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Abstract
Peroxisomes are small oxidative organelles found in all eukaryotes. They contain a matrix which
is surrounded by a single membrane and consists mainly of soluble proteins. Peroxisomal enzymes
are involved in a broad spectrum of metabolic pathways including conversion of lipids, aminoand hydroxyacids, purines and reactive oxygen species. The carbon fluxes through peroxisomal
pathways require a continuous metabolite crossing of the peroxisomal membrane. A long-standing
and still unresolved problem of the physiology of mammalian peroxisomes is the role of the
membrane of these organelles as a permeability barrier to solute molecules.
In this study, we have shown that the peroxisomal membrane represents a type of biomembrane
where channel-forming proteins coexist with solute transporters. Disruption of the mouse Pxmp2
gene, encoding the peroxisomal integral membrane protein Pxmp2 also known as PMP22, leads
to partial restriction of peroxisomal membrane permeability to solutes in vitro and in vivo.
Multiple-channel recording of liver peroxisomal preparations revealed that the channel-forming
components with a conductance of 1.3 nS in 1.0 M KCl were lost in Pxmp2-/- mice. The channelforming properties of Pxmp2 were confirmed with recombinant protein expressed in insect cells
and with native Pxmp2 purified from mouse liver. The Pxmp2 channel, with an estimated diameter
of 1.4 nm, shows weak cation selectivity and no voltage dependence. The long-lasting open states
of the channel indicate its functional role as a protein forming a general diffusion pore in the
membrane. Hence, Pxmp2 is the first peroxisomal pore-forming protein identified, and its
existence suggests that the mammalian peroxisomal membrane is permeable to small solutes,
while transfer of bulky metabolites, e.g., cofactors (NAD/H, NADP/H, and CoA) and ATP,
requires specific transporters.
In addition, the phenotypic characterisation of Pxmp2-/- mice has revealed a role for Pxmp2
during the development of the epithelia in the mammary glands of female mice. The disruption of
Pxmp2 leads to the impairment of ductal outgrowth of mammary glands at puberty, which is
followed by the inability of Pxmp2-/- mice to nurse their offspring.

Keywords: channel-forming proteins, mammary gland, peroxisomal membrane, Pxmp2
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1

Introduction

Peroxisomes are organelles that are found in almost all eukaryotic cells and
harbour a wide range of metabolic functions. They have a single membrane
surrounding an interior containing over 60 specialized enzymes catalysing, for
example, the pathways of α- and β-oxidation of fatty acids, biosynthesis of ether
phospholipids and bile acids and degradation of purines and polyamines.
The peroxisomal membrane possesses various mechanisms for metabolite
transport to facilitate these reactions. A wide range of proteins are known to reside
in this membrane and these proteins are involved in peroxisomal biogenesis, i.e.
they participate in the import of peroxisomal matrix- and membrane proteins.
Peroxisomal membrane proteins are also involved in the transport of ATP and
fatty acids across the peroxisomal membrane. However, there are still many open
questions concerning the permeability properties of the peroxisomal membrane.
In the present study a 22 kDa peroxisomal membrane protein, Pxmp2, has
been characterised in mice as a non-specific channel for small metabolites in the
peroxisomal membrane. The function of Pxmp2 was identified by using Pxmp2deficient mice, recombinant Pxmp2 and purified native Pxmp2 protein. The
results indicate that the peroxisomal membrane represents a new type of
biomembranes, where non-selective channels co-exist with solute transporters.
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2

Review of the literature

2.1

Peroxisomes

Peroxisomes, which are present in nearly all eukaryotic cells, are ubiquitous
organelles characterised by a single limiting membrane and a finely granular
matrix. These organelles range in size from 0.1 to 1µm in diameter (De Duve &
Baudhuin 1966). The term peroxisome was introduced after the discovery that
they contain H2O2-producing oxidases as well as catalase, an H2O2-degrading
enzyme (De Duve & Baudhuin 1966). Since then mammalian peroxisomes have
been shown to participate in various metabolic pathways including the oxidation
of fatty acids, biosynthesis of ether phospholipids and bile acids, catabolism of
D-amino acids, polyamines and purines, and metabolism of glyoxylate and
reactive oxygen species (ROS)(Wanders & Waterham 2006a). The importance of
peroxisomes for humans has been exemplified by the existence of several
disorders caused by deficiency in peroxisomal functions, such as Zellweger
syndrome, neonatal adrenoleukodystrophy, rhizomelic chondrodysplasia punctata,
X-linked adrenoleukodystrophy and primary hyperoxaluria type 1 (Steinberg et al.
2006, Wanders & Waterham 2006b).
2.2

Peroxisomal biogenesis

The origin of peroxisomes has been matter of debate for several decades. The
involvement of endoplasmic reticulum (ER) was proposed by suggesting that all
the matrix and membrane proteins are synthesised on the ER and are then
sequestered into expanding vesicles budding from the reticulum to produce
functional peroxisomes (Beevers 1979). This view has been questioned later and a
new model has been based on the observations that peroxisomal proteins are not
synthesised on ribosomes bound to the ER but instead on free polyribosomes in
the cytosol (Lazarow & Fujiki 1985). In this model peroxisomes are believed to
increase in size by the import of proteins from the cytosol and to proliferate by
division while the ER serves as a source for membrane lipids (Lazarow 2003).
According to this concept peroxisomes are considered to represent structurally
similar, homogenous and singular cellular compartments.
However, it has been shown that there is also a heterogeneous population of
peroxisomes differing in size, protein content and import capabilities within a
13

single cell, and that these diverse peroxisomal subcompartments are related to
each other and participate in a multistep process leading to assembly of mature
peroxisomes (Titorenko & Rachubinski 2001a). In the yeast Yarrowia lipolytica
early peroxisomal precursors fuse with each other and, by means of a stepwise
import of matrix proteins and the uptake of phospholipids, these intermediate
organelles are converted into mature peroxisomes (Titorenko et al. 2000). In
mammalian cells the earliest form of peroxisomal precursor, the so-called
preperoxisomal vesicle, receives two peroxisomal membrane proteins (PMPs)
Pex3 and Pex16, in a Pex19 dependent manner (South & Gould 1999, Gould &
Valle 2000). Peroxins (Pex-proteins) are defined as proteins required for various
aspects of peroxisome biogenesis: peroxisome growth, including import of
peroxisomal matrix proteins and assembly of the peroxisomal membrane, as well
as proliferation and inheritance of the organelles (Titorenko & Rachubinski
2001b). After obtaining an additional subset of membrane proteins the nascent
peroxisome is converted to an early peroxisomal precursor, which grows owing to
the import of matrix proteins from the cytosol (South & Gould 1999, Gould &
Valle 2000). It has been suggested that the peroxisomal endomembrane system
might originate from the ER and that the first subset of peroxisomal membrane
proteins are targeted to the ER from which the preperoxisomal template emerges
by budding (Titorenko & Mullen 2006).
2.3

Protein import into peroxisomes

The import of proteins into the ER or mitochondria is known to proceed before
protein folding and oligomerisation (for review, see Wickner & Schekman 2005,
MacKenzie & Payne 2007). In contrast, in the case of peroxisomes, fully folded
and oligomeric proteins are imported into the matrix of the organelle (Walton et al.
1995).
2.3.1 Matrix protein import
The peroxisomal matrix proteins are synthesised on free polyribosomes in the
cytoplasm and directed to the particles by two distinct peroxisomal targeting
signals, PTS1 and PTS2 (Holroyd & Erdmann 2001). PTS1 was identified as the
tripeptide Serine-Lysine-Leucine (-SKL) at the extreme C-terminal end of the
protein (Gould et al. 1989). The definition of the PTS1-consensus sequence was
later extended to (S/A/C)-(K/R/H)-(L/M) (Lametschwandtner et al. 1998). PTS2
14

is located near the N-terminus and has the general consensus sequence
(R/K)(L/V/I)X5(Q/H)(L/A) where X is any amino acid. This sequence is present
only in a limited number of matrix proteins (Legakis & Terlecky 2001). Most
matrix proteins contain the PTS1, which is recognized in the cytosol by the Pex5
protein, serving as a PTS1 receptor (Hettema et al. 1999).
PTS2 containing matrix proteins are recognized by cytosolic Pex7 protein
(Marzioch et al. 1994, Hettema et al. 1999). The PTS2 import pathway is
believed to require additional PTS2 co-receptors comprising a group of speciesspecific proteins that includes Pex5, Pex18, Pex20 and Pex21 (Schliebs & Kunau
2006).
Recently a transient pore model was proposed (Erdmann & Schliebs 2005) to
describe the mechanism of matrix protein import into peroxisomes. In this model
the complex consisting of a Pex5 protein and a PTS1-containing protein is
directed from the cytosol to the peroxisomal membrane where it interacts with a
docking complex constructed from Pex17, Pex13 and Pex14 proteins. Pex5 is
believed to oligomerise forming a pore in the peroxisomal membrane (Erdmann
& Schliebs 2005). The PTS1-cargo is released through this pore into the
peroxisomal matrix with the help of the intraperoxisomal Pex8 protein. After that
the pore closes and the Pex5 proteins dissociate from the membrane for another
round of transport. The disassembly and recycling of Pex5 is believed to be
facilitated by a complex of RING-finger motif-containing proteins Pex2, Pex10
and Pex12. The disassembly of Pex5 is also facilitated by an ubiquitin
conjugating enzyme Pex4 that is anchored to the peroxisomal membrane by
Pex22, and ATPases Pex1 and Pex6 that are anchored to the peroxisomal
membrane by Pex26 (Erdmann & Schliebs 2005).
2.3.2 Membrane protein import
As in the case of matrix proteins, most if not all peroxisomal membrane proteins
(PMPs) are translated on free polyribosomes in the cytoplasm and imported by as
yet poorly understood mechanisms into the peroxisomal membrane (Fujiki et al.
2006, Van Ael & Fransen 2006). Several studies have been conducted to define
the targeting information in the PMPs that leads to peroxisomal membrane
localisation. Such peroxisomal membrane targeting signals (mPTS) have been
described for Pex3p from mammals and yeast (Baerends et al. 2000, Purdue &
Lazarow 2001), Candida boidinii Pmp47 (Dyer et al. 1996, Wang et al. 2001),
human Pmp34 (Honsho & Fujiki 2001, Jones et al. 2001), cottonseed ascorbate
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peroxidase (Mullen & Trelease 2000) and Pxmp2 (previously known as Pmp22)
from mammals and plants (Pause et al. 2000, Murphy et al. 2003). These
sequences do not exhibit a clear consensus, but in all cases they contain basic
amino acids in conjunction with at least one transmembrane domain (Heiland &
Erdmann 2005). In some cases the PMPs contain several targeting signals
(Brosius et al. 2002, Wang et al. 2004).
It has been proposed that Pex19p functions as a chaperone and an import
receptor for the newly synthesised PMPs and after recognising and binding the
targets delivers them to the peroxisomal membrane where Pex3p acts as a
docking factor (Hettema et al. 2000, Snyder et al. 2000, Pinto et al. 2006).
Pex19p is known to bind multiple PMPs (Sacksteder et al. 2000, Fransen et al.
2001, Fransen et al. 2004) with the exception of Pex3p, which is targeted to the
peroxisomal membrane in a non Pex19p-dependent fashion (Jones et al. 2004).
The existence of two classes of peroxisomal membrane proteins have been
proposed. The class I PMPs, containing the mPTS1 signal, require Pex19p for
their import to the peroxisomal membrane, and the class II PMPs, containing the
mPTS2, are targeted to peroxisomes independently of Pex19p (Jones et al. 2004).
Several studies have shown that the class II PMPs may be delivered to
peroxisomes via the ER (Heiland & Erdmann 2005, Titorenko & Mullen 2006).
Such protein is Pex16p, which has been shown to be present in the ER before
sorting to peroxisomes (Kim et al. 2006). Also, cottonseed ascorbate peroxidase
in plant cells (Mullen et al. 1999) and Pex13p in mouse dendritic cells (Geuze et
al. 2003) may be targeted from the cytosol to a pre-existing subdomain of the ER.
The structural features that target these proteins to the ER and subsequently to the
peroxisomal membrane are currently unknown.
2.4

Peroxisomal metabolism

2.4.1 β-Oxidation
In higher eukaryotes fatty acid β-oxidation takes place in both mitochondria and
peroxisomes, while in lower eukaryotes such as the yeast Saccharomyces
cerevisiae β-oxidation occurs only in peroxisomes. During the β-oxidation cycle
the fatty acid carbon chain is cleaved yielding chain-shortened acyl-CoA and
acetyl-CoA (Fig. 1) (Wanders et al. 2001, Wanders & Waterham 2006a). It is well
established that mammalian peroxisomes can only accomplish chain shortening of
16

fatty acids and do not fully degrade them (Wanders et al. 2001). The substrates
for the mammalian peroxisomal β-oxidation include long-chain fatty acids
(LCFA), very-long-chain fatty acids (VLCFA), branched-chain fatty acids,
dicarboxylic acids, precursors of bile acids, certain leukotriens and prostaglandins,
carboxylic derivatives of some xenobiotics, vitamins E and K (Wanders &
Waterham 2006a). These substances with a long hydrophobic carbon chain, which
are often poorly soluble in water, are converted to more polar metabolites in the
peroxisomal β-oxidation (Poirier et al. 2006).
In order to enter in the β-oxidation cycle, the fatty acids are first activated by
coupling with CoA. The formation of CoA thioesters is catalysed by acyl-CoA
synthetases (Watkins 1997). The peroxisomal localisation has been described for
long-chain fatty acyl-CoA synthetase (LACS) and for very- long-chain fatty acylCoA synthetase (VLACS) (Steinberg et al. 1999). The isoforms of LACS have
also been found in the ER and in mitochondria (Coleman et al. 2002) and the
isoform of VLACS has been detected in the ER (Steinberg et al. 1999).
The sequence of reactions in peroxisomal β-oxidation is shown in figure 1.
The first step is the oxidation of acyl-CoA to 2-enoyl-CoA by acyl-CoA oxidase
in a FAD-dependent reaction in which hydrogen peroxide is generated as a side
product. Three different acyl-CoA oxidases (ACOX 1-3) have been identified in
mammals: ACOX1 acts only on straight chain acyl-CoAs while ACOX2 and
ACOX3 can desaturate straight and 2-methyl branched-chain acyl-CoAs (Van
Veldhoven et al. 2001, Wanders et al. 2001).
The second step in β-oxidation is the hydration of 2-enoyl-CoAs to either 3Sor 3R-hydroxyacyl-CoAs. The subsequent third step is the dehydrogenation of the
corresponding 3-hydroxyacyl-CoAs with the production of 3-oxoacyl-CoAs. The
second and the third steps are both catalysed by multifunctional enzyme 1
(MFE-1) or multifunctional enzyme 2 (MFE-2). MFE-1 forms and
dehydrogenates 3S-hydroxyacyl-CoAs and MFE-2 converts the 2-enoyl-CoAs
into the corresponding 3-oxo-compounds via a 3R-hydroxyacyl-CoA intermediate
(Huyghe et al. 2006). It was shown that MFE-2 is the main participant in the
β-oxidation of long- and very-long-chain fatty acids, branched-chain fatty acids
and bile acid intermediates (Wanders & Waterham 2006a). The physiological role
of MFE-1 is still unclear, although it may be a primary enzyme involved in the
oxidation of dicarboxylic acids (Ferdinandusse et al. 2004).
The last step in β-oxidation is the thiolytic cleavage of 3-oxoacyl-CoAs with
the production of chain-shortened acyl-CoAs and acetyl-CoA catalysed by
3-oxoacyl-CoA thiolases (Huyghe et al. 2006). Two thiolase isoforms have been
17

described in mammalian peroxisomes: 3-oxoacyl-CoA thiolase that acts on
straight chain oxoacyl-CoAs, and sterol carrier protein 2/3-oxoacyl-CoA thiolase
catalysing the cleavage of both straight chain and 2-methyl-branched chain
oxoacyl-CoAs (Antonenkov et al. 1997). In the last case, the final product of the
reaction is propionyl-CoA instead of acetyl-CoA.
The core enzymes of the β-oxidation pathway are capable of the complete
breakdown of saturated fatty acids or those acids containing trans double bonds at
even-numbered positions. However, for the degradation of fatty acids with cis or
trans double bonds at odd-numbered positions, or cis double bonds at evennumbered positions, several additional or auxiliary enzymes are present in
peroxisomes (Hiltunen et al. 2003). The β-oxidation of unsaturated fatty acids
with double bonds extending from even-numbered carbons requires the
subsequent action of two auxiliary enzymes: NADP+-dependent 2,4-dienoyl-CoA
reductase and Δ3, Δ2-enoyl-CoA isomerase (Geisbrecht et al. 1999). Unsaturated
fatty acids with double bonds at odd-numbered carbons can enter the β-oxidation
cycle through two pathways: (i) the first one involves Δ3,Δ2-enoyl-CoA isomerase
(Geisbrecht et al. 1999), and (ii) the second one requires the participation of three
auxiliary enzymes, Δ3,5,Δ2,4-dienoyl-CoA isomerase, 2,4-dienoyl-CoA reductase,
and Δ3,Δ2-enoyl-CoA isomerase, respectively (He et al. 1995).
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Fig. 1. Peroxisomal β-oxidation pathway.

