 was also reported to be present in the nucleus,
although not being found at high levels in all cell types (Kropotov et al. 1999;
Kinnula et al. 2002; Kropotov et al. 2004; Lu et al. 2006; Poncin et al. 2008). It
was proposed that nuclear PRDX5 corresponds to one isoprotein of S-
PRDX5 (Banmeyer et al. 2004; Nguyen-Nhu et al. 2007; Knoops et al. 2011).
However, the mechanism of PRDX5 nuclear import is still unclear. Until
now, no nuclear localisation signal (NLS) was described for PRDX5.
Therefore, PRDX5 nucleocytosolic transport could occur by passive diffusion
through the nuclear pore complex, which allows crossing of macromolecules
up to ~40 kDa (Stewart 2007). Also, PRDX5 could cross the nuclear

membrane actively by interacting with a carrier protein containing an NLS.
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Since the importance of nuclear localization varies according to cell-type, the

hypothesis of a carrier-dependent translocation seems the most likely.

Taken together, the remarkably wide PRDX5 distribution in human
cells results from a complex gene organization and involves the use of
various multiple targeting mechanisms. While the multiple targeting to
mitochondpria, cytosol and peroxisomes is quite well understood (Knoops et
al. 2011), the targeting mechanism of S-PRDX5 to the nucleus needs to be

clarified.

9.1.2. Variability of PRDX5 multiple targeting in a single organism: time-

dependent and tissue-specific regulations

PRDX5 isoproteins derive from a single gene. The presence of multiple
PRDX5 genes would have the advantage of a completely independent
expression control of the different isoproteins. Nevertheless, in eukaryotes, it
becomes clear that sophisticated regulation mechanisms allow a modulation
of the ratio between different isoproteins, even though they derive from a
single gene (Yogev and Pines 2011). This allows subcellular distribution to
be tissue-specific and/or time-dependent in response to cellular signalling
or changing extracellular conditions. Evidence suggests that such
regulations exist for PRDX5. For example, we noticed that the peroxisomal
distribution of PRDX5 was not evenly important in all human cell lines.
Indeed, peroxisomal distribution was relatively important in human SAOS-2
cells (see Fig. 6.5), while we did not, or scarcely, detect the protein by
immunofluorescence in peroxisomes of human SH-SY5Y and HepG2 cells
(see annex 5). Thus, the ratio between the different PRDX5 isoproteins seems
to be cell type-specific. Moreover, it was suggested that, albeit PRDX5
peroxisomal localization in HepG2 «cells is not detectable by
immunofluorescence in normal growing conditions, the exposure of these
cells during 16h with 150uM #-BHP induces a massive PRDX5 translocation
in peroxisomes (Bogard and Knoops (1999), unpublished data). Despite the
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fact that these data need to be confirmed, it seems that the ratio between the
different PRDX5 isoproteins could also vary during time, depending on
stress or metabolic conditions. This time-dependent and cell type-specific
variability is also illustrated by variations of PRDX5 nuclear distribution.
Indeed, as mentioned before, the importance of PRDX5 nuclear localization
varies according to cell type. Also, PRDX5 nuclear translocation was
observed under pathophysiological situations in thyrocytes (Gerard et al.
2005; Poncin et al. 2008). All these evidence suggests that PRDX5 multiple
targeting is a finely regulated process, although the regulation mechanisms
are not understood yet. These mechanisms represent an unexplored and

fascinating field of investigation.

The ratio between the different PRDX5 isoproteins could possibly be
regulated through modulation of the production of L-PRDX5 and S-PRDX5.
This regulation should occur at the transcription level, by favoring one
transcription initiation site. A second route to control the ratio between
isoproteins could be the regulation of S-PRDX5 multiple localization. For
example, the importance of PRDX5 peroxisomal distribution could be
regulated through a modulation of its interaction with peroxin 5 (PEX5), the
cytosolic receptor for peroxisomal import (Rucktaschel et al. 2011). PEX5
interaction with a peroxisome-targeted protein relies on the presence of the
PTS1 signal. The identity of the residues in the C-terminal tripeptide (with
respect to the consensus sequence), but also the accessibility of the PTS1,
modulate the complex stability between the receptor and the peroxisome-
targeted protein (Brocard and Hartig 2006). Therefore, PRDX5 peroxisomal
import could be regulated by the modulation of its PTS1 accessibility, which
in turn depends on PRDX5 protein folding. It is thus possible that, under
specific conditions or in specific cell types, PRDX5 PTS1 presentation is
facilitated by factors that alter PRDX5 folding, like chaperones (e.g. Hsp70)
or post-translational modifications. Another way to regulate S-PRDX5

multiple targeting is the regulation of nuclear localization, which most
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probably relies on the interaction with carrier proteins (see point 9.1.1).
Consequently, nucleocytosolic transport regulation could depend on either
the carrier protein or S-PRDX5. Mechanism such as protein folding, post-
translational modifications or binding to another protein could be involved
in such regulations. Finally, it is important to note that, while nuclear import
is reversible (Stewart 2007), peroxisomal/mitochondrial export machineries
were never described. However, time-dependent relocalization of
mitochondrial/peroxisomal isoproteins would be possible, involving for
example membrane leakage. Also, transport of PRDX5 from mitochondria to
peroxisomes could occur through the recently identified vesicular transport
pathway that shuttles selected cargo between mitochondria and
peroxisomes (Neuspiel et al, 2008; Braschi et al, 2010). Finally, time-
dependent regulation of mitochondrial/peroxisomal PRDX5 isoprotein

levels could possibly involve PRDX5 degradation.