β-Oxidation of straight chain fatty acids and biosynthesis of
docosahexaenoic acid
Saturated long- and very-long-chain fatty acids enter the peroxisomal β-oxidation
cycle after their activation by LACS and VLACS respectively. The number of
rounds of β-oxidation of these substrates in peroxisomes is undetermined, but it is
believed that the oxidation proceeds down to medium- and/or short chain fatty
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acyl-CoAs, which are then delivered to mitochondria for further degradation
(Wanders et al. 2001, Wanders 2004).
The peroxisomal fatty acid β-oxidation system is involved in the biosynthesis
of docosahexaenoic acid, an essential metabolite for normal growth and
functional development of the human brain. It is proposed that the synthesis of
docosahexaenoic acid proceeds via a process called retroconversion involving
enzymes in both the smooth ER and peroxisomes and requires the transfer of this
fatty acid between these two cellular compartments (Reddy & Hashimoto 2001).
β-Oxidation of pristanic acid
Pristanic acid is the end product of α-oxidation as described below. It can be
activated to pristanoyl-CoA and enter the peroxisomal β-oxidation cycle. It has
been shown that the pristanoyl-CoA is subjected to 3 cycles of β-oxidation
(Verhoeven et al. 1998) yielding two molecules of propionyl-CoA, one molecule
of acetyl-CoA, and one molecule of 4,8-dimethylnonanoyl-CoA as end products.
Metabolism of bile acids
The C27-intermediates in bile acid biosynthesis, 3α,7α-dihydroxycholestanoic acid
(DHCA) and 3α,7α,12α-trihydroxycholestanoic acid (THCA), are produced in the
liver from cholesterol through a set of reactions catalysed mainly by cytochromes
localised in the ER (Russell 2003). These bile acid precursors are then apparently
activated to CoA esters by two enzymes: VLACS, localised in the ER and in the
peroxisome, or bile acid-CoA synthetase (BACS), localised exclusively in the ER
(Mihalik et al. 2002). Whether the activation of bile acid precursors takes place in
the ER or after transfer into peroxisomes is currently unclear (Ferdinandusse &
Houten 2006).
The first step in peroxisomal metabolism of the bile acid precursors is the
conversion of 25R-isomers of CoA esters to 25S-isomers that can enter the
peroxisomal β-oxidation cycle. This reaction is catalysed by the peroxisomal
α-methylacyl-CoA racemase (Schmitz et al. 1995). The CoA-esters of the C27-bile
acid intermediates are then subjected to 1 cycle of β-oxidation catalysed
subsequently by acyl-CoA oxidase, MFE-2 and sterol carrier protein 2/3-oxoacylCoA thiolase. In these reactions the side chains of DHCA and THCA are
shortened by 3 carbon atoms producing propionyl-CoA, chenodeoxycholoyl-CoA
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derived from DHCA and choloyl-CoA derived from THCA, respectively
(Ferdinandusse & Houten 2006).
The next step in the biosynthesis of bile acids is the conjugation of
chenodeoxycholoyl-CoA and choloyl-CoA with the amino acids taurine and
glycine by the enzyme bile acyl-CoA: amino acid N-acyltransferase (BAAT),
described in mice (Falany et al. 1997), human (Falany et al. 1994) and rat
(O'Byrne et al. 2003). Conjugated C24-bile acids are secreted from hepatocytes
after transfer out of the peroxisomes (Ferdinandusse & Houten 2006).
Dicarboxylic acids
Dicarboxylic acids are produced during the ω-oxidation of monocarboxylic fatty
acids. The reactions of ω-oxidation take place in the ER and cytosol (Sanders et al.
2005). Further metabolism of dicarboxylic acids is believed to proceed in
peroxisomes and mitochondria with peroxisomes being the preferred site for the
β-oxidation of medium and long-chain dicarboxylic acids. The end products of
peroxisomal dicarboxylic acid oxidation are acetyl-CoA, medium-chain
dicarboxylic acids (adipic acid, C6; suberic acid, C8 and sebacic acid, C10) and
succinate. The medium-chain dicarboxylic acids are secreted in the urine and
succinate may be further metabolised in mitochondria (Westin et al. 2005).
Other substrates for β-oxidation
Peroxisomes are involved in the β-oxidation of prostaglandins and related
compounds such as leukotrienes, thromboxanes and prostacyclins (Masters &
Crane 1995). Also vitamins E, which are described as a family of lipophilic
micronutrients, consisting of four tocopherols and four tocotrienols and different
variants of vitamin K such as phylloquinone (vitamin K1) and a group of
menaquinones (vitamin K2), are metabolised by side chain degradation via an
initial ω-hydroxylation and subsequent peroxisomal β-oxidation (Landes et al.
2003).
2.4.2 α-Oxidation
Fatty acids such as phytanic acid (3,7,11,15-tetramethylhexadecanoic acid)
containing a methyl group at the carbon 3 position are unable to undergo
β-oxidation because of the inability of 3-hydroxyacyl-CoA dehydrogenase to
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convert the corresponding hydroxyacyl-CoA to 3-oxoacyl-CoA (Van Veldhoven et
al. 1991). To overcome this problem a catabolic pathway named α-oxidation
exists in mammalian peroxisomes (Fig. 2). The main substrate for this pathway is
phytanic acid, a derivative of phytol which is consumed with food (Jansen &
Wanders 2006). Phytanic acid enters the α-oxidation pathway as phytanoyl-CoA.
The activation has been shown to take place outside peroxisomes by LACS
(Watkins et al. 1996) or by VLACS located inside peroxisomes (Steinberg et al.
1999).
The first step in the α-oxidation pathway is catalysed by phytanoyl-CoA
hydroxylase. This reaction involves the hydroxylation of phytanoyl-CoA to
2-hydroxyphytanoyl-CoA. Phytanoyl-CoA hydroxylase belongs to the
Fe2+ -dependent oxygenase enzyme family and the conversion of phytanoyl-CoA
to 2-hydroxyphytanoyl-CoA is coupled with the decarboxylation of
2-oxoglutarate. (Mihalik et al. 1995).
In the second step, 2-hydroxyphytanoyl-CoA is cleaved to the fatty aldehyde
pristanal and formyl-CoA by the action of 2-hydroxyphytanoyl-CoA lyase, an
enzyme which is dependent on thiamine pyrophosphate (TPP) and Mg2+ (Foulon
et al. 1999). Formyl-CoA, which is a very unstable compound, is believed to split
non-enzymatically into formic acid and CoA (Croes et al. 1997). It has been
suggested that the formic acid is subsequently oxidised by catalase (see below)
(Jansen & Wanders 2006).
The last step in the phytanic acid α-oxidation is the conversion of pristanal to
pristanic acid by NAD(P)+-dependent enzyme aldehyde dehydrogenase (Jansen et
al. 2001). The pristanic acid is activated to pristanoyl-CoA, probably by VLACS
(Steinberg et al. 1999) and enters the β-oxidation cycle. As the α-oxidation
pathway is not stereoselective, both naturally occurring stereoisomers 3R- and
3S-phytanic acid are converted to 2R- and 2S-pristanic acid respectively. In
contrast, only 2S-acyl-CoA esters are accepted in the following β-oxidation steps.
The conversion of 2R-pristanoyl-CoA to 2S-pristanoyl-CoA is catalysed by the
peroxisomal enzyme α-methylacyl-CoA racemase (Ferdinandusse et al. 2000).
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Fig. 2. Phytanic acid α-oxidation pathway in mammalian peroxisomes (modified from
Jansen & Wanders 2006).

2.4.3 Polyamine oxidation
The
polyamines
butane-1,4-diamine
(putrescine),
N,N'bis(3-aminopropyl)butane-1,4-diamine (spermine) and N-(3-aminopropyl)butane1,4-diamine (spermidine) are required for numerous fundamentally important
cellular processes including wound healing and tissue growth and differentiation
(Heby & Persson 1990, Nishioka 1993, Morgan 1998). One of the degradation
pathways for spermine and spermidine involves their transformation by the
cytosolic enzyme acetyl-CoA:spermine/spermidine N1-acetyltransferase into
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N1-acetyl-spermine and N1-acetyl-spermidine respectively, followed by oxidation
of these products by the peroxisomal enzyme polyamine oxidase (Wanders &
Waterham 2006a). Mammalian peroxisomal polyamine oxidase is a FAD
dependent, H2O2-producing oxidase that converts N1-acetyl-spermine to
spermidine and 3-acetamidopropanal, and N1-acetyl-spermidine to putrescine and
3-acetamidopropanal, respectively (Seiler 1995). This enzyme has been proposed
to play a role in triggering and/or progression of apoptosis (Hu & Pegg 1997,
Kramer et al. 1999). The fate of 3-acetamidopropanal in peroxisomes is unclear.
However, it has been suggested that this compound is further metabolised by
peroxisomal aldehyde dehydrogenase (Antonenkov et al. 1985) and/or alcohol
dehydrogenase (Sakuraba & Noguchi 1995).
2.4.4 Ether phospholipid biosynthesis
Peroxisomes play an important role in the biosynthesis of ether phospholipids
such as plasmalogens and platelet activating factor (Hajra 1995). Ether-linked
glycerolipids are widely presented as important structural and functional
components of biological membranes (Gorgas et al. 2006). The biosynthesis of
plasmalogens (Fig. 3) starts with the acylation of dihydroxyacetone phosphate in
a reaction catalysed by dihydroxyacetone phosphate acyltransferase. The etherbond is then introduced by replacement of the fatty acid with a long-chain fatty
alcohol by alkyl-dihydroxyacetone phosphate synthase, yielding alkyldihydroxyacetone phosphate as a product. (Wanders & Waterham 2006b). The
two enzymes: dihydroxyacetone phosphate acyltransferase and alkyldihydroxyacetone phosphate synthase are associated with the peroxisomal
membrane at the inner matrix side and are suggested to form a metabolon-like
complex (Thai et al. 1997, Biermann et al. 1999). The bulk of long chain fatty
alcohols, required for the alkyl-dihydroxyacetone phosphate synthase reaction, is
believed to be synthesised from acyl-CoAs by the action of long chain acyl-CoA
reductases that are localised on the peroxisomal membrane facing the cytosol
(Burdett et al. 1991). The final peroxisomal step of the whole pathway is the
conversion of alkyl-dihydroxyacetone phosphate into 1-alkyl-sn-glycero-3phosphate by the NADH-dependent enzyme acyl/alkyl-dihydroxyacetone
phosphate reductase which is located on the surface of the peroxisomal and ER
membranes facing the cytoplasm (Wanders & Waterham 2006a). The following
steps of the ether phospholipid synthesis are carried out in the ER (Brites et al.
2004).
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Fig. 3. Biosynthesis of plasmalogens. DHAP = dihydroxyacetone phosphate, see text
for details. (Modified from Wanders & Waterham 2006a)

2.4.5 Metabolism of amino acids and glyoxylate
Mammalian peroxisomes also contribute to amino acid metabolism, and house
some amino acid oxidases and aminotransferases (Masters & Crane 1995). The
oxidation of D-amino acids in peroxisomes results in the production of the
corresponding 3-oxo-acids. Some L-amino acids, e.g. L-lysine, may be degraded
via the L-pipecolic acid pathway by L-pipecolic acid oxidase, a peroxisomal
enzyme identified in human liver (Wanders et al. 1989)
The importance of glyoxylate metabolism in peroxisomes is illustrated by the
development of primary hyperoxaluria I, a human disease, characterised by the
accumulation of Ca2+-oxalate in the kidneys (Wanders & Waterham 2006b).
Glyoxylate is produced from glycolic acid by peroxisomal glycolate oxidase.
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Glyoxylate is then converted to glycine by alanine:glyoxylate amino transferase,
an enzyme also located in the peroxisomal matrix (Holmes & Assimos 1998).
Primary hyperoxaluria I is caused by the mislocalisation of alanine:glyoxylate
amino transferase to mitochondria or by the inactivity of the enzyme. In this
scenario, glyoxylate leaks out of peroxisomes into the cytoplasm where it is
converted into oxalate by cytosolic lactate dehydrogenase (Wanders & Waterham
2006b).
2.4.6 Metabolism of reactive oxygen species
Peroxisomes, together with mitochondria and ER, are the major sites of oxygen
consumption in cells. In peroxisomes, oxygen is used in the reactions catalysed by
oxidases such as acyl-CoA oxidases, D-amino acid oxidase and urate oxidase.
The by-product of these reactions is H2O2, which is degraded by catalase.
However, some H2O2 molecules may escape decomposition by catalase and enter
the set of non-enzymatic reactions leading to the production of reactive oxygen
species including the superoxide anion radical (O2·−), hydroxyl radical (·OH) and
nitric oxide (·NO). Mammalian peroxisomes have been shown to harbour a set of
enzymes for scavenging ROS (Schrader & Fahimi 2006). These include in
addition to catalase (Oshino et al. 1973), glutathione peroxidase (Singh et al.
1994), Zn- and Mn-dependent superoxide dismutases converting O2·− to H2O2
(Singh et al. 1999), and glutathione S-transferase (Morel et al. 2004).
2.4.7 Purine catabolism
The purine degradation pathway can be separated in well-defined steps (Berry &
Hare 2004). The last steps of this pathway in humans are the conversion of
hypoxanthine to xanthine and xanthine to uric acid. Both of these reactions are
catalysed by xanthine oxidoreductase (XOR), a molybdenum-containing
flavoprotein that may have two interconvertible forms, xanthine dehydrogenase
(XDH) and xanthine oxidase (XO) (Hille & Nishino 1995). The subcellular
localisation of XOR has been studied extensively but it still remains controversial.
XOR has been localised to the cytoplasm of liver endothelial cells and the
peroxisomal core of liver parenchymal cells in rat (Angermuller et al. 1987).
However, other authors found the enzyme in the cytoplasm of rat hepatocytes
(Ichikawa et al. 1992). Recently, XOR has been identified by electron microscopy
in the peroxisomes and cytoplasm of hepatocytes and in various organelles of
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Kupffer and sinusoidal cells, including the rough ER, lysosomes, and endocytic
vesicles (Frederiks & Vreeling-Sindelarova 2002).
The catabolism of purines to uric acid is a common pathway for all
vertebrates, but further degradation of uric acid varies between species. Most
mammals oxidise uric acid to allantoin by urate oxidase located in the crystalloid
core of hepatic and renal peroxisomes (Angermuller & Fahimi 1986, Volkl et al.
1988). The exceptions are humans and hominoid primates, which are unable to
oxidise uric acid and excrete it with urine as the end product of purine
degradation (Usuda et al. 1994). According to recent studies the conversion of
uric acid to allantoin follows several previously unknown steps: the first step is
the oxidation of uric acid by urate oxidase to 5-hydroxyisourate that is then
converted
to
2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline
by
5hydroxyisourate hydrolase and finally to S-(+)-allantoin by 2-oxo-4-hydroxy-4carboxy-5-ureidoimidazoline decarboxylase (Ramazzina et al. 2006). In the case
of primates urate oxidase has lost its activity owing to mutations in the gene
coding for this enzyme (Yeldandi et al. 1991).
2.5

Transport of metabolites across the peroxisomal membrane

The diversity of peroxisomal metabolic pathways implies that a relatively large
number of different metabolites must be transported across the peroxisomal
membrane. Mechanisms by which these processes are carried out may depend on
specific transporters that facilitate the transfer of different compounds or
membrane channels providing free movement of metabolites between the
peroxisomal lumen and surrounding cytoplasm. Currently these mechanisms are
poorly understood.
2.5.1 Permeability properties of the peroxisomal membrane
The biological membrane is a lipid barrier that regulates the transfer of solutes
and macromolecules by means of specific membrane proteins. Some hydrophobic
and amphipathic molecules are able to cross the lipid bilayer by diffusion or by a
flip-flop mechanism, while polar, hydrophilic solutes and large molecules are
dependent on specific protein transport systems (Theodoulou et al. 2006).
The problem of the permeability of the peroxisomal membrane has long been
unresolved. Based on early studies (De Duve & Baudhuin 1966) peroxisomes
were considered to be freely permeable to low molecular mass compounds. This
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conclusion has been drawn from the observations that certain peroxisomal
oxidases are freely accessible to substrates meaning they did not exhibit any
structure-linked latency (Baudhuin 1966). Later studies with isolated rat liver
peroxisomes and liposomes reconstituted with peroxisomal membrane proteins
have led to the proposal that the peroxisomal membrane contains porin-like
proteins (Van Veldhoven et al. 1987) and is open to solutes (Van Veldhoven et al.
1983, Van Veldhoven & Mannaerts 1986, Verleur & Wanders 1993). Porins are
β-barrel proteins forming general diffusion channels in the membrane. They were
found in the outer membrane of Gram-negative bacteria and in the outer
mitochondrial membrane (for reviews see Nikaido 2003 and Young et al. 2007,
respectively). Porin-like proteins are presumed to have a role in the transfer of
metabolites across peroxisomal membranes in plants (Reumann et al. 1995,
Reumann et al. 1998), yeast (Sulter et al. 1993) and mammals (Van Veldhoven et
al. 1987).
However, several lines of evidence contradict the concept that peroxisomal
membranes are open to solutes. Structure-linked latency was observed for
peroxisomal enzymes glucose-6-phosphate dehydrogenase (Antonenkov 1989)
and acyl CoA:dihydroxyacetonephosphate acyltransferase (Wolvetang et al.
1990). Besides, the presence of metabolic shuttles described in more detail below
has been considered as a proof that the peroxisomal membrane in vivo forms
compartment closed to solutes. This suggestion has been strengthened by the
discovery of ATP transporters in the peroxisomal membranes of yeast (Palmieri et
al. 2001, van Roermund et al. 2001) and mammals (Wylin et al. 1998) and also
by some observations indicating the presence of a pH-gradient across the
peroxisomal membrane (Dansen et al. 2000).
2.5.2 Peroxisomal pH, current view
Several experiments to measure intra-peroxisomal pH in situ have provided
contradicting results indicating that the lumen of yeast peroxisomes is acidic
(Nicolay et al. 1987, Waterham et al. 1990, Lasorsa et al. 2004) or alkaline (van
Roermund et al. 2004). Studies with human fibroblasts using a fluorescence
reporter peptide have detected alkaline intra-peroxisomal pH (Dansen et al. 2000)
while experiments with Chinese hamster ovary cells demonstrated a neutral pH
inside the organelles (Jankowski et al. 2001). The later observation led to the
conclusion that the peroxisomal membrane is highly permeable to protons
(Jankowski et al. 2001). This inconsistency in the results may indicate that the
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intraperoxisomal pH depends on the physiological status of the cell. The pHgradient between the peroxisomal lumen and the cytosol could be created by the
mechanism called Donnan equilibrium which can be described as a specific
behaviour of ions in the presence of charged macromolecules surrounded by a
membrane impermeable to macromolecules but permeable to solutes
(Antonenkov & Hiltunen 2006).
2.5.3 Two channel concept
Recent studies by Antonenkov et al. (2004b) have led to a new assessment of the
peroxisomal membrane permeability to solutes. In experiments on highly purified
rat liver peroxisomes, it was found that the membrane of these organelles is
permeable to small solutes such as urate, glycolate and others, but at the same
time strongly restricts permeation of bulky solutes such as NAD/H, NADP/H and
CoA (Antonenkov et al. 2004b). These observations have led to the conclusion
that in vivo peroxisomes contain a separate pool of cofactors, but share a common
pool of small metabolites with the cytoplasm. To explain the experimental results,
a two channel hypothesis has been proposed according to which the peroxisomal
membrane contains at least two types of channels. One type has a diameter that
allows passage of small solutes only. The other type is also accessible to bulky
solutes, but passage of these compounds is highly limited (Antonenkov et al.
2004b).
2.5.4 Channels in the peroxisomal membrane
In the late 1980s, pore-forming channels with an apparent diameter of 1.5–3.0 nm
were demonstrated in the rat liver peroxisomal membrane by electrophysiological
analyses (Labarca et al. 1986, Lemmens et al. 1989). The physiological role for
these cation-selective and voltage-gated channels was suggested to provide
substrates and cofactors for peroxisomal enzymes. The existence of active
peroxisomal channels in vivo was later challenged mainly by observations of the
specific transporter proteins in the peroxisomal membrane (Hettema & Tabak
2000, van Roermund et al. 2003). Isolated peroxisomal preparations have also
shown channel-forming activities in yeasts and plants. A major 31 kDa
peroxisomal integral membrane protein from the yeast Hansenula polymorpha
was observed to form pores after insertion into liposomes preloaded with sucrose.
This protein showed cross-reactivity with an antibody against a mitochondrial
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porin (voltage-dependent anion channel, VDAC) of S.cerevisiae (Sulter et al.
1993). In addition, 34 and 36 kDa integral membrane proteins in membranes of
oilseed glyoxysomes have been shown to react with an antibody against potato
tuber VDAC (Corpas et al. 2000). In membranes of spinach leaf peroxisomes
(Reumann et al. 1995) and glyoxysomes of castor bean endosperm (Reumann et
al. 1997) small anion-selective channels with single-channel conductance from
0.33 to 0.35 nS in 1 M KCl have been observed. These plant peroxisomal channel
proteins are believed to have a role in the passage of photorespiratory metabolites
and intermediates of the glyoxylate cycle (Reumann et al. 1998).
2.5.5 Peroxisomal membrane transporters
ABC transporter family
Fatty acids can enter peroxisomes as either non-esterified fatty acids or as CoA
esters. The coupling of a free fatty acid to CoA generates a large charged
molecule that is unable to cross biomembranes in the absence of a transport
protein. It is currently believed that the members of the ATP-binding cassette
(ABC) protein superfamily function as transporters in the peroxisomal import of
β-oxidation substrates (Theodoulou et al. 2006, Kemp & Wanders 2007, Wanders
et al. 2007).
A functional ABC protein consists of the transmembrane domain (TMD) and
the nucleotide binding fold (NBF) (Higgins 1992). These units in eukaryotes are
frequently represented within a single polypeptide with the topology TMD-NBFTMD-NBF described as a “full size” transporter. Alternatively, functional ABC
protein may be formed as a dimer of two “half size” transporters (TMD-NBF).
Peroxisomal ABC transporters are almost all half size transporters (Dean et al.
2001).
Human and mouse peroxisomes contain four members of the ABCD
superfamily: adrenoleukodystrophy protein (ALDP) (Mosser et al. 1993),
adrenoleukodystrophy related protein (ALDR) (Holzinger et al. 1997a), 70 kDa
peroxisomal membrane protein (PMP70) (Kamijo et al. 1990) and 69 kDa
peroxisomal membrane protein (PMP69) (Holzinger et al. 1997b), which are all
integral membrane proteins and encoded by ABCD1, ABCD2, ABCD3 and
ABCD4 genes, respectively.
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A defect in ALDP causes X-linked adrenoleukodystrophy (X-ALD), a
neurodegenerative disease characterised by the accumulation of VLCFAs
(Wanders & Waterham 2006b). To date, 866 mutations in the ABCD1 gene have
been described (Wanders & Waterham 2006b), but the precise relationship
between the clinical symptoms, biochemical phenotype, and these mutations have
not been established. It has been suggested that ALDP participates in β-oxidation
of VLCFAs by catalysing transport of VLCFAs or VLCFA-CoAs (Wanders 2004).
PMP70 is the first peroxisomal ABC transporter identified (Kamijo et al.
1990, Lombard-Platet et al. 1996). Overexpression studies in Chinese hamster
ovary cells indicate that PMP70 mediates the transport of long chain fatty acylCoA esters across the peroxisomal membrane (Imanaka et al. 1999). Mutations in
the ABCD3 gene have not been shown to associate with any abnormal phenotype
in humans leaving the physiological significance of PMP70 to be determined
(Wanders et al. 2001, Wanders 2004). PMP69 is ubiquitously expressed in human
tissues (Holzinger et al. 1997b, Shani et al. 1997) and based on sequence
homology to PMP70 it is believed to have a similar role as a transporter, although
it has not yet been characterised functionally.
ALDR has high sequence homology to ALDP and these proteins show
distinct but overlapping expression patterns in mouse tissues (Lombard-Platet et
al. 1996). Strong evidence supports the view that ALDR and ALDP are
functionally redundant since both of these proteins were able to restore VLCFA
β-oxidation in X-ALD fibroblasts (Braiterman et al. 1998, Kemp et al. 1998).
Also, the neurological and biochemical phenotypes of X-ALD mice (ALDP−/−)
can be ameliorated by overexpression of ALDR in these mice and ALDP−/− and
ALDR−/− double mutants show a more severe phenotype than the ALDP−/− single
mutant, indicating that besides sharing functionality with ALDP, the ALDR
protein has additional roles (Pujol et al. 2004).
In the yeast S. cerevisiae two peroxisomal ABC transporters, Pxa1p and
Pxa2p form functional heterodimers in the peroxisomal membrane (Shani et al.
1995, Hettema et al. 1996, Shani & Valle 1996, Swartzman et al. 1996). Studies
with deletion mutants have shown that these transporters are vital for the
β-oxidation of LCFA. It is thought that MCFAs are delivered into the yeast
peroxisome as free fatty acids and activated by the acyl-CoA synthetase Faa2p
inside the organelle (Hettema et al. 1996) while LCFA are first activated in the
cytosol and transported across the peroxisomal membrane as LCFA-CoA esters
by the Pxa1p/Pxa2p acyl-CoA transporter (Hettema & Tabak 2000).
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ATP/AMP transporter
To date the best characterised peroxisomal transporter is the adenine nucleotide
transporter, Ant1p of S. cerevisiae, which belongs to the family of mitochondrial
carrier proteins (Palmieri et al. 2001, van Roermund et al. 2001, Palmieri 2004).
This transporter may be required for the activation of MCFAs with formation of
acyl-CoAs inside peroxisomes in an ATP consuming reaction (Hettema et al.
1996). The reaction is catalysed by peroxisomal acyl-CoA synthetase Faa2p
which is localised inside the organelles. Upon the formation of medium chain
acyl-CoAs, AMP is formed, which, due to the lack of an ATP regeneration system
inside peroxisomes, has to be delivered back to the cytoplasm. This transport of
ATP in and AMP out of the peroxisomal lumen is catalysed by Ant1p. (Palmieri et
al. 2001, van Roermund et al. 2001). It has been shown also that Ant1p exhibits
two transport modes, the ATP-AMP exchange and the uniport of adenine
nucleotides (Lasorsa et al. 2004). A functional homolog for Ant1p, Pmp47p has
been identified in the yeast C.boidinii (Sakai et al. 1996) and evidence was
provided that this protein functions as an ATP carrier in the peroxisomal
membrane (Nakagawa et al. 2000, van Roermund et al. 2001). A mammalian
ortholog for the yeast Ant1p is PMP34, described in human and mice (Wylin et al.
1998). This protein has been shown to partially complement the MCFA
β-oxidation defect of the ant1Δ mutant. The purified recombinant PMP34 showed
ATP exchange activity in reconstituted liposomes (Visser et al. 2002).
Other transporters
The activation of fatty acids inside peroxisomes by acyl-CoA synthetases
generates pyrophosphate that probably decomposes into two molecules of
orthophosphate that need to be delivered outside peroxisomes to regenerate ATP.
Studies with proteoliposomes reconstituted from peroxisomal membranes have
provided evidence for the existence of a phosphate transporter in mammalian
peroxisomes (Visser et al. 2005). This transporter could be distinguished from
mitochondrial phosphate transporters, but the molecular identity of this
transporter remains to be determined (Visser et al. 2005).
A similar experimental approach has provided evidence for the existence of a
transporter for 2-oxoglutarate, a metabolite known to be involved in the shuttle
mechanism for the reduction of NADP+ to NADPH in peroxisomes (Visser et al.
2006). Recently it has also been shown by proteoliposome assays that the
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peroxisomal membrane contains a yet unidentified protein or protein complex
allowing transport of bile acid conjugates glyco- and taurocholate across the
membrane. This protein is suggested to function in the export of glycine- and
taurine-conjugated bile acids after biosynthesis inside peroxisomes (Visser et al.
2007a).
Monocarboxylate transporters (MCT) previously identified in the plasma
membrane and mitochondrial membrane may also function as transporters in the
peroxisomal membrane to transfer pyruvate and lactate in the shuttle conversion
of NADH to NAD+ (McClelland et al. 2003).
An export from peroxisomes of acetyl- and acyl units generated by
β-oxidation of fatty acids is believed to take place by utilising a carnitine shuttle
(Ramsay 1999). Studies on cultured skin fibroblasts led to the suggestion that
acetyl-CoA and medium-chain acyl-CoAs can be converted to the corresponding
carnitine esters by peroxisomal carnitine acetyltransferase (Crat) and carnitine
octanoyltransferase (Crot), respectively (Jakobs & Wanders 1995, Verhoeven et al.
1998). These carnitine esters are then exported from peroxisomes to mitochondria
for further metabolism. In mammals the carnitine conjugates are believed to be
transported through the peroxisomal carnitine transporter Octn3 which belongs to
the organic cation transporter family (Lamhonwah et al. 2003, Lamhonwah et al.
2005).
Acyl-CoA thioesterases (Acots) are enzymes capable of hydrolysing acylCoA esters to free fatty acid and CoA, and several Acot-enzyme activities have
been localised to peroxisomes (Wilcke & Alexson 1994). In mice, peroxisomes
harbour acyl-CoA esterases such as Acot5 and Acot3 that hydrolyse mediumchain and long-chain acyl-CoAs, respectively (Westin et al. 2004), Acot4 for
succinyl- and glutaryl-CoAs (Westin et al. 2005), Acot6 for pristanoyl- and
phytanoyl-CoAs (Westin et al. 2007) and Acot8, which has been shown to
function as a general acyl-CoA esterase (Hunt et al. 2002). Short chain acyl-CoAs,
including acetyl-CoA, are believed to be substrates for Acot12, originally
identified as an extra-mitochondrial short chain thioesterase (Suematsu et al. 2002)
and recently confirmed as a peroxisomal protein (Wiese et al. 2007). The
presence of short- and medium-chain carnitine acetyltransferases Crat and Crot
and the short- and medium-chain acyl-CoA esterases Acot12 and Acot5 has raised
the question of whether these enzymes compete for the same substrates in
mammalian peroxisomes. However, a recent study has shown that they have
distinct tissue expression patterns suggesting that carnitine acetyltransferases and
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acyl-CoA esterases provide complementary systems for the export of β-oxidation
products from peroxisomes (Westin et al. 2008).
2.5.6 Transport of reducing equivalents by shuttle mechanisms
Each cycle of peroxisomal β-oxidation is accompanied by reduction of one
molecule of NAD+ in the dehydrogenase reaction catalysed by the multifunctional
enzymes MFE-1 or MFE-2 (Hiltunen et al. 2003). NAD(H) is a bulky solute that
is apparently unable to penetrate the peroxisomal membrane (see above).
Therefore, it has to be reoxidised inside the particles to continue the β-oxidation
process. In mammals the reoxidation of NADH is proposed to take place via
lactate-pyruvate and glycerophosphate shuttles by the action of
peroxisomal/cytosolic lactate dehydrogenase (LDH) (Baumgart et al. 1996,
McClelland et al. 2003) and peroxisomal/mitochondrial glycerol-3-phosphate
dehydrogenase (G-3-PDH) (Antonenkov & Hiltunen 2006) respectively. The
presence of the shuttles presupposes transfer of the shuttle molecules
(lactate/pyruvate and glycerol-3-phosphate/dihydroxyacetone phosphate) across
the peroxisomal membrane. The mechanism of transfer has not yet been resolved,
although some authors suggested participation of the peroxisomal membrane
channels in this process (Antonenkov & Hiltunen 2006).
NADPH is a cofactor for 2,4-dienoyl-CoA reductase. This auxiliary enzyme
of peroxisomal β-oxidation is required for the degradation of unsaturated fatty
acids with double bonds at even numbered positions (Hiltunen et al. 2003).
Reduction of NADP+ is believed to proceed via glucose-6-phosphate
dehydrogenase (G-6-PDH) (Antonenkov 1989) and isocitrate dehydrogenase
(IDH) shunts (Geisbrecht & Gould 1999). Both of these enzymes are located in
the peroxisomal matrix and in the cytoplasm and they are able to convert
isocitrate to α-ketoglutarate and glucose-6-phosphate to 6-phosphogluconate,
respectively. The products formed are metabolised further in the reactions
catalysed by the tricarboxylic acid cycle and pentose phosphate pathway,
respectively. The presence of the shunt and shuttle mechanisms in peroxisomes is
recognised as a solid indication in favour of the impermeability of the
peroxisomal membrane to bulky solutes (Antonenkov & Hiltunen 2006).
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2.6

Peroxisomal membrane proteins

Several studies have described the isolation of the total fraction of membrane
proteins from mammalian liver or kidney peroxisomes (Hartl & Just 1987,
Gouveia et al. 1999, Wiese et al. 2007). About half of the total protein of the
peroxisomal membrane from rat liver is concentrated in two bands after SDSPAGE. These bands contain mainly PMP70 and Pxmp2 (Hartl & Just 1987). In
the recent proteomics characterisation of mouse kidney peroxisomes, 22 proteins
were identified from the peroxisomal membrane. They are classified into peroxins,
ABC-transporters and other membrane proteins (Wiese et al. 2007). The function
of most peroxisomal membrane proteins remains elusive.
2.6.1 PMP22 protein family
Pxmp2-protein
A 22 kDa peroxisomal membrane protein, Pxmp2 (formerly named Pmp22), has
been shown to represent the most abundant protein at the peroxisomal membrane
of rat liver (Hartl et al. 1985, Hartl & Just 1987). The rat Pxmp2 open reading
frame contains 584 base pairs encoding 194 amino acid residues and the
hydropathy analysis predicts 4 potential transmembrane segments spanning the
peroxisomal membrane with both the amino- and the carboxy-termini facing the
cytosol. The expression of Pxmp2 is not stimulated by peroxisomal proliferators
(Kaldi et al. 1993).
A protein similar to Pxmp2 has also been identified in the plant Arabidopsis
thaliana. This protein is also localised to peroxisomes and protease treatment
experiments show that it is buried in the peroxisomal membrane. Apparently, the
protein may form homo- or hetero-complexes in the membrane (Tugal et al.
1999).
The translation of mammalian Pxmp2 proceeds on free polysomes and the
protein is inserted into the peroxisomal membrane via a non ATP-dependent
mechanism (Diestelkotter & Just 1993). The insertion occurs directly from the
cytoplasm and is facilitated by the formation of complexes with some
cytoplasmic protein factors (Just & Diestelkotter 1996, Pause et al. 1997).
The targeting signals for membrane insertion of the mammalian Pxmp2 have
been studied by two groups (Pause et al. 2000, Brosius et al. 2002). In the more
recent study (Brosius et al. 2002) it has been shown that both, human and rat
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Pxmp2 contain two distinct targeting regions at the amino- and carboxy terminus
consisting of two transmembrane domains and an adjacent basic cluster of five
amino acids. The amino acid sequence of these clusters are RRALA (amino acids
19–23) or KRALA (aa 19–23), for the amino-terminal signal and RRLLL (aa
108–112) or KRLLL (aa 107–111) for the carboxy-terminal signal in human and
rat, respectively. These targeting regions interact with human PEX19, a protein
that apparently acts as a chaperone for the insertion of peroxisomal membrane
proteins (Brosius et al. 2002).
Mouse Pxmp2 cDNA has been cloned and shows high similarity to rat Pxmp2
(Bryant & Wilson 1995). The murine Pxmp2 is encoded by the Pxmp2 gene,
which is localised on chromosome 5. The expression of Pxmp2 has been detected
mainly in liver, kidney and heart (Luers et al. 2001). The first exon of Pxmp2 is
adjacent to the first exon of the gene PoleI, encoding the catalytic subunit of the
DNA polymerase ε. However, the genes are in opposite orientation. The 393 basepair sequence that separates these genes has been shown to act as a bidirectional
promoter for Pxmp2 and PoleI with independent regulation mechanisms for each
(Otte et al. 2003).
Mpv17-protein
Mouse Mpv17 is a 176 amino acid hydrophobic protein showing 26.5% identity
to the rat Pxmp2 (Kaldi et al. 1993). A mouse line was developed that was unable
to express Mpv17 owing to a retroviral insertion in the corresponding gene. At the
age of 2–3 months, the Mpv17-deficient mice developed kidney disease,
characterised as glomerulonephrosis with formation of glomerular lesions
(Weiher et al. 1990). Electron microscopy examination of the glomeruli in
kidneys of Mpv17-deficient mice showed podocyte foot process fusions and
mesangiolysis (O'Bryan et al. 2000). Kidney failure was accompanied by
proteinuria and hypertension (Clozel et al. 1999). In addition, defects in the inner
ear of the Mpv17-deficient mice were detected (Meyer zum Gottesberge et al.
1996, Meyer zum Gottesberge et al. 2001). Degeneration of the stria vascularis
and spiral ligament, loss of cochlear neurons and degeneration of the organ of
Corti led to severe hearing loss at the age of 2 months (Muller et al. 1997).
Electron microscopic examination of tissues from Mpv17−/− mice (Meyer zum
Gottesberge & Felix 2005) showed that the basement membranes of the kidney
glomeruli and the inner ear stria vascularis were affected. The changes include
irregular distribution of the collagen IV subunits and accumulation of laminin γ136