9.1.3. Variability of PRDX5 multiple targeting during animal evolution:

species-specific subcellular distribution

Analysis of PRDX5 sequences from different species (see figs. 6.1 and 7.2)
reveals that PRDX5 subcellular targeting varied during animal evolution.
This variation relies on variability in PRDX5 gene sequence, resulting in the
production of variable translation products, possessing or lacking the
MTS/PTS1. We found that, besides the “classical” human PRDX5 gene
organisation described in point 9.1.1, three major “variants” exist (Fig. 9.2).
In the first variant, found in domestic pig and domestic dog PRDX5, the first
translation initiation codon is absent. This leads to the abolition of
mitochondrial PRDX5 (see Chapters 6 and 7). In the second variant, the two
in-frame translation start codons are maintained but the PTS1 is absent. In
this variant, both L-PRDX5 (mitochondrial) and S-PRDXS5 are translated, but
S-PRDX5 would not be targeted to peroxisomes. This second variant

concerns for example zebrafish and fruitfly PRDX5. In the last variant, found
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in bay scallop and Trichoplax adhaerens PRDX5, the second translation
initiation codon 1is abolished, leading to L-PRDX5 (mitochondrial)
translation only. Taken together, among the four variants, “classical” human
PRDX5 gene organization would permit the largest subcellular distribution,
while the other variants would lead to a more restrictive subcellular
distribution. Interestingly, species presenting the same PRDX5 variant are
not necessarily closely phylogenetically related. For example, lugworm
(annelid) and human present the same PRDX5 variant. Moreover, it is worth
to note that this interspecific variability of PRDX5 subcellular distribution
results from mutations in five codons only, namely the two translation
initiation codons and the three codons encoding the PTS1. This allows,
through an on-off mechanism, the abolition/appearance of mitochondrial,
peroxisomal or cytosolic PRDX5 targeting. Taken together, PRDX5
subcellular relocalization has occurred at many occasions during animal
evolution. Whether this variability permits an adaptation to specific needs,
metabolic pathways or life environments, remain matters of speculations. It
is interesting to note that none of the PRDX5 isoproteins is totally conserved
throughout the animal kingdom, indicating that each PRDX5 isoprotein is
dispensable in at least a few animal species. Furthermore, it is not impossible
that more than four PRDX5 variants exist in the animal kingdom.
Sequencing of more PRDX5 orthologs would possibly permit to reveal the

existence of other PRDX5 variants.
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Figure 9.2. Interspecific variability of PRDX5 subcellular targeting. According to the amino acid alignments presented in Figs 6.1 and 7.2,
four cases exist: (i) expression of both L-PRDX5 (long form of PRDX5) and S-PRDX5 (short form of PRDXS5), each containing a peroxisomal
targeting signal (PTS1); (ii) expression of S-PRDX5 only, containing a PTS1; (iii) expression of both L-PRDX5 and S-PRDX5, each lacking the
PTS1; (iv) expression of L-PRDX5 only. Predicted subcellular localizations are indicated. M: mitochondria; C: cytosol; P: peroxisome; N:
nucleus. Taxonomic groups are indicated between brackets. Human, Homo sapiens; house mouse, Mus musculus; cattle, Bos taurus; green anole,
Anolis carolinensis; lugworm, Arenicola marina; starlet sea anemone, Nematostella vectensis; domestic dog, Canis lupus familiaris; domestic pig, Sus
scrofa domesticus; gilthead seabream, Sparus aurata; zebrafish, Danio rerio; Japanese lancelet, Branchiostoma belcheri tsingtaunese; fruitfly,
Drosophila melanogaster; Amphimedon queenslandica; bay scallop, Argopecten irradians; Trichoplax adhaerens.
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PRDX5 is not the only protein that exhibits subcellular relocalization
during animal evolution. However, so far, most of the examples of protein
subcellular relocalizations that are described in the literature occurred
quickly following gene duplication (Schmidt et al. 2003; Rosso et al. 2008a;
Rosso et al. 2008b; Wang et al. 2009; Szklarczyk and Huynen 2009), which is
not the case for PRDX5. One example concerns CDC14Bretro, which
originated from CDC14B cell cycle gene through a duplication event in the
great ape ancestor (18-25 mya). In the first million years following gene
duplication, subcellular localization of CDC14Bretro did not evolve.
Accordingly, orangutan CDCIl4Bretro is associated to microtubules
(stabilizing them), like CDC14B. However, it was shown that CDC14Bretro
subcellular localization changed in the African ape ancestor (~7-12 mya) due
to missense mutations in the N- and C-terminal parts of the protein.
Consequently, CDC14Bretro from human, chimpanzee and gorilla is located
on the cytosolic face of the endoplasmic reticulum instead of being
associated with microtubules. The functional significance of this new
subcellular localization remains unknown (Rosso et al. 2008b). Examples of
animal protein subcellular relocalizations which do not occur quickly after
gene duplication, like for PRDXS5, are rare. It remains uncertain whether this
small number of examples reflects the lack of such relocalizations or the lack
of studies investigating this phenomenon. However, it was recently
suggested that protein subcellular relocalization occurred also frequently in
single-copy genes during yeast evolution, leading to subcellular localization
variability between yeast orthologous proteins (Qian and Zhang 2009). In
animals, one example of protein subcellular relocalization which did not
occur after gene duplication concerns the intermediary metabolic enzyme
alanine:glyoxylate aminotransferase (AGT), whose subcellular targeting has
been shown to have changed at many occasions during mammalian
evolution as a consequence of dietary selection pressures (Holbrook et al.