(inner ear) and β1chain (kidney) proteins. The morphology of the basement
membrane in Mpv17−/− mice resembles that found in patients suffering from an
inherited disease called Alport syndrome (Arnold 1984), a disorder characterised
by progressive nephritis and neurosensory deafness.
The function of Mpv17 is still unknown. It has been suggested that this
protein participates in ROS metabolism (Zwacka et al. 1994) and somehow
regulates the expression of matrix metalloproteinase 2 (MMP-2) (Reuter et al.
1998). MMP-2 is a member of the subfamily of proteinases that control the
content and structure of the extracellular matrix (Meyer zum Gottesberge et al.
2001).
Previous studies on human Mpv17 suggested peroxisomal localisation for
this protein (Zwacka et al. 1994). Recently, Mpv17 was identified as a candidate
gene in which mutations cause hepatocerebral mitochondrial DNA depletion
syndrome, a genetic disorder characterised by a severe, tissue specific decrease in
mitochondrial DNA copy number, leading to organ failure (Karadimas et al. 2006,
Spinazzola et al. 2006). A recent report indicates that mouse Mpv17 localises
nearly exclusively to the inner mitochondrial membrane with no sign of
peroxisomal localisation (Spinazzola et al. 2006). In addition, mitochondrial DNA
in the livers of Mpv17−/− mice was markedly decreased and mitochondrial DNAdependent respiratory chain activities (complex I and complex II) were
significantly lower, indicating a mitochondrial function for Mpv17 (Spinazzola et
al. 2006).
Mpv17-like protein
The third member of the Pxmp2 family is known as the Mpv17-like protein
(M-LP). It shows high sequence homology to Pxmp2 and Mpv17 proteins and is
also similar to them in hydrophilicity/hydrophobicity profiles. Mouse M-LP
contains 194 amino acids and is expressed in kidney and spleen, having lower
expression levels in heart, lung, brain and liver. (Iida et al. 2001). M-LP has been
localised in peroxisomes and has been suggested to be involved in ROS
metabolism based on the finding that the gene SOD2, coding superoxide
dismutase (Li et al. 1995, Lebovitz et al. 1996), is upregulated in cell culture by
transfection with mouse M-LP (Iida et al. 2003). The two alternatively spliced
transcripts generated from the M-LP gene, designated M-LPL and M-LPS, produce
proteins of 22 kDa and 10 kDa, respectively. M-LPS is expressed in kidney and is
localised in the cytoplasm of renal cells (Iida et al. 2005).
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A human homologue of the M-LP protein (M-LPH) has been characterised
recently (Iida et al. 2006) The gene for that protein contains two open reading
frames that may code for two separate isoforms M-LPH1 and M-LPH2,
composed of 196 and 147 amino acids, respectively. The mRNAs for these
variants have been detected ubiquitously in human tissues, but only M-LPH1 was
found at the protein level. M-LPH1 was localised in peroxisomes (Iida et al.
2006).
Yeast proteins homologous to mammalian Pxmp2
Sym1p, the yeast orthologue to human Mpv17, has been functionally
characterised to some extent (Trott & Morano 2004, Spinazzola et al. 2006).
Sym1Δ cells exhibit a growth defect when grown on ethanol at an elevated
temperature and when the cells were cultured at 37 °C, several ethanol-repressed
genes were dysregulated compared with wild-type (Trott & Morano 2004). Sym1
was localised in the inner membrane of mitochondria and expression of the
murine Mpv17 in Sym1Δ cells could complement the mutant phenotype (Trott &
Morano 2004, Spinazzola et al. 2006).
Another Pxmp2-related yeast protein is the putative S.cerevisiae open reading
frame YOR292c which bears significant sequence homology with Pxmp2 and
related genes (Visser et al. 2007b). A yor292cΔ knock-out strain exhibited no
growth defects on nonfermentable carbon sources at 37 °C. Furthermore, a sym1Δ
yor292cΔ double-mutant strain showed no additional ethanol sensitivity relative
to sym1Δ cells indicating a different function for YOR292C (Trott & Morano
2004). Based on the presence of a putative oleate-responsive element in the
promoter region of YOR292c, a role in fatty acid metabolism has been suggested
for this protein (Visser et al. 2007b).
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3

Aims of the study

The purpose of this work was to:
1.
2.

3.

Reveal whether the mammalian peroxisomal membrane contains channelforming proteins;
Analyse the function of the peroxisomal membrane protein Pxmp2 as a
potential channel-forming protein. For this purpose: (i) recombinant Pxmp2
protein was expressed in insect cells; (ii) native Pxmp2 protein was isolated
from mouse liver peroxisomes and (iii) a Pxmp2-deficient mouse model was
generated;
Characterise the phenotype of Pxmp2−/− mice.

39

40

4

Materials and methods

4.1

Generation of Pxmp2−/− mice

To disrupt the mouse Pxmp2, a lacZneo cassette was inserted into exon 2. This
strategy was chosen to leave the regulatory elements unaltered as much as
possible and to avoid changes in the expression of PoleI, which is located in close
proximity to Pxmp2, but transcribed in the opposite direction (see chapter 2.6.1 in
literature part). The Pxmp2 gene was partially sequenced and analysed for
exon/intron junctions (data not shown). The restriction map of the Pxmp2/PoleI
structure was a gift from Prof. J. Syväoja (University of Oulu, Finland). The
genomic BAC ES-clone (from the 129/SvJ mouse strain) containing Pxmp2 was
obtained from Genome Systems Inc. (St Louis, MO, USA). A 1.2 kb fragment
spanning the region from the EcoRI site downstream of exon 1 to the XbaI site in
exon 2 was generated by PCR from a Pxmp2 genomic BAC ES-clone as the
5`homology arm of the targeting construct and subcloned in the pBluescript II SK
vector (Stratagene, La Jolla, CA, USA). A lacZneo cassette containing the lacZ
reporter gene without an ATG start codon and the neomycin resistance gene for
positive selection (PGKneo) in a head to head transcriptional orientation was
ligated downstream from the 5`homology arm. As the 3`homology arm a 4.7 kb
XbaI-BamHI fragment containing the second half of the exon 2, exon 3 and intron
3 was inserted downstream the lacZneo cassette.
The targeting vector was linearised with NotI and electroporated into 129/SvJ
RW4 embryonic stem (ES) cells. After 24h cell growth, 200 µg/ml G418
(Invitrogen, Carlsbad, CA, USA) was added to the medium and the neomycin
selection was carried out 4–5 days. The surviving ES cell colonies were screened
for the correct insertion of the lacZneo cassette by PCR using 3 primers: the
forward
primer
for
normal
and
mutated
alleles
(GGTCAGAAGCACAGAGAAGAGAAGC) corresponding to the sequence
from intron 1, upstream of the 5`flanking region; the reverse primer for the
normal allele (CGCCCAGCTTCTCTGATGCTTCTTA) from intron 2, and the
reverse primer for the mutated allele (GCGGGCCTCTTCGCTATTACG) from
the lacZ-reporter gene. PCR generated products of 1.7 kb and 1.5 kb for wild-type
and targeted allele, respectively. Positive ES cell clones were verified by Southern
blotting (see below). Recombinant (Pxmp2+/−) ES cell clones were used for
aggregation with C57BL6/J morulas. The resulting chimeras were mated with
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C57BL/6J mice. The Pxmp2+/− germline offspring, identified by PCR analysis of
tail-tip genomic DNA, were backcrossed with C57 BL6/J mice for 6 generations
after which Pxmp2−/− progeny were generated. Experiments with animals were
approved by the University of Oulu committee of animal experimentation.
4.2

Southern and Northern analyses

Genomic DNA was isolated from mouse liver or ES cells by using a Blood and
Cell Culture Midi Kit (Qiagen, Hilden, Germany). DNA was digested with SacI
restriction endonuclease and hybridisation of the Hybond-N+ nylon membrane
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) was carried out following
established procedures using a 32P-labelled (Amersham Pharmacia Biotech AB)
670 bp Pxmp2 DNA fragment from intron 1 upstream of the 5`flanking regions as
a probe. The resulting DNA fragments were 5.1 kb and 4.2 kb from the wild-type
and recombinant allele, respectively (See legend to Fig. 24 for details).
Total RNA was isolated from mouse tissues by a Quick Prep Total RNA
Extraction kit (Amersham Pharmacia Biotech AB). For Northern analysis 45–50
µg of RNA was separated by using an agarose gel and blotted for hybridisation
with mouse Pxmp2 full-length cDNA as a probe.
4.3

Quantitative Real-Time PCR

Total RNA from liver, kidney and spleen tissue was isolated with an RNeasy Mini
Kit (Qiagen). cDNA was synthesised from total RNA with a Revert Aid First
Strand cDNA Synthesis Kit (MBI Fermentas, Burlington, Canada). Expression
levels of selected genes in mouse liver and kidney and DNA polymerase epsilon
(PoleI) in spleen were detected with the ABI PRISM 7700 Sequence Detection
System (Perkin Elmer, Boston, MA, USA) and Taq Man chemistry by the relative
standard curve method as described (Majalahti-Palviainen et al. 2000). The
results were normalised to 18S-rRNA quantified from the same samples. Realtime quantitative PCR analysis of Mpv17, M-LP and Pex11 family members in
liver and kidney of mouse was performed with a 7500 Real Time PCR System
using the fluorogenic probe-based Taq Man chemistry according to the
manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA).
Glyceraldehyde-3-phosphate dehydrogenase was used as an endogenous control
for normalisation and the results were analysed with 7500 System Software
(Applied Biosystems).
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4.4

Analyses of body fluids of Pxmp2−/− mice

Blood was harvested by orbital puncture of anaesthetised mice and urine was
collected in metabolic cages (model 3700M021, Tecniplast, Buguggiate, Italy)
over a time period of 24 h. The levels of serum total cholesterol, total protein, uric
acid, sodium, potassium, chloride, total bilirubin, triglycerides and urinary uric
acid, sodium, potassium and chloride were measured using a Cobas Integra 700
automatic analyser (Hoffman-LaRoche, Basel, Switzerland) by the Oulu
University Hospital. Urine osmolality was determined by an osmometer based on
freezing point depression. Serum progesterone was measured by an automated
chemiluminescence system (Advia Centaur, Bayer Corporation, NY, USA) and
estradiol by radioimmunoassay (Orion Diagnostica, Espoo, Finland). The levels
of bile acid derivatives in mouse bile fluid and serum fatty acids were measured
as described elsewhere (Savolainen et al. 2004).
Allantoin was determined from mouse serum and urine using a method as
described (Berthemy et al. 1999) with modifications. Samples were supplemented
with the stable isotope of allantoin ([1-15N, 5-13C] DL-allantoin, Sigma-Aldrich,
Helsinki, Finland) as an internal standard and proteins were precipitated by
acetone treatment. Supelco Discovery DSC-18 column (Supelco, Bellefonte, PA,
USA) was used for sample preparation and the extracted samples were analysed
on a PolarityTMdC18 HPLC column interfaced with a Micromass Quattro II mass
spectrometer (Waters, Milford, MA, USA).
For the determination of oxalic acid, urine was collected for 24 h and mice
were then administered i.p. 400 mg/kg body mass glycolic acid (Sigma-Aldrich).
After injection, separate urine samples were collected for two consecutive 24 h
time intervals and oxalic acid was determined with an Oxalate kit (Trinity Biotech,
Co Wicklow, Ireland).
4.5

Blood pressure telemetry

The left carotid artery of an anesthetisised mouse was cannulated and a TA11PAC20 telemetry device (Data Sciences International, St. Paul, MN, USA) was
implanted under the skin. Buprenorphine (Temgesic, Schering-Plough,
Kenilworth, NY, USA), 0.05 mg/kg s.c., was used for postoperative analgesia.
The mean arterial pressure and heart rate were measured continuously through the
experiment. All hemodynamic data were recorded after a one week recovery
period from the surgical operation. The recording of hemodynamics was carried
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out every 10 minutes and averaged for every hour throughout the experiment
which lasted for 4 days.
4.6

Histological analyses

Tissue samples for light microscopy were fixed in 4% (w/v) paraformaldehyde,
embedded in paraffin and sections were stained with hematoxylin and eosin. For
transmission electron microscopy, samples were fixed in 2.5% (w/v)
glutaraldehyde, postfixed in 1% (w/v) osmium-tetroxide followed by dehydration
in acetone and embedding in Epon Embed 812 (Electron Microscopy Science,
Hatfield, PA, USA). Isolated peroxisomes were fixed in 1% (w/v) glutaraldehyde
as described by Antonenkov et al. (2004b). After fixation the organelles were
sedimented by centrifugation, the pellets were postfixed with 1% (w/v) osmiumtetroxide, stained with 1% (w/v) uranyl acetate and then dehydrated and
embedded in Epoxy-embedding medium (Sigma-Aldrich). Thin sections were
contrasted with uranyl acetate and lead citrate before examination in a Philips
EM410 transmission electron microscope (FEI company, Eindhoven, The
Netherlands).
4.7

Whole-mount analysis

For whole-mount analysis inguinal mammary glands were removed from mice
and fixed in Carnoy`s fixative (absolute ethanol, chloroform, acetic acid – 6:3:1)
for 2–4 hours. Tissues were rehydrated through an ethanol series and stained
overnight in Carmine alum stain (0.2% (w/v) carmine and 0.5% (w/v) AlK(SO4)2,
both reagents are from Sigma-Aldrich). Samples were then dehydrated in an
ethanol series and cleared in xylene after which the slides were mounted with
Permount (Electronic Microscopy Sciences) for microscopic evaluation.
4.8

Immunohistochemistry

For immunohistochemical staining, inguinal mammary glands were fixed
overnight in 4% paraformaldehyde at 4 °C, followed by dehydration and paraffin
embedding. Paraffin sections (5 µm) were deparaffinized in xylene, rehydrated
and incubated in Antigen Unmasking Solution (Vector Labs, Burlingame, CA,
USA). Sections were treated in 50% (v/v) methanol containing 1% (v/v) hydrogen
peroxide to eliminate the endogenous peroxidase. For detection of Whey Acidic
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Protein (WAP), sections were incubated with 1.5% (v/v) rabbit serum for 30 min
to block unspecific binding and then with goat-WAP antibody (SC-14832, Santa
Cruz Biotech, Santa Cruz, CA, USA) at +4 °C over night. A Vectastain ABC Elite
Kit (Vector Labs) was used for immunohistochemical detection of antibodies and,
after hematoxylin counterstaining, the antibody staining was developed with 3`3`
diaminobenzidine tetrahydrochloride (Sigma-Aldrich).
4.9

Subcellular fractionation and isolation of mouse liver
peroxisomes

For measurements of enzyme activity and Western blot analysis, liver tissue
collected from male 6-month-old mice after an overnight fast was homogenised in
0.25 M sucrose, 20 mM MOPS, pH 7.4, 1 mM EDTA. For a comparative study of
peroxisomes from Pxmp2−/− and wild-type mice, purification of the organelles
was performed at the same time for both groups of animals (8–10 mice in each
group per isolation experiment). For morphological examination of peroxisomes
and for detection of the latency of peroxisomal enzymes, the organelles were
isolated using Nycodenz gradient centrifugation according to the following
procedure. Perfused livers were homogenised in isolation medium 1 containing
(1:4, w/v): 0.25 M sucrose, 10 mM MOPS, pH 7.4, 1 mM EDTA, 1 mM EGTA, 2
mM dithiothreitol (DDT), 0.1% (v/v) ethanol and 0.1 mM phenylmethylsulphonyl
fluoride (PMSF). The light mitochondrial fraction, most enriched in lysosomes
and peroxisomes, was isolated from the homogenates by differential
centrifugation as described previously (Verheyden et al. 1992), and this fraction
was then loaded on a multistep Nycodenz gradient [(two tubes, each containing
32 ml of 16–50% (w/v) Nycodenz (Sigma-Aldrich) prepared on isolation medium
2 (isolation medium 1 without sucrose)]. The gradients were stored overnight at
+4 °C before use. The samples were centrifuged in a vertical rotor VTi50
(Beckman, Palo Alto, CA) at 100,000 gmax for 90 min with slow acceleration and
deceleration. Purified peroxisomes (total volumes from two tubes, 12 ml) were
then slowly diluted to 50 ml by adding isolation medium 2 dropwise. The
peroxisomes were then resedimented at 40,000 gmax for 30 min in order to remove
soluble proteins that had escaped from broken organelles.
To obtain highly purified peroxisomes for channel-forming activity analyses
the Optiprep gradient method was used as follows. Mouse livers were
homogenised in an isolation medium 3 (1:4, w/v): 0.16 M sucrose, 12% (w/v)
PEG1500, 10 mM MOPS, pH 7.4, 1 mM EDTA, 1 mM EGTA, 2 mM DTT, 0.1%
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(v/v) ethanol, 0.1 mM PMSF and, in some experiments, a cocktail of protease
inhibitors (Merck, Darmstadt, Germany). To prevent the admixture of purified
peroxisomes with erythrocytes, the homogenate was centrifuged at 500 gmax and
then at 1200 gmax. Mitochondria and peroxisomes were sedimented from the
resultant supernatant by centrifugation at 23000 gmax. The pellet was resuspended
in the isolation medium 3 (total volume 80 ml) and the suspension was loaded on
a layer of 50% (w/v) Percoll solution (100 ml, Amersham Pharmacia Biotech AB).
The Percoll gradient was generated by centrifugation at 23,000 gmax for 60 min
with slow acceleration and deceleration. Fractions enriched in intact peroxisomes
were collected from the bottom of the gradient (total volume 12 ml) and diluted
with 6 ml isolation medium 3. An aliquot (8–9 ml) of this suspension was layered
on the top of an Optiprep gradient and centrifuged for 1 h at 65,000 gmax (slow
acceleration and deceleration) using 60 ml centrifugation tubes and a fixed-angle
rotor. The gradient consisted of 6 ml 20%, 6 ml 25%, 6 ml 30%, 6 ml 35%, 4 ml
40% and 4 ml 50% (w/v) Optiprep (60% (w/v) solution of iodixanol in water,
Sigma). All solutions used to prepare the gradient also contained, 10 mM MOPS,
pH 7.4, 1 mM EDTA, 2 mM DTT, 0.1% (v/v) ethanol and 0.1 mM PMSF. The
Optiprep gradient was fractionated from the bottom of the tube into 14 fractions.
Fractions enriched in peroxisomes (detected by measuring activity of the marker
enzyme L-α-hydroxyacid oxidase), were combined, and diluted four-fold with the
isolation medium-3. The organelles were sedimented by centrifugation at 100,000
gmax for 45 min, resuspended in 10 mM MOPS, pH 7.2, and stored at −80 °C. The
peroxisomal ghosts (peroxisomes devoid of matrix proteins) were prepared in
some experiments by sonication of purified peroxisomes in 50 mM Tris-Cl, pH
8.2 containing 0.15 M KCl. The ghosts were separated from matrix proteins by
centrifugation at 100,000 gmax or by multistep sucrose gradient centrifugation as
described (Antonenkov 1989).
For the isolation of purified mitochondria from mouse liver the procedure
described by Antonenkov et al. (2005) was used.
4.10 Protein analysis and immunochemistry
Protein content was determined according to Bradford (Stoscheck 1990). The
SDS/PAGE method (Laemmli 1970) was used for separation of proteins by using
15% (w/v) Criterion Precast Gels (Bio-Rad, Hercules, CA, USA) or 15% (w/v)
home made polyacrylamide gels. Visualisation of protein bands were done by
silver or Coomassie blue staining.
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SDS/PAGE gels were electroblotted onto nitrocellulose membranes according
to standard procedures (Towbin et al. 1979). The blots were incubated with the
appropriate primary antibodies, and detected with alkaline phosphatase-labelled
anti-rabbit or anti-goat IgG as described (Novikov et al. 1994) or horse radish
peroxidase–conjugated anti-mouse secondary antibody (Chemicon, Temecula, CA,
USA). In the latter case, the signal was developed with SuperSignal West Pico
Chemiluminescent substrate solutions (Pierce, Rockford, IL, USA) and detected
with Hyperfilm ECL (Amersham Pharmacia Biotech AB).
Polyclonal antibodies were generated in rabbits against: catalase and
glutamate dehydrogenase from bovine liver (Chemicon), the recombinant
N-terminal segment of human NADPH:cytochrome P450 reductase (Santa Cruz
Biotech), a synthetic peptide corresponding to amino acid residues 185–197 of the
human voltage-dependent anion channel, isoform-1 (VDAC1, Oncogene,
Cambridge, MA, USA), rat peroxisomal 3-oxoacyl-CoA thiolase (Antonenkov et
al. 1997), rat sterol carrier protein 2 (SCP-2, a gift of Prof. K. Wirtz, University of
Utrecht, The Netherlands), a synthetic peptide corresponding to a predicted
cytosolic domain (amino acids 403–417) of the rat 70 kDa peroxisomal
membrane protein (PMP70) sequence (a gift of Prof. S. Alexson, Karolinska
Institutet, Stockholm, Sweden). Antibodies against a synthetic peptide
corresponding to the N-terminus of mouse Pxmp2 (NH2-APAASRLRVESELG)
and the C-terminus of rat liver inner mitochondrial membrane marker D-3hydroxybutyrate dehydrogenase (THFPGAISDKIYIH-COOH) were prepared in
our laboratory by standard procedures (Sambrook 1989) .
4.11 Enzyme assays
Activities of marker enzymes for subcellular organelles: mitochondria –
glutamate dehydrogenase (Leighton et al. 1968), lysosomes – acid phosphatase
(Van Veldhoven et al. 1996) and β-galactosidase (Graham 1993), ER – esterase
(Beaufay et al. 1974)), and peroxisomes – L-α-hydroxyacid oxidase (Baker &
Tolbert 1966) and catalase (Baudhuin et al. 1964), were measured
spectrophotometrically according to standard procedures. The activity of urate
oxidase was measured by direct registration at 292 nm (pH 8.2) of the
disappearance of urate (Leighton et al. 1968) in latency determination or by a
coupled assay described elsewhere (Van Veldhoven et al. 1996), for detection of
the activity in gradient fractions. Activities of fructose phosphate isomerase
(Noltmann 1964) and glycerol-3-phosphate dehydrogenase (Gee et al. 1974) were
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measured with fructose-6-phosphate and dihydroxyacetone phosphate as
substrates, respectively. Alanine-glyoxylate aminotransferase activity was
measured by detection of pyruvate formation after trapping glyoxylate by Tris-Cl
buffer (Richardson & Thompson 1970). Units of enzyme activity are given as
μmol of substrate consumed or product formed per minute. The unit of activity
for the catalase, which shows first-order reaction kinetics, is expressed as the
amount of enzyme which causes the decadic logarithm of the H2O2 concentration
to decrease by one unit per min in a volume of 50 ml units defined by (Leighton
et al. 1968).
The latency of the enzymes was detected in freshly prepared peroxisomal
fractions after resedimentation of the organelles as described (Antonenkov et al.
2004b). Free enzyme activity was measured before disruption of the peroxisomal
membrane by Triton X-100 (0.05%, w/v, final concentration) which was used to
reveal total enzyme activity (Antonenkov et al. 2004b).
4.12 Dietary studies
To investigate the effects of possible accumulation of phytol derivatives, 0.5%
(w/w) phytol (Sigma Aldrich) was added to mouse chow for 12 weeks. 0.5%
(w/w) Clofibrate (ICN Biomedicals, Aurora, OH, USA) was added to mouse
chow for 14 days to investigate the effect of the peroxisome proliferator.
To study water balance and renal function of Pxmp2-deficient mice, animals
were deprived of water in the cycle of 17h without and 7h with free access to
drinking water for 5 weeks after which urine was collected in metabolic cages
with free access to water. In order to test the effect of excessive uric acid on the
kidneys of Pxmp2-deficient mice, animals were provided with drinking water
containing 1g/l uric acid (Sigma-Aldrich). After 4 weeks, a 3 week water
deprivation cycle of 17h without water and 7 h with water was initiated after
which urine was collected in urine cages with constant access to drinking water
also containing 1g/l uric acid.
4.13 Production of recombinant Pxmp2 in insect cells
Mouse kidney total cDNA was used to amplify Pxmp2 cDNA by PCR with the
forward
(CCGGAATTCACCATGGCAACCTGCGGG)
and
reverse
(CCGGAATTCTCACTTCCCCAGAGACC) primers containing the EcoRI
restriction sites (shown in bold). The PCR product was cloned into a pFastBac1
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donor vector (Invitrogen) and a BAC-TO-BACTM Baculovirus Expression System
(Invitrogen) was used for generation of recombinant baculovirus and transfection
of Spodoptera frugiperda (Sf9) insect cells. Mock transfection was performed
with recombinant baculovirus containing the gene coding for human lysyl
hydroxylase (gift of Prof. R. Myllylä, University of Oulu, Finland). After 72 h of
infection the infected Sf9 cells were homogenised in 20 mM MOPS, pH 7.2
containing 0.25 M sucrose and 1 mM EDTA. The homogenate was centrifuged at
800 gmax for 10 min to remove nuclei and cell debris. The resulting postnuclear
supernatant was centrifuged at 100,000 gmax for 45 min to obtain the total
membrane fraction and the cytosol. The postmitochondrial particles fraction (PPF)
was isolated by centrifugation of the post-nuclear homogenate at 6000 gmax for 20
min and the resulting supernatant was centrifuged at 100,000 gmax for 45 min. The
compositions of the isolated fractions were determined using marker enzymes for
different subcellular organelles.
4.14 Purification of native Pxmp2 protein from mouse liver
peroxisomes
For purification of native Pxmp2, mice were kept on a standard diet containing
0.3% (v/w) clofibrate (Sigma-Aldrich) for 2 weeks after which peroxisomes were
isolated from the liver tissue by the Optiprep gradient method as described in
section 4.9 with the exception that the Percoll gradient centrifugation step was
omitted. The purified organelles were diluted with 20 mM MOPS, pH 7.2 to 2.0–
2.5 mg/ml, sonicated and sedimented at 120,000 gmax. The pellet containing
peroxisomes poor in matrix proteins (peroxisomal ghosts) was resuspended in 1.0
M KCl, 20 mM Tris-Cl, pH 9.8, sonicated and sedimented as before. The
resulting peroxisomal preparation was suspended in 0.1M Na2CO3, pH 11.3 and
rotated for 2 h at 4 °C to remove peripheral membrane proteins. The peroxisomal
membranes were collected by centrifugation at 200 000 gmax and the integral
membrane proteins were solubilised by incubating the membrane preparation in
20 mM MOPS, pH 7.2 containing 5% (v/v, final concentration) Genapol X-080
(Sigma-Aldrich) overnight at 4 °C.
Peroxisomal membrane proteins solubilised by Genapol were separated from
insoluble material by centrifugation and subjected to ion-exchange
chromatography by using cartridges consisting of 1 Mono-Q Econo-Pac cartridge
connected in head to tail configuration to 2 Mono-S cartridges (Bio-Rad). The
cassette was equilibrated with 20 mM MOPS, pH 7.2, 0.2% (v/v) Genapol. After
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a washing step with the equilibration buffer, the Mono-Q cartridge was removed
and the Mono-S cartridges were washed once more with the same buffer
containing 0.4 M NaCl. The bound proteins were eluted with a 0.4–2.0 M linear
NaCl gradient at a flow rate of 1.4 ml/min. Immunoreactive fractions were
initially analysed by dot blot by using an antibody against Pxmp2 and the
fractions of interest were further investigated by Western blot and by SDS-PAGE
followed by silver-staining. 8–10 fractions enriched with Pxmp2 were pooled,
concentrated using Amicon membranes with a cut off 10 kDa (Millipore, Billerica,
MA, USA) and applied to a SuperdexTM 200 column (Amersham Pharmacia
Biotech AB) equilibrated with 20 mM MOPS, pH 7.2, 0.2% (v/v) Genapol, 0.15
M NaCl. Protein samples were chromatographed at a flow rate 0.8 ml/min and
fractions of 2.0 ml were collected. 2–3 Pxmp2-immunoreactive fractions were
pooled, concentrated and treated with 20 mM MOPS, pH 7.2 containing 4% (w/v)
DDM (Sigma-Aldrich) overnight at 4 °C. The sample was then rechromatographed on the SuperdexTM200 column equilibrated with 20 mM
MOPS, pH 7.2, 0.1% (w/v) DDM, 0.15 M NaCl. The Pxmp2-immunoreactive
fractions were collected, concentrated and stored on ice for detection of the
channel-forming activity.
The purity of Pxmp2 was determined by SDS-PAGE followed by silver
staining or immunoblotting. To confirm the authenticity of Pxmp2, the protein
band was cut from a gel stained with Coomassie Blue dye, followed by in-gel
digestion with trypsin and identified from the peptide mass fingerprint by matrixassisted laser desorption-ionisation mass spectrometry (MALDI-MS)(ABI
Voyager-DETM STR Biospectrometry Workstation, Applied Biosystems).
A SuperdexTM200 column connected to an AKTA-prime (Amersham
Pharmacia Biotech AB) system and calibrated with protein standards (SigmaAldrich) was used to determine the molecular mass of native Pxmp2. Chemical
cross-linking experiments using purified Pxmp2 were conducted at room
temperature
for
20
min
with
0.2
mM
ethylene
glycolbis(sulphosuccinimidylsuccinate) (Sulpho-EGS, Pierce).
4.15 Reconstitution assay into planar lipid bilayer
Lipid bilayer experiments were conducted as described elsewhere (Benz et al.
1978) using 1% (w/v) diphytanoyl phosphatidylcholine (Avanti Polar Lipids,
Alabaster, AL, USA) dissolved in n-decane as a membrane-forming lipid.
Membrane across a circular hole (0.2 mm2) in the thin wall separating two
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compartments in a Teflon chamber was formed by the painting technique. The
aqueous salt solutions (analytical grade) were unbuffered (unless otherwise stated)
with a pH around 6. Peroxisomal channels were inserted into the lipid bilayer at a
high frequency in a 1.0 M KCl bathing solution and this salt concentration was
used in all experiments with some exceptions. Solubilised membrane proteins or
the purified Pxmp2 protein were introduced in both compartments of the chamber
for incorporation into the bilayer, which took place spontaneously within 5–10
min. The temperature was kept at 20 °C and the applied voltage was +20 mV
unless otherwise stated. A Planar Lipid Bilayer Workstation with a BC-535
amplifier and 4 pole low-pass Bessel filter (Warner Instruments, Hamden, CT,
USA) was used for detection of reconstituted channels and pCLAMPS 9.2
software (Axon Instruments, Union City, CA, USA) was used for acquisition and
analysis. Reversal potential measurements were performed by establishing a twofold salt gradient across a bilayer containing a single channel and the current was
measured at different membrane potentials.
Current amplitudes were detected by cursor measurements at current
increments that indicated insertion of a new channel in the artificial membrane.
Current amplitudes were divided by the applied transmembrane voltage in order
to calculate single-channel conductance. Data from measurements of 180–220
current increments were used to construct histograms of probability of the
insertion events relative to their conductivity. For each histogram, the number of
insertion events with a certain conductivity (bin size 0.1 or 0.25 nS) is presented
as a percentage of the total amount of all insertion events registered.
4.16 Statistical analyses
Significance was determined using a two-tailed Student’s t test. When data from
the measurements of blood or urine components with frequent deviations from the
normal distribution were analysed, a non-parametric U-test was used.
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5

Results

5.1

Channel-forming activity in the mouse peroxisomal membrane

This section is based on the published work (Antonenkov et al. 2005).
5.1.1 Characterisation of the purified peroxisomal fraction
Peroxisomes were isolated from the livers of C57BL/6J mice by using a medium
containing PEG 1500 and Optiprep gradient centrifugation as described in the
section 4.9. The purity of the isolated peroxisomes was confirmed by
determination of marker enzyme activity: L-α-hydroxyacid oxidase (peroxisomes),
glutamate dehydrogenase (mitochondria), esterase (microsomes) and acid
phosphatase (lysosomes) (Fig. 4A). In addition, the distribution of organelles in
the final Optiprep gradients were monitored by SDS-PAGE analysis (Fig. 4B) and
by immunoblotting with antibodies raised against Pxmp2 and catalase
(peroxisomal membrane and matrix marker proteins, respectively), VDAC1
(mitochondrial outer membrane protein), D-3-hydroxybutyrate dehydrogenase
(D-3-HD, mitochondrial inner membrane protein) and NADPH cytochrome P450
reductase (P450- red, ER) (Fig. 4C). Based on the enzymatic analysis,
contamination of gradient fractions enriched with peroxisomes (fractions 3–6) by
mitochondria and microsomes was very limited. Furthermore, the protein pattern
of these fractions was similar to that described previously for highly purified
peroxisomal preparations from rodent liver (Alexson et al. 1985, Bodnar &
Rachubinski 1991, Antonenkov et al. 2004a) and immunoblot signals of
mitochondrial and microsomal marker proteins in peroxisomal gradient fractions
were not detected by Western blotting under standard conditions (fractions 4–7,
Fig. 4C). However, overexposed immunoblots of D-3-HD and P450-red indicated
some traces of these marker proteins in the peroxisomal fractions (Fig. 4D).
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Fig. 4. Separation of peroxisomes from other cellular organelles by Percoll and
Optiprep gradient centrifugation. A, Fractions from the Optiprep gradient were
analysed for the following marker enzyme activities: glutamate dehydrogenase (a,
filled bars), acid phosphatase (a, grey bars), esterase (a, open bars), L-α-hydroxyacid
oxidase (b, filled bars), or protein content (b, open bars). Results are expressed as
relative activity (relative protein content) in each fraction (% of the total activity loaded
on the gradient). Enzyme (protein) recoveries varied between 84–106%. B and C,
Proteins from equal volumes of each fraction were separated by SDS-PAGE and silverstained (B) or immunoblotted (C). Molecular mass markers are shown on the left in B.
D, Immunoblots of D-3-HD and P 450-red were overexposed to detect traces of
mitochondria

and

microsomes

in

the

gradient
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containing

mainly

peroxisomes (fractions 3–7). (Antonenkov et al. 2005). Reprinted by permission from
Birkhäuser Verlag AG.
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Electron microscopic examination of the gradient fractions confirmed the
results obtained using marker enzyme activities and immunoblotting (Fig. 5). The
peroxisomal fraction consisted almost exclusively of peroxisomes, some of which
were intact (structures with high electron density, Fig. 5A, B) while some had low
levels of matrix proteins (peroxisomal ghosts) because of partial damage to the
organelles during isolation. Only a low level of mitochondrial contamination was
detected (indicated on Fig. 5B). The top of the Optiprep gradient (fractions 9–11,
Fig. 4) contained a mixture of different organelles including mitochondria, ER,
lysosomes and structures that resembled peroxisomal ghosts (Fig. 5C). A purified
mitochondrial fraction with a low admixture of peroxisomes was isolated for
measurements of channel-forming activities (described below). As can be seen in
Fig. 5D, this fraction consisted mainly of mitochondria with some admixture of
lysosomes and barely detectable peroxisomes.