2000; Birdsey et al. 2004).
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Furthermore, as this work focusses on PRDX5 subcellular
relocalizations during animal evolution, one could wonder whether this
variability is also found in plants and yeasts. Interestingly, the ortholog
protein of mammalian PRDX5 in yeast Saccharomyces cerevisize (Ahplp) is
cytosolic while its ortholog in yeast Candida boidinii (Pmp20) is exclusively
peroxisomal (Horiguchi et al, 2001). Thus, PRDX5 subcellular relocalizations
appear to occur also in yeasts. On the opposite, to our knowledge, such
species-specific variability was never studied in plant PRDXs. PrxIIE, the
mammalian PRDX5 ortholog in Arabidopsis thaliana, is chloroplastic (Dietz et
al, 2003). It would not be surprising to find some subcellular relocalizations
of PRDXS5 othologs during plant evolution. Indeed, amino acid composition
of mitochondrial and chloroplast targeting sequences are similar (Byun-
McKay and Geeta, 2007). Therefore, little variability in the PrxIIE N-terminal
sequence could be sufficient to provoke PRDX5 relocalization from

chloroplast to mitochondria.

In addition to the on/off mechanisms responsible for PRDX5
subcellular relocalization described above, PRDX5 multiple targeting could
also vary more finely between species through some mutations that alter the
isoprotein ratios. Indeed, L-PRDX5/S-PRDX5 ratio could vary from one
species to another even though they exhibit the same PRDX5 gene
organization (same PRDX5 variant). For example, the positions of the
transcription initiation start sites as well as the sequence context
surrounding the AUG (Kozak consensus) could have an impact on the
translation ratio of L-PRDX5 and S-PRDX5. It is interesting to note that in
house mouse PRDX5, the sequence around the first translation initiation
codon appears to be a weak Kozak sequence compared to the sequence
surrounding the second translation initiation codon (see annex 6). This could
favor the translation of S-PRDX5 instead of L-PRDX5. On the opposite, in
Norway rat PRDX5, the sequence surrounding the first and the second ATG

appears to match well the Kozak consensus. Therefore, PRDX5 isoprotein
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ratio could differ in rat and mouse. Furthermore, the importance of
peroxisomal targeting could vary according to the identity of the residues
upstream of the PTSI. Indeed, it was reported that, in some cases, the
residues adjacent to the PTS1 are required for peroxisomal import.
Accordingly, the PTS1 has been redefined as a C-terminal dodecamer
(Brocard and Hartig 2006). Therefore, although little is currently known
about the residues implicated in PRDX5/PEX5 interaction, the identity of
the residues upstream the PTS1 could possibly determine the importance of
PRDX5 peroxisomal targeting in a species. Moreover, it was shown for
proteins containing non-consensus PTS1s that the efficiency by which PEX5
mediates peroxisomal import is variable according to species. For example,
it was shown that guinea pig PEX5 was much less efficient than human
PEX5 in mediating catalase and AGT peroxisomal import (Knott et al. 2000).
By this way, the importance of PRDX5 peroxisomal distribution could also

vary between species.

9.2. Interspecific variability of PRDX5 mitochondrial targeting

A central observation in this thesis is that mitochondrial PRDXS5 is absent in
domestic pig and domestic dog (see Figs 6.3, 6.4 and 7.3). From this
statement arose four main questions. To answer these questions, several
experimental schemes have been formulated. The major conclusions as well

as some further considerations are drawn in the following paragraphs.

9.2.1. When did the abolition of mitochondrial PRDX5 occur during

mammalian evolution?

Mitochondrial PRDX5 is maintained in bovine (Leyens et al. 2004) but not in
pig (Van der Eecken et al. 2011). From this observation, we concluded that
PRDX5 MTS was lost during Cetartiodactyla evolution. It was evaluated that

Cetartiodactyla diverged from other placental mammals approximately 84.6
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mya (Murphy and Eizirik 2009), but neither phylogenetic relationships nor
divergence times between the Cetartiodactyla suborders are resolved yet.
Therefore, we cannot precisely determine when PRDX5 MTS abolition
occurred. The abolition should nevertheless have occurred within the last
84.6 million years. In a second part of this work, we showed that PRDX5
MTS was lost during Caniformia evolution. Indeed, we highlighted that,
while a functional MTS was present in giant panda (ursid) and northern
elephant seal (phocid) PRDX5 (see Fig. 7.5), PRDX5 MTS was abolished in
some species belonging to the three main canid clades as well as in the most
basal canid (gray fox) (see Fig. 7.4). Therefore, we postulated that PRDX5
MTS was lost during Caniformia evolution after divergence of the Canidae
from the other Caniformia members. Since canids diverged from other
Caniformia ~50 mya and extant canids diverged from a common ancestor
within the 10 last million years (Ostrander and Wayne 2005), the loss of
PRDX5 in canids would have occurred between 50 and 10 mya. Taken
together, abolition of mitochondrial PRDX5 in canids and pig results from
two distinct events during mammalian evolution and occurred within the

last 84.6 million years.

PRDX5 sequences are available in a limited number of mammalian
species so far. The release of more mammalian PRDX5 sequences would
probably permit to identify additional mammals lacking mitochondrial
PRDX5. This would allow establishing whether the absence of mitochondrial

PRDX5 in mammals is an exception or not.

9.2.2. Which molecular mechanism underlies the abolition of PRDX5

mitochondrial targeting?

In both pig and dog, L-PRDX5 is abolished while S-PRDX5 is present (see
Figs 6.3, 6.4 and 7.3). We found that L-PRDX5 translation initiation codon is
absent in these species. This impedes the synthesis of mitochondrial PRDX5

(see annex 7 and Fig. 7.4). The molecular mechanism responsible for the
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abolition of mitochondrial PRDX5 was studied more deeply in the context of
Caniformia evolution. We found that, in the most basal canids (gray fox, red
fox and raccoon dog), two factors impede L-PRDX5 synthesis: the absence of
the more 5 ATG codon and the presence of a STOP codon (Fig. 9.3). In the
other canids (maned wolf, arctic wolf and domestic dog), the more 5" ATG
codon is absent but the STOP codon is not present. Therefore, we
hypothesized that the PRDX5 5 region in canids corresponds to a sequence
that was able to encode a presequence ancestrally. This ancestral MTS would
have been lost by the mutation of the ATG translation initiation codon to a
GTG codon as well as by the mutation of a TCG codon to a TAG (STOP)
codon. From our results, we are not able to conclude whether the STOP
codon appeared before or after the ATG/GTG mutation. The STOP codon
would further have evolved to a CAG codon in South-American canids and
wolf-like canids. Also, a single nucleotide should have been lost in the
ancestral PRDX5 presequence from South-American canids and wolf-like

canids.