Fig. 5. Electron micrographs of subcellular fractions obtained after Optiprep gradient
centrifugation. A and B, The bottom gradient fractions (see Fig. 4A) contain highly
purified peroxisomes, the few mitochondria are marked as mt. C, The fractions from
the top of a gradient are enriched in mitochondria and fragments of ER, the fractions
contain also structures resembling peroxisomal ghosts. D, Purified mitochondrial
fraction. Original magnification was: 3800-fold, bar 1000 nm. (Antonenkov et al. 2005).
Reprinted by permission from Birkhäuser Verlag AG.
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5.1.2 Detection of channel-forming activity
Multiple-channel analyses were conducted with mouse liver peroxisomal
preparations to investigate whether purified peroxisomes contain any channelforming components. The results indicated two major types of channel-forming
activity in the peroxisomal fraction with average conductances of 1.3 nS and 2.5
nS, respectively, in 1M KCl (Fig. 6A, B, panel 1). To further characterise the
peroxisomal nature of these channels, the testing was performed also on the
fraction enriched with mitochondria (pooled Optiprep gradient fractions 9–11, see
Fig. 4). The most frequent channel-forming events detected in this fraction were
with a conductance of 4.0 nS in 1M KCl (Fig. 6B, panel 2) which is known to
represent the mitochondrial porin at its open state (Benz 1994). It was also
noticed that the frequency of the channel-forming events with conductance of 1.3
nS and 2.5 nS was significantly lower in the mitochondrial fraction than in the
peroxisomal fraction. Another channel-forming event observed in the
mitochondrial fraction was with a conductance of 2.0 nS that is presumed to be
the mitochondrial porin in its closed state (Benz 1994). However the 2.0 nS event
was also detected in the peroxisomal preparations (Fig. 6B, panels 1 and 3)
suggesting the possible existence of a third peroxisomal channel-forming activity
similar to mitochondrial porin in the closed state. A fifth, unknown channel–
forming activity with the conductance of 0.5 nS was detected in the mitochondrial
but not in the peroxisomal fraction (Fig. 6B, panel 2).
In order to confirm the peroxisomal origin of the channel-forming activities
with conductances of 1.3 nS and 2.5 nS in 1 M KCl, a purified mitochondrial
fraction was tested (Fig. 6B, panel 5). Channel-forming events in this fraction
represented the activity of VDAC in its open (4.0 nS in 1M KCl) and closed (2.0
nS in 1M KCl) state, as was expected. Channel-forming events with a
conductance of 1.3 nS and 2.5 nS in 1M KCl were also observed but with much
lower frequency relative to the activity of mitochondrial porin.
Additional experiments were carried out to localise the channel-forming
activities in peroxisomes. Peroxisomal ghosts were generated from the isolated
particles and membrane proteins were solubilised and analysed for channelforming activity. Activities with a conductance of 1.3 nS and 2.5 nS in 1 M KCl
were detected, similar to the findings with the peroxisomal preparations (Fig. 6B,
panel 3). Separate experiments with peroxisomal matrix proteins failed to register
any channel-forming activities indicating that these activities are localised in the
peroxisomal membrane.
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Fig. 6. Detection of the channel-forming activity. A, Multiple-channel recording of an
artificial membrane in the presence of detergent-solubilised peroxisomes purified
from mouse liver. Insertion events with an average conductance of 1.3 nS (*), 2.5 nS (**)
and 4.0 nS (***) in 1 M KCl are indicated. B, Histograms of the multiple-channel
conductance events observed in the presence of freshly prepared detergentsolubilised peroxisomes (panel 1; combined gradient fractions 3–6, see Fig. 4);
fraction enriched in mitochondria and microsomes (panel 2; combined gradient
fractions 9–11, see Fig. 4); peroxisomal ghosts (panel 3); purified peroxisomes which
o

were solubilised by 0.5% (w/v) Genapol X-080 and then kept overnight at +4 C (panel
4); purified mitochondrial fraction (panel 5). C, Detection of the channel-forming
activity of the sample consisting of aliquots of the gradient fractions 3–8 (see Fig. 4) at
1 M KCl (panel 1) and 2 M KCl (panel 2) in an aqueous phase, respectively.
(Antonenkov et al. 2005). Reprinted by permission from Birkhäuser Verlag AG.
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5.1.3 Properties of the peroxisomal channels
As shown in Fig. 6A, the measurements on freshly prepared peroxisomal
preparations solubilised with the detergent Genapol X-080 indicated step changes
in the membrane conductance mainly with average levels of 1.3 nS and 2.5 nS in
1 M KCl. The majority of steps in membrane conductance were directed toward
an increase in conductance indicating that the peroxisomal channels were stable
in the lipid bilayer. Overnight storage at +4 °C of the peroxisomal preparations
solubilised by detergents (Genapol X-080 or Triton X-100) was followed by a
large decline in the frequency of the insertion events with conductances of 1.3 nS
and 2.5 nS in 1M KCl. The pattern of peroxisomal proteins detected by silver
staining was not visibly affected in these preparations indicating that factors other
than proteolysis may affect the activity of the solubilised channels. The decrease
in peroxisomal channel-forming activities led to the detection of more frequent
channel-forming events belonging to channels from contaminating organelles (Fig.
6B, panel 4 compare to panel 1).
Channel-forming activities exhibited no voltage dependence at voltages as
high as ±100 V, indicating that the 1.3 nS and 2.5 nS activities are provided by
separate pore forming proteins instead of different states of the same channel. The
overall channel-forming activity in the peroxisomal fraction was shown to be
cation selective with a PK/PCl ratio in a KCl gradient close to 4. Experiments on
the channel-forming activities of the two peroxisomal channels at different KCl
concentrations revealed a linear dependence of a single-channel conductance on
the KCl concentration (Fig. 6C).
To study the effect of the KCl concentration on the relative frequency of
peroxisomal channel-forming events, fractions 3–8 of the Optiprep gradient (see
Fig. 4) were combined and the resulting preparation that contained, in addition to
peroxisomes, some admixture of mitochondria and other organelles was used for
the multiple-channel recording measurements in the presence of 1 M KCl (Fig.
6C, panel 1) or 2 M KCl (Fig. 6C, panel 2). The pattern of insertion events at 1 M
KCl shows the presence of both peroxisomal and mitochondrial channel-forming
activities in the preparation at approximately similar proportions. However, the
pattern of insertion events at 2 M KCl indicated clear predominance of
peroxisomal channel-forming activities with an average conductance of 2.5 nS
and 5.0 nS, respectively over the activities with conductance 4.0 nS and 7.5–8.0
nS which can be caused by mitochondrial porin (VDAC from mammalian
mitochondria shows linear dependence of conductivity on KCl concentration (De
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Pinto et al. 1987)). The results suggest that the peroxisomal channel-forming
activity may be latent at low KCl concentrations but it is easily detectable at
higher salt concentrations.
5.2

Pxmp2 functions as a channel in the mammalian peroxisomal
membrane

5.2.1 Studies with Pxmp2-deficient mice
This chapter describes the results with isolated peroxisomes from Pxmp2deficient mice. The generation and phenotypic characterisation of Pxmp2−/− mice
is presented in chapter 5.3.
Pxmp2-deficient peroxisomes are fragile
Nycodenz gradients were used to purify Pxmp2-deficient liver peroxisomes and
enzyme activities were measured for peroxisomal matrix proteins L-αhydroxyacid oxidase and catalase. In addition enzyme activities were determined
for alkaline phosphatase (AP, lysosomal marker) and β-galactosidase (marker
protein for the lysosomal matrix) and glutamate dehydrogenase (marker protein
for the mitochondrial matrix). The results indicate increased leakage of matrix
proteins from the peroxisomes of Pxmp2-deficient mice during the isolation
compared to the wild-type controls (Fig. 7 and Fig. 8). The leakage is confined
only to peroxisomes since no differences were observed in the activities of
lysosomal and mitochondrial enzymes in the cytosolic fraction of Pxmp2−/− and
wild-type peroxisomes (Fig. 8).
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Fig. 7. Effect of Pxmp2-deficiency on the integrity of peroxisomes in vitro. The
postnuclear homogenates of liver samples were centrifuged using Nycodenz
gradients. The activity of L-α-hydroxyacid oxidase was determined as a marker for
soluble peroxisomal matrix proteins in both wild-type (dark grey bars) and Pxmp2deficient (light grey bars) preparations. The ordinate axis (left) represents relative
enzyme activities in each fraction (percentage of the total activity loaded on the
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Fig. 8. Peroxisomes from Pxmp2-deficient mouse liver are fragile. Contents of protein
and activities of the soluble matrix enzymes of different organelles: peroxisomes
(catalase,

L-α-hydroxyacid

oxidase

/HAOX/),

lysosomes

(Acid

phosphatase,

β-galactosidase), and mitochondria (glutamate dehydrogenase /GDH/) were measured
in the cytosolic fraction and are presented as a percentage of the total amount in the
postnuclear homogenate from wild-type (dark grey bars) and Pxmp2
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bars). P < 0.001, P < 0.05 compared with control group, n = 3.
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−/−

mice (light grey

Similar results were obtained when several peroxisomal matrix proteins in the
cytosolic fraction isolated from liver homogenates of Pxmp2−/− and wild-type
mice were studied by Western blot (Fig. 9). Samples from cytosol and
homogenate (marked as c and h, respectively in Fig. 9) were used for
immunodetection of peroxisomal proteins: 3-oxoacyl-CoA thiolase (thiolase),
sterol carrier protein 2 [Scp2, this protein shows dual, peroxisomal/cytoplasmic,
localisation in the liver of rodents (Gallegos et al. 2001)], sterol carrier protein
2/3-oxoacyl-CoA thiolase (Scp2/thiolase), peroxisomal membrane protein 70
(Pmp70), and Pxmp2. The peroxisomal membrane proteins Pmp70 and Pxmp2
were not detected in the cytosolic fraction indicating that only soluble matrix
proteins leaked out of the particles during homogenisation. As can be seen in Fig.
9, an increased leakage of matrix proteins from Pxmp2-deficient peroxisomes is
observed.

Fig. 9. Effect of Pxmp2 deficiency on the integrity of peroxisomes in vitro.
Immunodetection of peroxisomal proteins 3-oxoacyl-CoA thiolase (thiolase), sterol
carrier protein 2 (Scp2), sterol carrier protein 2/3-oxoacyl-CoA thiolase (Scp2/thiolase),
peroxisomal membrane protein 70 (Pmp70), and Pxmp2 from the cytosolic fraction (c)
−/−

or homogenate (h) of Pxmp2-deficient (Pxmp2 ) and wild-type (control) livers.

61

Furthermore, in electron microscopic studies, while peroxisomes in liver crosssections of Pxmp2-deficient mice were normal (Fig. 10, panels 1 and 2), the
isolated Pxmp2-deficient peroxisomes contained a matrix with a lower electron
density when compared to control preparations (Fig. 10, panels 3 and 4).

Fig. 10. Morphological examination of Pxmp2-deficient peroxisomes. (1) Peroxisome
visible in liver cross section of wild-type mouse, p = peroxisome; (2) cluster of Pxmp2deficient peroxisomes; (3,4) peroxisomes from livers of Pxmp2

−/−

(3) and wild-type (4)

mice isolated using a Nycodenz gradient (see Fig. 4; fractions 3–4 were collected for
analysis). Bar: 500 nm (1,2); 1000 nm (3,4).

These results indicate an increased fragility of Pxmp2-deficient peroxisomes,
which may be caused by abnormal osmotic behaviour by the organelles due to
apparent limitations in the membrane permeability to solutes.
Latency of peroxisomal enzymes in Pxmp2-deficient peroxisomes
Latency is a phenomenon described for enzymes which are located inside cellular
organelles and the organellar membrane forms a permeability barrier for the
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substrate(s) of this enzyme. In this case, the activity of the enzyme is low when
measured in the reaction mixture containing isolated intact organelles in the
absence of membrane disrupting agents. This activity is defined as the free
activity. When the membranes are disrupted by a detergent or by sonication, the
enzyme activity, defined as total activity, shows increase and thus indicates
latency.
Cofactor-independent peroxisomal oxidases, such as urate oxidase, show no
latency in peroxisomes from wild-type rodents, unlike catalase and cofactordependent enzymes (De Duve & Baudhuin 1966, Antonenkov et al. 2004b).
However, activities of urate oxidase (Fig. 11) and L-α-hydroxyacid oxidase (Fig.
12) in the liver peroxisomes isolated from Pxmp2−/− mice showed latencies. Only
a part of the total activities of the oxidases was latent, whereas activities of
catalase and cofactor-dependent enzymes determined from the same peroxisomal
preparations showed high latency. These observations demonstrate that the
Pxmp2 deficiency leads to a partial restriction in the peroxisomal membrane
permeability to metabolites in vitro.
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Fig. 11. Effect of Pxmp2 deficiency on the latency of peroxisomal urate oxidase. Left
panel: absorbance traces at 292 nm indicating oxidation of uric acid. Incubation
medium contained: purified peroxisomes (40 μg) only (1); + uric acid (2); + 0.05% (w/v)
Triton X-100 (3). Right panel: free activities of urate oxidase in peroxisomes from livers
of control (dark grey column) and Pxmp2
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(light grey column) mice, *P < 0.001, n = 12.
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peroxisomal enzymes in vitro. The latency of: HAOX, catalase, lactate dehydrogenase
(LDH), and glycerol-3-phosphate dehydrogenase (GPDH) was detected. The last two
enzymes are NADH-dependent. Free activity of the enzymes in peroxisomes isolated
from wild-type (dark grey columns) and Pxmp2

−/−
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presented as a percentage of the total activity, *P < 0.001, n = 7–8.

Determination of uric acid, allantoin and oxalic acid in body fluids of
Pxmp2-deficient mice
The diminished access of substrates into peroxisomes might affect their rate of
metabolism by the corresponding peroxisomal enzymes such as, oxidation of uric
acid to allantoin by urate oxidase. Concentrations of uric acid and allantoin in
body fluids of Pxmp2−/− mice were measured to test this possibility. The level of
uric acid in the serum of Pxmp2−/− mice was 103 ± 30 µmol/l compared to 68 ± 33
µmol/l in the wild-type control. In urine the ratio of uric acid concentration to
creatinine was 0.85 ± 0.4 in Pxmp2-deficient mice compared to 0.18 ± 0.04 in the
wild-type mice (Fig. 13A and Table 1). Concomitantly, the levels of allantoin
were lower in body fluids of Pxmp2−/− mice than in wild-type controls (Fig. 13B),
which indicates that the elevated levels of uric acid are due to a decrease in the
degradation of this compound rather than to enhancement of purine catabolism in
Pxmp2−/− mice. Since the total activity of uric acid oxidase was shown to be the
same in liver homogenates of Pxmp2−/− and wild-type animals, it can be assumed
that the decreased uric acid catabolism is caused by restriction in peroxisomal
membrane permeability.
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To further test the permeability properties of the Pxmp2-deficient peroxisomal
membrane we measured the content of oxalic acid, which is a peroxisomal
metabolite and the final product of glycolic acid oxidation. The metabolism of
glycolic acid in mammals takes place in the cytoplasm resulting in the formation
of oxalic acid, and in peroxisomes with the production of glycine (Baker et al.
2004). If movement of glycolic acid into peroxisomes were restricted, an
elevation in the oxidation of this compound in the cytoplasm would occur, leading
to an increase in the production of oxalic acid. Pxmp2−/− and wild-type mice were
injected with glycolic acid and the level of oxalic acid in urine was determined
(Fig. 14). Both groups of mice displayed similar levels of urinary oxalic acid
before the injection of glycolic acid. However, after the injection of glycolic acid,
a higher rate of oxalic acid excretion in Pxmp2-deficient mice was detected
compared to wild-type control. Measurements of the total activity of enzymes
participating in the oxidation of glycolic acid in peroxisomes (HAOX, alanineglyoxylate aminotransferase) or in the cytoplasm (LDH) in liver homogenates did
not reveal any difference between Pxmp2−/− and wild-type mice, respectively.
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Fig. 14. Detection of oxalic acid in urine. Wild-type (●) and Pxmp2

−/−

(○) mice were

injected with glycolic acid and the excretion of oxalic acid in urine was measured. The
absolute quantity of excreted oxalic acid was calculated as μmoles in the total urine
collected within 24 h per 100 g body mass (left panel). The urine was collected for 24 h
before glycolate injection (1), for 24h after injection (2) and from 24 h to 48 h after
injection (3). The difference between the content of oxalic acid excreted in urine
collected 24 h before and 24 h after the injection of glycolic acid is shown in the right
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panel. The difference was calculated for each mouse. P < 0.05.

Detection of channel-forming activities in peroxisomes of Pxmp2−/− and
wild-type mice
The restriction in peroxisomal membrane permeability in Pxmp2-deficient mice
can readily be explained by the presence in the peroxisomal membrane of general
diffusion pores that are formed by the Pxmp2 protein. Therefore, channel-forming
activities in peroxisomes isolated from Pxmp2−/− mice by the Optiprep gradient
method were analysed by an electrophysiological approach using a reconstitution
assay in lipid bilayers. As was expected the preparations from wild type mice
showed the most frequent insertion events with conductances of 1.3 nS and 2.5 nS
in 1M KCl (Fig. 15A, B). When peroxisomal preparations from Pxmp2-deficient
mice were subjected to multiple-channel recording, the fluctuations with a
conductance of 1.3 nS in 1M KCl were lost. In order to confirm the link between
Pxmp2 deficiency and channel-forming activity in peroxisomes a polyclonal
antibody against the N-terminal part of Pxmp2 was utilised. As a result the poreforming activity of a wild-type peroxisomal preparation treated with immune
antiserum showed a clear decrease in insertion events with a conductance of 1.3
nS in 1M KCl compared to the control sample treated with pre-immune serum
(Fig.15C).
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Fig. 15. Detection of channel-forming activity in membrane preparations. A, Multiplechannel recording of an artificial membrane in the presence of detergent-solubilised
liver peroxisomes. Insertion events with a conductance of 1.3 nS (*), 2.0 nS (**), 2.5 nS
(***) and 4.0 nS (****) are marked. B, Histogram of multiple-channel recordings
registered in a peroxisomal fraction isolated from livers of wild-type (upper panel) or
Pxmp2

−/−

(lower panel) mice. The 1.25 nS conductance level is marked by an arrow on

each panel. C, Effect of anti-Pxmp2 antibodies on the channel-forming activity in
peroxisomal preparations. The activity was registered after addition of the IgG fraction
(5 μg) isolated from pre-immune (upper panel) or immune (lower panel) serum.

5.2.2 Channel-forming activity of recombinant Pxmp2
Mouse Pxmp2 cDNA was expressed in the insect cell line Sf9 using baculovirus
expression system. The expressed Pxmp2 was located in postmitochondrial
particles fraction (PPF, see chapter 4.13) of infected insect cells (Fig. 16A and Fig.
17A). Multiple-channel recordings of the PPF from mock-transfected cells
indicated several types of channel-forming activities (Fig. 16B, C). Cells
expressing Pxmp2 showed an additional type of channel-forming activity with a
conductance of 1.3 nS in 1M KCl (Fig. 16C). When antibodies against Pxmp2
were applied this activity was suppressed (Fig. 17B). In addition, partially
purified recombinant Pxmp2 showed channel-forming activity with a conductivity
pattern similar to that found in preparations of native Pxmp2 isolated from mouse
liver peroxisomes (Fig. 17C). These results indicate that recombinant Pxmp2
shows channel-forming activity similar to native Pxmp2 (see below).
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Fig. 16. Detection of channel-forming activity in membrane preparations from insect
cells producing recombinant Pxmp2. (A) Isolation of a Pxmp2-enriched membrane
fraction from insect cells (see Methods, chapter 4.13). Based on marker enzyme
activity detection (Fig. 17A), the postmitochondrial particle fraction (PPF) was
enriched with fragments of ER (microsomes) and (micro)peroxisomes. Protein (40 μg)
from each fraction were subjected to SDS/PAGE and immunoblotted with antibodies
against mouse Pxmp2. Control – mock transfected cells. (B) Multiple-channel
recordings of the PPF-preparations isolated from mock-transfected (left trace) insect
cells or those expressing recombinant Pxmp2 (right trace). Insertion events with a
conductance of 1.3–1.5 nS in 1M KCl are shown by asterisks. (C) Histogram of
insertion events observed in the presence of PPF preparations isolated from mocktransfected (upper panel) and Pxmp2-expressing (lower panel) insect cells.
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Fig. 17. (A) Characterisation of subcellular fractions isolated from insect cells as
described in section 4.13. Catalase, GDH, esterase, AP, and LDH were used as markers
for (micro)peroxisomes, mitochondria, ER, lysosomes, and cytosol, respectively.
Specific activities of the enzymes were determined in the corresponding fractions
isolated from mock-transfected (dark grey columns) and Pxmp2-transfected (light
grey columns) insect cells and are presented as a percentage of the activity in postnuclear homogenates (100%). Note that in addition to the marker for endoplasmic
reticulum (esterase), the postmitochondrial particle fraction (PPF) also shows a high
catalase activity, implying that this fraction contains a significant number of
(micro)peroxisomes. The PPF also contains the highest concentration of recombinant
Pxmp2 (see Fig. 16) and was used for detection of channel forming activity. (B) Effect
of anti-Pxmp2 antibody on the channel-forming activity. The PPF was isolated from
insect cells expressing Pxmp2, and an aliquot of solubilised protein (400 μg) was
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incubated (30 min at +4 C) with IgG (5 μg) purified from pre-immune (left panel) or
immune (right panel) serum. The preparations were then used for multiple-channel
recording. Note the decrease in the relative amount of insertion events with a
conductance of 1.3–1.6 nS in 1.0 M KCl after incubation of the samples with antiPxmp2 antibodies. (C) Multiple-channel recording of fractions containing recombinant
Pxmp2 partially purified from insect cell PPF-preparations. The purification includes
ion-exchange chromatography using Mono-S and Mono-Q2 columns. Note the
abundance of insertion events with a conductance of 0.4 nS, 0.9 nS and 1.3–1.5 nS in
1.0 M KCl, respectively (see section 5.2.3 for details).

5.2.3 Purification andcharacterisation of native Pxmp2
In order to obtain further confirmation that Pxmp2 is active as a channel, the
native protein was isolated from mouse liver (Fig. 18). Based on size-exclusion
chromatography the predicted size of Genapol solubilised native Pxmp2 is 200
kDa (Fig. 18B, upper panel and Fig. 18C). This 200 kDa form is dissociated by
the detergent n-dodecyl β-D-maltoside to the form with an estimated molecular
mass of 66 kDa (Fig. 18B, lower panel and Fig. 18C). Two forms of the protein
were detected after thermal treatment and size-exclusion chromatography (66 and
22 kDa, respectively) suggesting that purified Pxmp2 is a homotrimer (Fig. 18E).
This was confirmed by crosslinking experiments (Fig. 18F). The identity of the
isolated Pxmp2 protein was confirmed by western blot analysis (Fig. 18D) and by
mass spectrometry.
5.2.4 Channel-forming activity of purified native Pxmp2
When purified Pxmp2 was analysed in reconstitution experiments a channelforming activity with characteristic conductance fluctuations was registered (Fig.
19A) which showed three main conductance levels of 0.45 nS, 0.9 nS and 1.3–1.4
nS in 1M KCl (Fig. 19B). Different conductance sub-states of the purified Pxmp2
channel are not caused by voltage-gating since no voltage-induced closure at
positive and negative potentials was observed (Fig. 19C). The 1.3 nS channel
demonstrated a linear current-voltage relationship (Fig. 19D) and is moderately
cation selective (PK+/PCl− = 2.3). When measurements were conducted with the
low-conductance channel (0.45 nS in 1.0 M KCl) a similar ion selectivity was
observed (PK+/PCl− = 2.4). Both, high (1.3 nS) and low-conductance (0.45 nS)
channels were shown to depend nearly linearly on the KCl concentration (Fig.
19E).
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chromatography steps (0.6 μg). The protein identified by MALDI-TOF mass
spectrometry as Pxmp2 is marked with an asterisk. The migration of molecular mass
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(in kDa) markers (LMW Calibration kit, Bio-Rad) is indicated on the left. (B) Sizeexclusion chromatography of partially purified Pxmp2 before (upper panel) and after
(lower panel) treatment of the protein with n-dodecyl β-D-maltoside (DDM, see section
4.14). Proteins in 200 μl column fractions were separated by SDS-PAGE, transferred to
nitrocellulose, and incubated with anti-Pxmp2 antibodies. (C) Mobility of Pxmp2 on a
TM

Superdex 200 column. The calibration curve was generated by plotting the log of the
molecular mass of the standards versus mobility on the column. The molecular mass
markers are: (1) catalase, 240 kDa; (2) lactate dehydrogenase, 140 kDa; (3) bovine
serum albumin, 66 kDa; (4) carbonic anhydrase, 29 kDa; and (5) cytochrome c, 12.4
kDa. The void volume was determined using Blue Dextran (2000 kDa), which was
detected in fractions 1–3. The mobilities of the different forms of Pxmp2 are marked
by arrows: (I) Pxmp2 partially purified in the presence of Genapol (see Fig. 18B, upper
panel); (II) partially purified Pxmp2 treated with DDM (see Fig. 18B, lower panel and Fig.
18E, upper panel); (III) Pxmp2 after thermal treatment (see Fig. 18E, lower panel) or
after solubilisation from the membrane using 2.0% (w/v) SDS (blot not shown). (D)
SDS-PAGE and immunoblot analysis of the purified Pxmp2. Left panel: fractions
obtained after the final purification step (second size-exclusion chromatography step,
see section 4.14) and which were enriched with Pxmp2, were concentrated and
proteins (~20 ng) were subjected to SDS-PAGE followed by silver staining. Right panel:
immunoblot analysis of the purified Pxmp2. The Pxmp2 band is marked by an asterisk.
TM

(E) Mobility of purified Pxmp2 on a Superdex 200 column before (upper panel) and
o

after (lower panel) treatment of the protein at 75 C for 6 min. Traces of Pxmp2 visible
in fraction 36 are probably caused by retention of some molecules of denatured
protein on the column. (F) Cross-linking and immunoblot analysis of purified Pxmp2.
TM

The protein eluted from a Superdex 200 column was treated with ethylene
glycolbis(sulphosuccinimidylsuccinate) (Sulpho-EGS, right lane). The control sample
was not treated with the cross-linker (left lane). The immunoreactive product of the
cross-linking is marked by an asterisk.

Spontaneous, voltage–independent transition of the 1.3 nS channel to
subconductance states close to 0.45 and 0.9 nS were observed (Fig. 19F)
indicating that the structure of Pxmp2 might be a trimer of three small channels,
each of them with a conductance around 0.45 nS in 1M KCl. To further confirm
this suggestion, experiments were conducted to stabilise the structure of the
purified Pxmp2. Pxmp2 (~50 μg protein/ml) was incubated at 4oC for 10 days in
10 mM MOPS buffer, pH 7.2 or in 1.0 M Tris-Cl buffer, pH 8.0. Additionally,
some samples that had been incubated in Tris-Cl buffer were then diluted with 1.0
M Tris base, final pH 11.2. After incubation of these samples for 30 min at 4oC,
the channel-forming activity was measured. A significant increase in the relative
number of insertion events at an average conductance of 1.4 nS in 1.0 M KCl was
observed after stabilisation of Pxmp2 by Tris-Cl buffer (Fig. 20). In contrast,
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incubation at basic pH led to the appearance of channels with a conductance of
0.3–0.4 nS in 1.0 M KCl. These observations further strengthened the suggestion
that the Pxmp2 channel has a trimeric structure.
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Fig. 19. Channel-forming activity of purified Pxmp2. (A) Multiple-channel recording of
an artificial membrane after addition of purified Pxmp2 (~10 ng/ml, final concentration).
(B) Histogram of conductance events of purified Pxmp2. (C) Dependence of the
current produced by a single Pxmp2 channel (1.3–1.4 nS in 1.0 M KCl) on the applied
voltage. The insertion of the Pxmp2 channel is indicated by an arrow. The channel
with a conductance of 0.45 nS in 1.0 M KCl shows a similar dependence, indicating
that both high- and low-conductance Pxmp2 channels are not voltage-gated. (D)
Current-voltage relationship of the single channel; the slope of the linear regression is
1.38 nS. (E) Channel conductance as a function of KCl concentration. The figure
presents measurements of the increments in current, which shows peaks in channel
activity at an average conductance of 1.3 nS (upper line) or 0.45 nS (lower line) in 1.0
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M KCl (see Fig. 19B). The mean conductance ± SD of 30–40 single events is shown. (F)
Spontaneous closure of the high conductance (1.3 nS in 1.0 M KCl) channel. The
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applied voltage was +20 mV.
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Fig. 20. Stabilisation of purified Pxmp2 protein. Pxmp2 was incubated at 4 C for 10
days in 10 mM MOPS buffer, pH 7.2 (left panel) or in 1.0 M Tris-Cl buffer, pH 8.0 (middle
panel). Some samples that had been incubated in Tris-Cl buffer were then diluted with
o

1.0 M Tris base, final pH 11.2. After incubation of these samples 30 min at 4 C, the
channel-forming activity was measured (right panel). In these series of experiments,
single-channel recording was performed using 10 mM MOPS, pH 7.2 in the bath
solutions to prevent a shift in pH after addition of the protein samples.

5.2.5 The diameter of the pore of the Pxmp2 channel
Additional reconstitution experiments with salts other than KCl were conducted
in order to obtain information on the diameter of the channels formed by Pxmp2
(Fig. 21A, B). The sequence of conductance for the salt solutions for high and
low conductance channels (1.3 nS and 0.45 nS in 1.0 M KCl, respectively) was
RbCl > KCl > NaCl > LiCl > TrisCl > Tetraethylammonium chloride (TEACl)
indicating that the single-channel conductances followed the mobility order of the
cations in aqueous solution. The low conductance observed with the large cations
(Tris+ and TEA+) indicated that the rate of their penetration is limited by the size
of the pore. This was confirmed when the logs of the relative conductance rates
(G/σ) for different cations were plotted against the hydrated radii of these cations
(Fig. 21B). This curve indicates linear dependence between the plotted parameters
and predicts that the rates of penetration for cations with hydrated radii between
0.7–0.8 nm are only few percentage points of that for Rb+. This observation
indicates that these dimensions are appropriate values for the Pxmp2 pore size.
The conductivity rates of the cations for the low conductance channel (0.45 nS in
1M KCl) were shown to be comparable with the levels detected for the high
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Fig. 21. (A) Average conductivity of high (1.3 nS in 1.0 M KCl, light grey bars) and low
(0.45 nS in 1.0 M KCl, open bars) conductance Pxmp2 channels in different salt
solutions (1.0 M, final concentration). The average single-channel conductance ± SD
(G) is shown on the right ordinate axis. Bulk electrolyte conductivity (σ, left ordinate
axis) of the corresponding salt solutions is shown as dark grey bars. (B) Estimation of
the size of the Pxmp2 channel using cations of different hydrated radii. The relative
conductivity rates (G/σ) for high (●) and low (○) conductance channels (see Fig. 21A)
+

were normalized to those of Rb (100 arbitrary units) and logarithms of the resulting
values were plotted against the hydrated radii of the corresponding cations: Rb, 0.105
nm; KCl, 0.111 nm; NaCl, 0.163 nm; LiCl, 0.216 nm; Tris-Cl, 0.321 nm; TEA-Cl, 0.426 nm.
The hydrated radii of cations were taken from the corresponding publication (Trias &
Benz 1994).

In order to obtain more information on the channel size, the channel conductivity
was measured in the presence of highly concentrated solutions of non-electrolytes
with different hydrated radii (Fig. 22). The experimental setup is based on
methodology described elsewhere (Krasilnikov et al. 1998). Shortly, high
concentrations of non-electrolytes increase the viscosity of aqueous solutions and
thus the mobility of ions decreases. The conductance of a channel will decrease
when the size of non-electrolytes are small enough to enter the pore and increase
the viscosity there. If the non-electrolytes are too large to enter the pore, the
conductance of a channel is close to its value in the absence of the nonelectrolytes. The lowest conductance rates were observed for small nonelectrolyte molecules: ethylene glycol, glycerol, and arabinose, which indicates
that these compounds can easily enter the Pxmp2 channel (Fig. 22). An increase
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in conductance was observed in the presence of polyethylene glycols (PEGs)
200–400 indicating a growing restriction in the penetration of these molecules
into the channel. A further increase in the size of PEGs, however, was not
followed by a smooth growth in the conductivity, but instead, a plateau was
observed for PEGs 600–3400, with a conductance that was significantly lower
than the control (sample measured without non-electrolytes). Measurement with
PEG6000 yielded a conductance comparable to the control (Fig. 22). These
results with two levels of conductivity changes in the presence of non-electrolytes
suggest that the structure of the Pxmp2-channel is funnel-like, resembling an
hourglass and the dimensions of the narrowest space of the channel (channel
friction) corresponds to the size of the smallest impermeable non-electrolyte. The
channel conductance reached a plateau with PEG400 and PEG600 suggesting that
these compounds are prevented from entering the narrowest pore of the channel.
The hydrated radii of PEG400 and PEG600 are 0.7 nm and 0.78 nm, respectively,
which are in agreement with a channel radius of 0.7–0.8 nm, predicted from the
cation permeability experiments (Fig. 21). The conductivity measurements in the
presence of PEG6000 are close to that of control preparations (without
polyethyleneglycols) indicating that PEG6000 hardly penetrates the Pxmp2
channel mouth. This suggests that the dimensions of the channel mouth are
comparable to or slightly larger than PEG6000 (radius = 2.5 nm).
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Fig. 22. Estimation of the size of the Pxmp2 channel using non-electrolytes. The
average conductivity ± SD (high conductance channel) was plotted against the
hydrated radii of non-electrolytes: ethylene glycol, 0.26 nm; glycerol, 0.31 nm;
arabinose, 0.34 nm; PEG200, 0.43 nm; PEG300, 0.60 nm; PEG400, 0.70 nm; PEG600,
0.78 nm; PEG1000, 0.94 nm; PEG2000, 1.22 nm; PEG3400, 1.63 nm; PEG6000, 2.50 nm.
20% (w/v) solutions of non-electrolytes containing 1.0 M KCl (final concentration) were
added to both halves of the chamber. The solid line indicates the conductivity in
control samples without non-electrolytes (dotted line shows the standard deviation).
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5.2.6 Multiple-channel analysis of purified Pxmp2 using different
organic anions as electrolytes
The channel-forming activity of the purified Pxmp2 protein was measured using
various organic anions as electrolytes in order to further analyse the function of
the Pxmp2 channel (Fig. 23). The results showed that small mono- and divalent
anions, such as glycolate, pyruvate, 2-oxoglutarate, and other known peroxisomal
metabolites can be transferred through the Pxmp2 channel (Fig. 23). It was found
that if the size of the anion is over 200 Da, e.g. glucose-6-phosphate (260 Da),
lactobionic acid (358 Da) or AMP (347 Da), the single-channel conductance of
Pxmp2 is significantly decreased, indicating a restricted movement of these
compounds inside the channel. In the presence of NAD (663 Da) only traces of
channel-forming activity were detected with a conductance well below 20 pS. No
channel-forming activities were observed in experiments conducted with ATP
(507 Da), probably caused by the high net negative charge, that prevents the entry
of ATP through the cation-selective Pxmp2 channel. We did not analyse in depth
the dependence between the size of the anions and their conductance level since
the hydrated radii of most of these anions are not known. However, as can be seen
from the data presented in Fig. 23, the conductivity of the Pxmp2 channel is
clearly dependent on the size of the anions if their molecular mass exceeds 200
Da (compare, e.g., panels a-c with panels d, g, and h), indicating partial restriction
in the diffusion of these anions through the channel.
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Fig. 23. Multiple-channel recording of purified Pxmp2 using different organic anions
as electrolytes. The recordings were made using 1.0 M solutions of potassium or
sodium salts of the anions as a bath. The solutions were buffered with 10 mM MOPS,
pH 7.2. Molecular masses of the corresponding anions are indicated in brackets.
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5.3