Giantpanda 5 —

Redfox ° | \
Raccoondog | TG TAG ATG
Maned wolf | _,
Arctic wolf | ° ] [ F 3

Fig. 9.3. Schematic view of the evolution of PRDX5 5’ region in canids. Species
names are indicated in red for the fox-like canids, in green for the South-American
canids and in blue for the wolf-like canids.
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Regarding our results, we conclude that the abolition of the ATG
codon in dog and pig PRDX5 leads to the loss of L-PRDX5 translation. This
was verified by the fact that only S-PRDX5 (cytosolic, peroxisomal and
nuclear) was detected in these two species (see Figs 6.3, 6.4 and 7.3).
However, in a small number of mammalian mRNAs, translation can initiate
from a non-AUG codon in addition to initiate at a downstream in-frame
AUG codon. Most of the known examples encode regulatory proteins, like
transcription factors or growth factors (Touriol et al. 2003). Therefore,
although unlikely, we cannot exclude that alternative translation at a non-
AUG codon does not occur in the gray fox, red fox, raccoon dog and/or
maned wolf PRDX5. For the maned wolf, this alternative translation
initiation site could potentially lead to the translation of mitochondrial
PRDX5. By contrast, in gray fox, red fox and raccoon dog PRDX5, the
presence of the STOP codon in the ancestral presequence involves that
alternative translation initiation at a non-AUG codon would occur
downstream of this STOP codon. This would lead to the synthesis of a
PRDX5 form with an N-terminal extension that does not possess MTS
characteristics, and that consequently would not be targeted to

mitochondria.

9.2.3. Is the loss of mitochondrial PRDX5 compensated by an increased

expression of other mitochondrial peroxidases?

In domestic pig and domestic dog, the lack of mitochondrial PRDX5 could
have been counterbalanced by higher expression of other mitochondrial
peroxidases, i.e. PRDX3 (Watabe et al. 1994; Araki et al. 1999; Oberley et al.
2001; Mowbray et al. 2008), GPX1 (Panfili et al. 1991; Utsunomiya et al. 1991,
Asayama et al. 1994; Esworthy et al. 1997; Legault et al. 2000) and GPX4
(Arai et al. 1996; Ursini et al. 1999; Schneider et al. 2009). The expression of
PRDX3, GPX1 and GPX4 was studied in pig but not in dog. Our results

suggest the existence of compensatory mechanisms counterbalancing the
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absence of mitochondrial PRDX5 in pig liver. Indeed, we showed that
PRDX3 and GPX4 are significantly more abundant in pig liver mitochondria
compared to rat liver mitochondria (see Figs 6.6 and 6.7). On the other hand,
GPX1 expression was similar in pig and rat liver mitochondria. Since the
experiment was carried out on one rat liver and one pig liver, it would be
useful to confirm these results with mitochondrial extracts from more
organisms as well from other species, like dog and other mammals. Also, it
would be interesting to compare PRDX3, GPX1 and GPX4 expression in
mitochondrial extracts from more tissues to support this hypothesis at the
level of the whole organism. Actually, it was shown that GPX activity
displays marked tissue-specific variations in pig, with a particularly high
GPX activity in pig liver. In rat tissues, the tissue-dependent variability of
GPX activity was shown to be less important than in pig (Daun and Akesson
2004). Furthermore, we showed that, despite higher PRDX3 and GPX4
contents in pig mitochondria, the lack of mitochondrial PRDX5 in pig liver
would not be without consequences. Indeed, t-BHP reduction rates by liver
mitochondrial extracts are dramatically lower in pig compared to rat (see
Fig. 6.8), suggesting that compensatory mechanisms are not sufficient to
maintain high alkyl hydroperoxide reduction rates. This phenomenon
illustrates that the multiple mitochondrial peroxidases are not necessarily
redundant. Each peroxidase has its own substrate specificity and the
increased expression of one peroxidase to compensate the absence of
another would not necessarily permit the efficient reduction of every
substrate. Interestingly, it was suggested recently that PRDX5 possesses a
more specific function in mitochondria through its high reactivity towards
alkyl hydroperoxides and peroxynitrite (Trujillo et al. 2007; Cox et al. 2010).
On the other hand, PRDX3 is known to be a very efficient H>O» scavenger
while GPX4 would reduce more efficiently phospholipid hydroperoxides
(Cox et al. 2010). In this context, it is interesting to note that PRDX5 is the

only mitochondrial peroxidase for which a peroxynitrite reductase activity
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was demonstrated so far. Since mitochondrial PRDX5 is absent in pig, it
would be interesting to measure peroxidase activity of pig mitochondrial
extracts in presence of peroxynitrite. Finally, it is important to note that, in
vivo, mitochondrial peroxidases rely on recycling by physiological
reductants. The availability of these reductants is likely to modulate the
contribution of PRDX3, PRDX5, GPX1 and GPX4 to mitochondrial peroxide

removal.

9.2.4. Would the restoration of mitochondrial PRDX5 confer an advantage
in dog and pig?

Given the abolition of PRDX5 mitochondrial targeting in dog and pig, we
hypothesized that mitochondrial PRDX5 is not essential in these species.
However, reproductive occurrences in these two domesticated species were
finely regulated by human intervention, biasing the natural selection
process. Therefore, we could not conclude from these results that the
abolition of mitochondrial PRDX5 can occur without hindering natural
evolutionary success. To clarify this point, we sequenced the PRDX5 5
region in other canids and found that mitochondrial PRDX5 is absent also in
some wild species. Some of them, like the raccoon dog and the red fox,
encountered a huge evolutionary success. This permits to confirm that
mitochondrial PRDX5 abolition does not impair the ability of some
mammals to meet a huge evolutionary success. Also, it appears that PRDX5
abolition can occur in some species without any major functional

consequence that would be visible at the level of the whole organism.

The abolition of mitochondrial PRDX5 in pig and canids is nevertheless
surprising. Indeed, due to the presence of the electron transport chain,
mitochondria are particularly exposed to oxidative attacks caused by ROS
(Halliwell and Gutteridge 2007). Furthermore, the cytoprotective function of
mitochondrial PRDX5 was described in several studies. For example,

overexpression of mitochondrial PRDX5 was shown to confer resistance to
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cell lines exposed to peroxide or drug-induced oxidative damage (Banmeyer
et al. 2004; Peng et al. 2004a; Peng et al. 2004b; Banmeyer et al. 2005).
Therefore, although it appears that mitochondrial PRDXS5 is dispensable in
some mammalian species, one could wonder whether the conservation of
mitochondrial PRDX5 would nevertheless have constituted an advantage to
these species. To answer this question, we studied the functional
consequences of the restoration of L-PRDX5 in dog MDCK cells. We showed
that the expression of human L-PRDX5 in MDCK cells does not afford any
antioxidant protection against peroxide-induced acute oxidative stress, but
rather provokes an increased cell death. However, we did not find the
mechanism by which mitochondrial PRDX5 induces such deleterious effects
in MDCK cells. On the other hand, it was previously shown that the
expression of human L-PRDX5 in Chinese hamster ovary (CHO) cells,
possessing mitochondrial PRDX5 endogenously, conferred resistance to
peroxide-induced acute oxidative stress. Therefore, we suggest that, albeit
the cytoprotective function of mitochondrial PRDXS5 is clearly established by
several studies in human and rodents, the conservation of mitochondrial
PRDX5 would not necessarily constitute an advantage in all mammalian
species. To support this hypothesis, we studied the functional consequences
of the expression of mitochondria-targeted dog PRDX5 in MDCK cells. As a
control, we also overexpressed dog S-PRDX5 in these cells. Unexpectedly,
peroxide-induced cell death was increased in both MDCK cells expressing
mitochondria-targeted dog PRDX5 and in MDCK cells overexpressing dog
S-PRDX5 (see Fig 8.2). These results, largely discussed in Chapter 8, do not
permit to support our hypothesis and rises other questions which go beyond
the general context of this thesis. Therefore, to support our hypothesis
according to which mitochondrial PRDX5 conservation would not
necessarily constitute an advantage in all mammalian species, it would be
interesting to confirm our results by using another dog cell line, like Cf2Th

(canine thymus) cells, or a pig cell line (LLC-PK10 cells). Finally, we are
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tempted to speculate that the deleterious effects provoked by mitochondrial
PRDX5 in MDCK cells reflect the reason of the abolition of mitochondrial
PRDX5 in canids. In this case, unravelling the mechanism by which
mitochondrial PRDX5 causes deleterious effects in MDCK cells would
permit to highlight the functional reasons of mitochondrial PRDX5 abolition
in dog. On the other hand, the loss of mitochondrial PRDXS5 in canids could
also have occurred without link with these deleterious effects. Another
possible scenario would be the abolition of PRDX5 mitochondrial targeting
as an adaptation to a need of increased levels of
cytosolic/peroxisomal/nuclear PRDX5. Also, the presence of mitochondrial
PRDX5 could be superfluous in some species due to a particular low
mitochondrial ROS/RNS production, and would therefore not be selected
during their evolution. Indeed, it has been shown that mitochondrial ROS
generation occurs at species-specific rates, depending on the ability of the
electron transport chain to avoid electron leaks (see Pamplona, 2011 for
review). For example, the pigeon has lower rates of mitochondrial ROS
generation than rats, even though their metabolic rates and body sizes are of
a similar magnitude (Lambert et al, 2010). Therefore, comparing
mitochondrial ROS generation rates in species having maintained versus
species lacking mitochondrial PRDX5 would be of particular interest. Taken
together, by tempting to answer our fourth main question, our work ends on

a major and unresolved fifth question.
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10. Perspectives

Our general discussion highlights some questions that are still to be
answered. We propose some perspectives to complete this study and to test

our hypotheses.

First, it would be of great interest to assess the sub-mitochondrial
localization of PRDX5 in mammals having maintained mitochondrial
PRDX5. Indeed, although it is generally accepted that human PRDX5 is
located in the mitochondrial matrix, the precise localization of PRDX5 inside
the mitochondria was never determined experimentally. Moreover, it is
interesting to note that, in MDCK clones overexpressing S-PRDX5, the
merged signals obtained with PRDX5 immunofluorescence detection and
Mitotracker Red staining resulted in a yellow pattern (see Figs 7.7 and 8.1).
Since the cells were observed with a confocal microscope, these results
suggest that S-PRDX5 could be associated or localized to the periphery of
mitochondria in MDCK cells. Further investigations are needed to clarify

this point.

To complete this study, it would be interesting to sequence the
PRDX5 5’ region of more Cetartiodactyla species, like peccaries, camels and
llamas. This would give more accuracy about the timing and the molecular
mechanism of L-PRDX5 abolition during Cetartiodactyla evolution. Also,
PRDX5 5 sequence could be useful in studies assessing Cetartiodactyla
phylogeny, which remains still unresolved. Indeed, PRDX5 (ancestral) MTS
is a rapidly evolving nuclear sequence and represents therefore a potential
phylogenetically informative sequence that could be used, together with
other rapidly evolving sequences, to resolve phylogenetic relationships
between closely related species. Furthermore, it would be interesting to
sequence the 5 region from more mammals to establish if the absence of

mitochondrial PRDX5 is an exception or not. These data could potentially
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provide some indications about the functional reasons of the abolition of

mitochondrial PRDX5 in these mammals.

In this work, compensatory mechanisms counterbalancing the
absence of mitochondrial PRDX5 were studied only sparsely by comparing
PRDX3, GPX1 and GXP4 expression as well as H>O» and t-BHP peroxide
reduction rates in rat and pig liver mitochondrial extracts. As mentioned in
the general discussion, it would be useful to perform a large-scale study
involving more organisms, more species and more tissues. Tissues like
thyroid gland, lung and kidney, in which PRDX5 is especially highly
expressed (Knoops et al. 1999), would be of particular interest. Also, given
the high reactivity of PRDX5 towards peroxynitrite, it would be interesting
to compare peroxynitrite reduction rates in mitochondrial extracts from

species possessing L-PRDX5 versus species lacking L-PRDX5.

Furthermore, in this thesis, we tested the functional consequences of
the restoration of mitochondrial PRDX5 in MDCK cells. We showed that
mitochondrial PRDX5 provokes deleterious effects during acute oxidative
stress, suggesting that the conservation of mitochondrial PRDX5 should not
have necessarily conferred an advantage in dog. These results need to be
substantiated using another dog cellular model, like Cf2Th (canine thymus)
cells. Also, in our experiments, transfection of MDCK cells led to
considerable PRDX5 expression (see Figs. 7.6. and 8.1.). Therefore, in order
to obtain more physiological PRDX5 expression levels in MDCK
mitochondria, it would be useful to use an expression vector containing
PRDX5 endogenous or inducible promoter. Moreover, the use of MDCK
cells overexpressing mitochondrial protein which is not relevant for
oxidative stress would constitute an additional control for the cytotoxicity
experiments. Furthermore, it would be interesting to assess whether
mitochondrial PRDX5 would provoke also peroxide-dependent deleterious

effects in pig LLC-PK10 cells. If mitochondrial PRDX5 provokes deleterious
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effects in MDCK, Cf2Th and LLC-PK10 cells, it is likely that the deleterious
effects provoked by mitochondrial PRDX5 are related to the reason of L-
PRDXS5 abolition. In this case, it would be crucial to study the mechanism by
which L-PRDX5 provoked peroxide-dependent deleterious effects in dog
and pig cells, for example by comparing the interactions of PRDX5 with
other mitochondrial proteins in basal versus oxidative conditions. Also, it
would be interesting to assess if PRDX5 wundergoes subcellular
relocalizations in MDCK clones following acute oxidative stress. Indeed,
such PRDX5 relocalizations were observed earlier in preliminary
experiments on HepG2 cells, in which #-BHP exposure induced massive
PRDX5 translocation in peroxisomes (Bogard and Knoops (1999),
unpublished data).

In our GFP fusion (see Figs. 6.2. and 7.5.) and PRDX5 overexpression
(see Figs. 7.6. and 8.1.) experiments, mitochondrial localization was verified
using immunofluorescence detection. To corroborate our results, it would be
useful to confirm mitochondrial localization using subcellular fractionation

and in vitro mitochondrial import assays.

It would be of great interest to study the selection pressures in
PRDX5 (ancestral) MTS region. Indeed, if the abolition of L-PRDXS5 in pig
and dog is linked to peroxide-dependent protein toxicity in the
mitochondrial compartment, signatures of Darwinian selection should be
present in PRDX5 5 region. We are currently collaborating with the Institut
de Génétique et Dévoloppement de Rennes to examine the possibility to
evaluate the presence of such selection pressures. Methods evaluating
selection pressures are usually based on the calculation of the
nonsynonymous/synonymous substitution rate ratio (@ = dn/ds). In such
models, values of the o ratio for amino-acid sites are evaluated. If a site is
under positive (diversifying) selection pressure, nonsynonymous changes

will be fixed at higher rate than synonymous substitutions. Therefore, a o >
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1 ratio (dn>ds) is an evidence of adaptive molecular evolution. If
nonsynonimous substitutions are deleterious, negative selection (i.e.
pressure for conservation) will reduce their fixation rate, and < 1. Neutral
nonsynonymous substitutions result in ® = 1 (Anisimova et al. 2001).
However, in the case of the evolution of PRDX5 MTS, it is difficult to apply
this classical method. Indeed, PRDX5 (ancestral) MTS switches from
“coding” to “non-coding” during evolution. Therefore, evaluating dn/ds
ratios on this sequence seems to be inadequate. To our knowledge, no
specific tools exist to test whether the accumulation of mutations leading to

the loss of coding function is driven by positive selection pressures.

This work focuses more specifically on the interspecific variability of
PRDX5 mitochondrial targeting. Intraspecific variability of PRDX5
mitochondrial targeting was never studied but would merit a particular
attention. Indeed, in human PRDX5, six missense single nucleotide
polymorphisms (SNPs) were identified within the region encoding the MTS
(Genbank IDs: 1s144769220, 1rs148589018, rs143054032, 1s7938623,
15140015234, rs11551856 and rs143723178). Based on TargetP predictions,
none of them are predicted to alter L-PRDX5 mitochondrial targeting, but
two of them are predicted to change the position of the MTS cleavage site
(rs140015234 and rs11551856). This could potentially have an impact on
PRDX5 function in mitochondria. Furthermore, as mentioned in our general
discussion, variability of PRDX5 mitochondrial targeting represents only a
fraction of the variability that PRDX5 exhibits at the level of subcellular
distribution. Time-dependent as well as tissue-specific subcellular variations

represent a very interesting and unexplored field of investigations.

Finally, nuclear PRDX5 remains an enigmatic isoprotein which
merits particular attention. Until now, no NLS has been described for human
PRDX5. Moreover, when using PSORTII and NLStradamus prediction
softwares (Nakai and Horton, 1999; Nguyen et al., 2009), no supplementary
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NLS was detected in PRDX5 sequences from all the species studied in this
work (see Figs 6.1 and 7.2. for species names and Genbank accession
numbers). Therefore, PRDX5 nuclear import mechanism as well as its
regulation should be investigated. Also, the function of nuclear PRDX5 was
only sparsely studied until now. It was suggested that nuclear PRDX5 could
protect genomic DNA against oxidation (Banmeyer et al. 2004; Kropotov et
al. 2006b) and may possibly control the transcription of noncoding DNA
(Kropotov et al. 1999; Kropotov et al. 2006b). Interestingly, the importance of
nuclear PRDX5 is variable within HEPG2 cells, with a particular strong
nuclear localization in cells undergoing mitosis (Nguyen, personal
communication). Therefore, it would be interesting to assess the role of

nuclear PRDX5 in cell cycle regulation.
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11. Conclusions

PRDXS5 differs from the five other PRDX members by its wide subcellular
localization. Moreover, although it was never clearly emphasized in the
literature, it seems that PRDX5 subcellular distribution exhibits a remarkable
variability. This variability is found at different levels, since PRDX5
subcellular distribution appears to be time-dependent, cell type-specific and

species-specific.

This work focuses on the interspecific variability of PRDXb5
mitochondrial targeting in mammals. We show that mitochondrial targeting
has been lost in pig and canids as a consequence of two distinct events
having occurred within the last 84.6 million years. Thus, it appears that
mitochondrial PRDX5 abolition can occur in some mammalian species
without any apparent and major functional consequence and without
impairing survival or evolutionary success. Moreover, since the restoration
of mitochondrial PRDX5 in dog MDCK cells provoked deleterious effects
during acute oxidative conditions, we propose that, although PRDX5
cytoprotective function is clearly established in human and rodents, the
conservation of mitochondrial PRDX5 would not confer necessarily an
evolutionary advantage in all mammalian species. On the other hand, our
results suggest that, despite high PRDX3 and GPX4 expression levels, the
loss of mitochondrial PRDX5 correlates with particularly low alkyl
hydroperoxide reduction rates in pig liver mitochondrial extracts. Therefore,
even if major functional consequences are not observed at the level of the
whole organism, we cannot exclude that the abolition of mitochondrial
PRDXS5 leads to a certain weakness at the cellular level in specific oxidative
stress conditions. Finally, one major question remains unresolved at the end
of this work, as our results do not permit to establish the functional reason
of the abolition of mitochondrial PRDX5 in pig and canids. Whether this

abolition permits an adaptation to specific needs or constraints remain
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matters for speculation. Further investigations are needed to solve this

enigma.
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Annex 1: Amino acid sequence alignment

of human PRDX5

and mammalian

orthologs
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MGLAGVCALRRSAGYILVGGAGGQSAAAAARRC----- SEGEWASGGVRSFSRAAAAMAP
MLOLGLRVLGCKASSVLRAS---TCLAGRAGRK----- EAG-WECGGARSFSSSAVTMAP
MVQLRFCVLGSIAGSVLRASATWTCVAGRAGRK----- GAG-WECGGARSFSSAAVTMAP
————————————————————————————————————————————————————————— MAP
MKLFPHRVLSRLPGSLFVRATVVESAVSAASRAGGCRORGOEWTLGGAHGFRSAASAMAP
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MRLGWLRVLGCRPGSVVSRATIVEGASTTAAGTRGCLEGILEWTFGGVRGFRSAAVAMAP

* Kk K

IKVGDAIPAVEVFEGEPGNKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGFVEQAEAL
IKVGDAIPSVEVFEGEPGKKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGFVEQAGAL
IKVGDTIPSVEVFEGEPGKKVNLAELFKDKKGVLFGVPGAFTPGCSKTHLPGFVEQAGAL
IKVGDAIPSVTVFEGEPGNEVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGFMEQAEAL
IKVGDAIPSVVVFEGEPGNKVNLAELFKGKKGVLFGVPGAFTPGCSKTHLPGFVEQADAL
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IKVGDAIPSVEVFEKGPGNKVNLAELFKGKKGVLFGLPGAFTPGCSKTHLPGFVEQADAL
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Supplementary figure 1. ClustalX 2.0.7 amino acid sequence alignment of human
PRDX5 and mammalian orthologs. Dots (.) and double dots (:) indicate conservative
substitutions, asterisks (*) indicate identities. Conservative cysteines, peroxisomal
targeting sequences (PTS1) and TargetP v1.1 predicted MTS are highlighted in
yellow, green and red respectively. Methionines (bold) encoded by the two
alternative initiation codons are indicated. GenBank accession numbers are as
follows: NP_036226 (Human, Homo sapiens); NP_036151 (House mouse, Mus
musculus); NP_446062 (Norway rat, Rattus norvegicus); XP_533241 (Dog, Canis lupus
familiaris); XM_002916664 (Giant panda, Ailuropoda melanoleuca); NP_999309 (Pig, Sus
scrofa); NP_777174 (Cattle, Bos taurus).
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Annex 2: Subcellular fractionation of pig
liver by differential centrifugation
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Supplementary figure 2. Pig liver homogenate was differentially centrifuged to
obtain a post-nuclear fraction (E), a nuclear fraction (N), a heavy mitochondrial
fraction (M), a light mitochondrial fraction (L), a microsomal fraction (P) and a
cytosolic fraction (S). (A) Pig crude fractions were analyzed for enzyme markers.
LDH, catalase, GDH, G6P and AP were cytosol, peroxisomes, mitochondria,
endoplasmic reticulum and lysosome markers respectively. Enzymatic activities are
expressed as relative specific activities, defined as the % of total enzymatic activity/
the % of total protein. Recoveries for the marker enzymes are indicated under
brackets at the top of the graphic. (B) Immunoblot analysis of PRDX5 in pig crude
fractions was performed with polyclonal antibodies directed against human PRDXS5.
40pg of protein from each fraction were loaded. GDH: glutamate dehydrogenase;
LDH: lactate dehydrogenase; G6P: glucose-6-phosphatase; AP: acid phosphatase.
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Annex 3: Subcellular fractionation of dog
liver by differential centrifugation
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Supplementary figure 3. Dog liver homogenate was differentially centrifuged to
obtain a post-nuclear fraction (E), a nuclear fraction (N), a heavy mitochondrial
fraction (M), a light mitochondrial fraction (L), a microsomal fraction (P) and a
cytosolic fraction (S). Dog crude fractions were analyzed for enzyme markers. LDH,
catalase, GDH, G6P and AP were cytosol, peroxisomes, mitochondria, endoplasmic
reticulum and lysosome markers respectively. Enzymatic activities are expressed as
relative specific activities, defined as the % of total enzymatic activity/ the % of total
protein. Recoveries for the marker enzymes are indicated under brackets at the top of
the graphic.
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Annex 4: Analysis of enzyme markers in
dog Percoll fractions
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Supplementary figure 4. Dog liver homogenate was differentially centrifuged to
obtain a post-nuclear fraction (E), a nuclear fraction (N), a heavy mitochondrial
fraction (M), a light mitochondrial fraction (L), a microsomal fraction (P) and a
cytosolic fraction (S). L-fraction was further separated by centrifugation through a
Percoll gradient. Percoll fractions were analyzed for enzyme markers. Catalase,
GDH, G6P and AP were peroxisomes, mitochondria, endoplasmic reticulum and
lysosome markers respectively. Based on enzyme marker distribution, fractions 2
and 10 were chosen to represent mitochondrial and peroxisomal fractions,
respectively.
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Annex 5: PRDX5 may be absent in
peroxisomes of human cells

PRDX5 Catalase Merge + DAPI
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Supplementary figure 5. Detection of PRDX5 (A and D) and peroxisomal catalase (B
and E) by immunofluorescence in human SH-SY5Y (A-C) and HepG2 cells (D-F).
Nuclei were labelled with DAPI. Insets on the right corner represent magnification of
outlined areas.
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Annex 6: Kozak consensus in mouse and
rat PRD X5

A. Kozak consensus sequence
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B. House mouse PRDX5 mRNA (5" region)

cgggugggcugcggcagcggggcggguAlUGcuacagcuggggcuucgaguccugggcuge
M L 0 L G L R Vv L G C

aaagccaguucugugcuccgugcaucgacgugcuuggcaggcagagcaggccggaaagaa
K A s s v L R A S T C L A G R A G R K E
gcagguugggaguguggcggagcccgcagcuucagcagcuccgcggugaccAUGgccccg
A G W E C G G AR S F S S S A V T M A P

Norway rat PRDX5 mRNA (5" region)

ugcggcggcggggegggcAlUGguccagcugagguuuugcguccuaggcagcauagecgga

M V Q L R F C VvV L G S I A G
ucggugcuccgugcaucggcuacuuggacgugcguggcaggcagagcaggccggaaagga
s v L R A S A T W T C V A G R A G R K G
gcagguugggagugugguggggcccgcagcuucagcagugccgeggugacuAlUGgccceyg
A G W E C G G A R S F S S A AV U M A P

Supplementary figure 6. Kozak consensus in mouse and rat PRDX5. (A) Kozak
consensus sequence (Kozak, 1978)[From (Iacono et al. 2005)]. (B) 5" sequence of house
mouse and Norway rat PRDX5 mRNA. Alternative translation initiation codons are
indicated in bold and are underlined. Nucleotides matching the Kozak consensus
sequence are highlighted in grey. Genbank accession numbers are NM_012021 and
NM_053610 for house mouse and Norway rat respectively.
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Annex 7:  Abolition of PRDX5
mitochondrial targeting sequence in pig

ATG

pig GGCTTCCAGGCTCCGCAGGCTGTTGGTGCGGCT GCGCCTTCTACGCAGCCCGGCAGGTTT
bovine S:Xohlih - Sler-Nohlolelelel TG CGTCTGGEE TGGT TACGCGTCCTGGEGCTGCAGACCGEGCTC)
* ok * kokdk khkk kok ddkd d kk ok dkdkk ok kR *ok ko * kk ok
pig GGTGEGCTCCCGGECGACTGCCGTTGAGT GTGCAGCAGT GGCAGC GECGGGAGCCHEAGE
bovine GTGCGTCTCCCGECCGACCATCGTTGAGGETGCETCAACGACAGCEECGEGAACCCCAGE)
L ok ok gk ok ke ok ok ok ok deodk ke de ok ke ok ok ok * % L e ******
pig GTGCCTGGAAGGAGACCTCGAGTGGACGCTTGGCAGGGTCCGAGATTTGAGAAGCGCGCH]
bovine 'TGCCTGGAAGGAATCCTCGAGTGGACGTTTGGCGGGGTCCGAGGTTTCAGAAGCGCTGC
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pig TGTAGCCENNelelslelelsler bifer.V.1e]
bovine TGTAGCCATGGCCCCGATTAAG
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Supplementary figure 7. ClustalX 2.0.7 nucleotidic sequence alignment of pig and
bovine PRDX5 exon I. Asterisks (*) indicate identities. Translation initiation codons,
sequences encoding MTS and encoding the mature part of PRDX5 are highlighted in
black, red and blue respectively. Gaps are boxed. Genbank accession numbers for pig
and bovine are Gene ID: 397273 and Gene ID: 282885, respectively. MTS:
mitochondrial targeting sequence; UTR: untranslated region. Pig, Sus scrofa; Bovine,
Bos taurus.

191