Phenotypic analysis of Pxmp2−/− mice

Generation and characterisation of Pxmp2-deficient mice
Pxmp2-deficient mice were generated by introducing a lacZneo targeting vector
into exon 2 of the Pxmp2 gene (Fig. 24A). The targeting strategy was designed to
leave as much as possible of the regulatory elements unaltered and not interfere
with the expression of the catalytic subunit of DNA polymerase ε (PoleI), a DNA
replication enzyme transcribed in the opposite direction with only 392 bp
separating the translation initiation codons of these two genes. The inactivation of
Pxmp2 was confirmed by Southern, Northern and Western analyses (Fig. 24B, C
and D, respectively). Quantitative-real-time-PCR (see below) also demonstrated
the absence of Pxmp2 transcripts in liver and kidney, which are tissues known to
express Pxmp2 (Otte et al. 2003) (data not shown). The expression of PoleI in
spleen tissues of Pxmp2−/− and wild type mice showed no difference indicating
that the disruption of Pxmp2 does not affect the expression of PoleI (Table 5). The
spleen was chosen for PoleI detection due to its substantial expression level of
PoleI compared to nearly no detectable signal in liver and kidney (Otte et al.
2003).
No external phenotype was observed in Pxmp2+/− mice and their litters were
of normal size. Breeding of Pxmp2+/− mice provided offspring with a near normal
Mendelian ratio with 22% Pxmp2−/−; 52.6% Pxmp2+/− and 25.3% Pxmp2+/+ out of
150 pups analysed. After 6 generations of back-crossing with C57BL/6 the
Pxmp2−/− offspring were normal in appearance and generally healthy throughout
the follow-up period of 2 years. Age and sex-matched Pxmp2−/− and C57BL/6
mice had similar body weights at 4 months of age as well as similar motor
coordination and muscular performance, estimated by hanging and grid tests
described elsewhere (Huyghe 2003). Pxmp2−/− mice are fertile, but female
Pxmp2−/− mice were unable to nurse their pups due to their inability to produce
milk (see below).
Major tissues and organs of the Pxmp2−/− mice were examined by light
microscopy at the age of 4 months and they appeared morphologically normal.
Liver, heart and kidney were also examined by electron microscopy with no
abnormalities found except flattening and fusion of podocyte foot processes that
were occasionally observed in the kidney glomerulae in Pxmp2−/− mice (Fig. 25).
In some cases liver peroxisomes of Pxmp2-deficient mice formed clusters
containing organelles of different sizes although their shape was normal (Fig. 10,
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panel 2). Tissues of Pxmp2-deficient mice were stained for β-galactosidase, an
enzyme for the lacZ reporter gene which was inserted into the reading frame of
exon 2 of Pxmp2. Specific staining with X-gal was detected in heart, kidney (Fig.
25) and liver (data not shown) tissues of Pxmp2−/− mice confirming that the
reporter gene in Pxmp2-deficient mice is functional.
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Fig. 24. Pxmp2 disruption strategy and verification of gene inactivation. (A) Schematic
representation of the mouse Pxmp2 targeting vector and structure of the locus
following gene targeting. The direction of transcription of Pxmp2 and PoleI are shown
by angled arrows. The first exon of PoleI is denoted as a black box and the exons of
Pxmp2 are presented as numbered boxes. Relevant restriction sites are shown:
S = SacI, E = EcoRI, X = XbaI and B = BamHI. The arrows for lacZ (β-galactosidase
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gene) and neo (neomycin phosphotransferase gene) indicate the direction of
transcription of the corresponding genes. The locations of a 5´ external probe (Probe)
for Southern analysis and primers used for PCR genotyping (small arrows) are shown.
+/+

(B) Southern blot analysis of genomic DNA isolated from livers of wild-type (Pxmp2 ),
+/−

−/−

heterozygous (Pxmp2 ) and homozygous (Pxmp2 ) mice. DNA was digested with
SacI and hybridised with the 5’ probe (shown in A). The 5.1 kb and 4.2 kb fragments
represent wild-type and targeted alleles, respectively. (C) Northern blot analysis using
total RNA isolated from liver and probed with Pxmp2 cDNA. (D) Western blot analysis
of postnuclear liver homogenates using antibodies against Pxmp2. The molecular
mass markers are indicated on the left.

Fig. 25. X-gal staining of heart (A,B) and kidney (C,D) tissues for β-galactosidase
activity in wild-type (A,C) and Pxmp2

−/−

(B,D) mice. E–G, Electron microscopy images
/

from kidneys from wild-type (E) and Pxmp2− − (F,G) mice. Scale bars: 20 µm in A–D, 2
µm in E and 1 µm in F–G.

Clinical parameters of Pxmp2-deficient mice
Laboratory values for several clinical parameters were measured from the serum
and urine of Pxmp2−/− and wild-type mice and the results are presented in Table 1.
In addition to elevated levels of uric acid, discussed above, no differences in the
clinical values were observed between Pxmp2−/− and wild-type mice.
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Fatty acid and bile acid profiles and dietary studies.
The fatty acid profile and levels of bile acid intermediates of Pxmp2-deficient
mice were analysed in the blood serum and bile fluid, respectively, under normal
dietary conditions (Tables 2 and 3). The results indicate that the deficiency in
Pxmp2 in mice does not affect the levels of fatty acids and bile acid intermediates.
To further investigate the phenotype of Pxmp2-deficient mice under abnormal
dietary conditions, animals were fed diets containing phytol, which is a natural
methyl-branched acyl alcohol metabolised through α-oxidation only in
peroxisomes (Jansen & Wanders 2006) and clofibrate, a known peroxisomal
proliferator (Wanders & Waterham 2006a). No weight gain or loss was observed
in the Pxmp2−/− animals after maintaining the mice 7 weeks on a 0.5% phytolcontaining diet and no visible effect on liver tissue was observed using
histological (data not shown) or electron microscopic (Fig. 26) examination.
Serum samples of phytol fed Pxmp2-deficient and control mice were analysed for
phytanic acid, pristanic acid and other fatty acids, as mentioned in Table 4. The
level of phytanic acid in the serum of phytol fed wild-type mice was 93.0 μM
compared to 8.2 μM for animals fed a normal diet. The concentration of phytanic
acid showed a similar increase in the Pxmp2−/− mice being 100 μM and 6.7 μM in
the experimental and control group, respectively. In addition, no significant
differences were observed between Pxmp2-deficient and wild-type mice in the
levels of other fatty acids measured after administration of the phytol-containing
diet (Table 4).
No effect on the phenotype of Pxmp2-deficient mice was observed after 14
days of a 0.5% clofibrate diet. Animal and liver weights of clofibrate fed
Pxmp2−/− mice did not differ from those of the wild-type control (data not shown)
and electron microscopic examination revealed no differences in the appearance
and number of liver peroxisomes in Pxmp2-deficient and wild-type mice (Fig. 26).
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Table 1. Values of clinical tests in Pxmp2-deficient and wild-type mice.
Unit
+

Wild-type

Pxmp2−/−

Na (serum)

mmol/l

149

±

5 (7)

149

±

2 (6)

K+ (serum)

mmol/l

4.2

±

1 (7)

3.9

±

0.7 (6)

Cl− (serum)

mmol/l

132

±

6 (7)

130

±

5 (6)

Bilirubin (serum)

µmol/l

3.4

±

1.4 (7)

2.9

±

1 (6)

Creatinine (serum)

µmol/l

10.4

±

3.2 (11)

10.2

±

2.2 (11)

Triglycerides (serum)

mmol/l

0.74

±

0.24 (7)

0.77

±

0.23 (6)

Cholesterol (serum)

mmol/l

2.86

±

0.41 (7)

2.47

±

0.48 (6)

Total protein (serum)

g/l

52.2

±

3.9 (7)

52.6

±

1.6 (6)

68

±

33 (12)

103

±

30 (11)*

0.18

±

0.04 (5)

0.85

±

0.4 (5)**
19

Uric acid (serum)

µmol/l

Uric acid (urine)

molar ratio to creatinine

Allantoin (serum)

µmol/l

135

±

28

124

±

Na+ (urine)

mmol/24h

0.23

±

0.08 (5)

0.16

±

0.07 (5)

K+ (urine)

mmol/24h

0.47

±

0.10 (4)

0.29

±

0.11 (4)

Cl− (urine)

mmol/24h

0.39

±

0.14 (5)

0.29

±

0.12 (5)

Creatinine (urine)

µmol/24h

6.21

±

1.81 (5)

5.28

±

1.39 (5)

mg/24h

1.73

±

0.57 (4)

1.73

±

1.24 (4)

Osmolality (urine)

mosm/kg

3290

±

630 (5)

3560

±

1460 (5)

Estradiol (serum)

nmol/l

19 days

4.0

±

0.4 (8)

3.7

±

0.5 (8)

5 weeks

4.1

±

0.8 (8)

3.3

±

0.3 (7)*

Protein (urine)

8 weeks

3.5

±

0.9 (16)

3.6

±

0.5 (15)

E 15.5

2.5

±

0.6 (7)

3.1

±

0.5 (7)

19 days

5.3

±

1.7 (5)

5.4

±

0.4 (2)

5 weeks

1.6

±

0.6 (7)

1.6

±

0.8 (6)

E 15.5

208

±

95 (6)

133

±

27 (7)

Progesterone (serum)

nmol/l

Values represent means ± SD. Values in the parentheses indicate the number of independent
measurements. * P < 0.05, ** P < 0.01.
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Table 2. Concentration of bile acids in the bile fluid of Pxmp2-deficient and wild-type
mice.
Bile acid (BA)

Concentration in bile fluid (mM)
Pxmp2−/− (n = 6)

wild-type (n = 5)
Total free BA

1.28

±

0.25

1.75

±

0.53

Total G-BA1

0.49

±

0.23

0.43

±

0.21

Total T-BA2

169

±

84

156

±

77

Total C24-BA

170

±

84

157

±

77

Total C27-BA

0.59

±

0.31

0.50

±

0.18

Total BA

170

±

85

158

±

78

C24-BA/C27-BA

297

321

Values represent means ± SD. 1 glycine conjugated bile acids, 2 taurine conjugated bile acids.

Table 3. Serum free fatty acids in Pxmp2-deficient and wild-type mice.
Fatty acid

Concentration (µM)
wild-type (n = 4)

C20:0/ph
C16:0

Pxmp2−/− (n = 4)

8.2

±

2.2

6.7

±

1.0

1870

±

160

1310

±

280

C21:0

2.7

±

0.3

1.9

±

0.6

C22:0

30.3

±

4.3

22.1

±

5.4

C23:0

1.5

±

0.2

1.4

±

0.3

C24:0

18.3

±

2.9

13.6

±

3.1

C25:0

0.7

±

0.2

0.4

±

0.1

C26:0

2.7

±

0.2

1.9

±

0.6

C20:0/ph /C16:0

0.004

0.005

C24:0/C22:0

0.60

0.62

C26:0/C22:0

0.09

0.09

Values represent means ± SD. C20:0/ph = 3,7,11,15-tetramethyl-hexadecanoic acid (phytanic acid) C16:0
= hexadecanoic acid; C21:0 = heneicosanoic acid; C22:0 = docosanoic acid; C23:0 = tricosanoic acid;
C24:0 = tetracosanoic acid; C25:0 = pentacosanoic acid; C26:0 = hexacosanoic acid.
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Table 4. Serum free fatty acids in Pxmp2-deficient and wild-type mice after
consumption of a phytol diet.
Fatty acid

Concentration (µM)
wild-type (n = 7)

Pxmp2−/− (n = 7)

C20:0/ph

93.3

±

12.6

100

±

C16:0

1100

±

140

770

±

69
160

C18:x

2120

±

350

1520

±

360

C19:0/pr

12.5

±

4.1

15.2

±

13.3

C20:x

823

±

109

629

±

151

C22:n

207

±

23

177

±

59

C22:0

8.9

±

1.3

7.9

±

2.6

C23:0

6.4

±

1.5

4.6

±

1.4

C24:n

15.6

±

2.6

12.1

±

5.4

C24:0

8.0

±

1.2

6.7

±

2.1

C25:0

1.0

±

0.2

0.80

±

0.24

C26:0

0.38

±

0.08

0.31

±

0.07

Values represent means ± SD. C20:0/ph = 3,7,11,15-tetramethyl-hexadecanoic acid (phytanic acid);
C16:0 = hexadecanoic acid; C18:x = all saturated and unsaturated octadecanoic/octadecenoic acids;
C19:0/pr = 2,6,10,14-tetramethyl-pentadecanoic acid (pristanic acid); C20:x = all saturated and
unsaturated eicosanoic/eicosenoic acids; C22:n = all unsaturated docosenoic acids; C22:0 = docosanoic
acid; C23:0 = tricosanoic acid; C24:n = all unsaturated tetracosenoic acids; C24:0 = tetracosanoic acid;
C25:0 = pentacosanoic acid; C26:0 = hexacosanoic acid.
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Fig. 26. Analysis of liver peroxisomes from wild-type (A, C and E) and Pxmp2− − (B, D
and F) mice after dietary stress. Electron microscopy images of liver samples from
mice fed with normal diet (A, B), clofibrate (C, D) and phytol (E, F). Scale bars: A,B and
F – 2000 nm; C, D and E – 1000 nm.

Kidney function of Pxmp2-deficient mice
In order to test whether the elevated uric acid levels might have negative effects
on the kidney, Pxmp2-deficient mice were tested for water balance and several
parameters indicative of renal function. The ability to concentrate urine was not
impaired in Pxmp2−/− mice, since urine osmolality levels showed a similar
increase in Pxmp2-deficient and wild-type mice in response to water deprivation
and no differences were observed in water consumption, urine output and Na+, K+,
Cl− levels between experimental and control groups (data not shown). In addition,
a water deprivation cycle did not cause any visible abnormalities in the kidneys as
observed by light or electron microscopy (data not shown).
Studies with urate oxidase (Uox) knock-out mice have shown that the levels
of uric acid in Uox−/− mice are 10 and 9 fold compared to wild-type in the serum
and urine, respectively, leading to hyperuricemia and urate nephropathy (Wu et al.
1994). In the case of Pxmp2-deficient mice the uric acid levels are 1.5 and 4.5
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fold higher in the serum and urine, respectively, compared to the wild-type
control (Table 1, Fig. 13), but these levels cause no visible effect on the kidneys
of Pxmp2−/− mice. Our attempts to increase the serum uric acid levels in Pxmp2−/−
mice providing drinking water with 1g/l urate failed. No effect of the water
containing uric acid was observed on the life time of the animals, their weight,
kidney histology and kidney-related parameters in the urine of Pxmp2−/− mice
(data not shown).
Since Mpv17−/− mice have been shown to develop systemic hypertension
(Clozel et al. 1999), the hemodynamic parameters of Pxmp2-deficient mice were
measured as described in section 4.5. The heart rate and mean arterial pressure of
Pxmp2−/− and wild-type controls were followed, but no differences were observed
between the groups (data not shown).
Quantitative real-time PCR analysis of selected genes in Pxmp2-deficient
mice
Quantitative real-time PCR was used to study the effect of the disruption of
Pxmp2 on the expression levels of selected peroxisomal genes such as urate
oxidase (Uox), xanthine oxidoreductase (Xor), 70 kDa peroxisomal membrane
protein (Pmp70), hydrogen peroxide degrading enzyme catalase (Cat), carnitine
acetyltransferase (Crat), straight- and branched-chain fatty acid oxidases (Acox1
and Acox2, respectively) and multifunctional enzymes type 1 and 2 (Mfe1 and
Mfe2, respectively) in liver and kidney tissues of the Pxmp2-deficient mice. In
addition, mRNA levels of DNA polymerase epsilon (PoleI) was measured in
spleen. No significant changes in the mRNA levels using samples from liver or
kidney were observed. The exception was a slight elevation in the expression
level of Xor (p < 0.05). The mRNA levels for PoleI in the spleen from Pxmp2−/−
mice showed no difference when compared to the wild-type control.
We also investigated whether the absence of the Pxmp2 transcript in Pxmp2−/−
mice increased the mRNA expression of the two other members of the Pxmp2
family: Mpv17 and M-LP, and also the Pex11 family of proteins that have
recently been suggested to have a role in the transfer of metabolites across the
peroxisomal membrane (Thoms & Erdmann 2005). Quantitative Real-Time PCR
experiments did not, however, reveal any significant differences in the mRNA
levels of Mpv17, M-LP, Pex11α, Pex11β and Pex11γ in the liver and kidney of
Pxmp2−/− and wild-type mice (Table 5).
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Table 5. Expression levels of selected genes in liver, kidney and spleen from Pxmp2deficient mice relative to wild-type controls.
Gene

Accession no.

PoleI

XM_194234

Mpv17
Mlp

Relative expression 1
liver

kidney

NM_008622

1.1

1.0

1.1

AF305634

0.7

1.0

Pex11α

NM_011068

1.1

0.9

Pex11β

NM_011069

1.1

1.0

Pex11γ

NM_026951

0.9

1.0

Uox

NM_009474

0.6

Xor

XM_192827

0.8

1.5*

Cat

NM_009804

0.7

1.3

Pmp70

NM_008991

0.6

1.5

Crat

NM_007760

1.0

1.2

Acox1

NM_015729

0.7

1.2

Acox2

NM_053115

0.8

1.4

Mfe1

AK004867

0.8

1.6

Mfe2

NM_008292

0.6

1.6

1

spleen

For the relative quantification of gene expression the results were normalised using 18S or Gapdh as an

endogenous control for each sample and the data from wild-type mice was set to 1. Values represent
means of 3–6 independent measurements. * P < 0.05.

Mammary gland phenotype of the Pxmp2−/− mice
Pxmp2−/− male mice are fertile. When Pxmp2−/− female mice were mated with
wild-type, Pxmp2+/− or Pxmp2−/− male mice, normal pregnancy was observed in
each combination. The number and weight of the fetuses in the pregnant Pxmp2−/−
dams at embryonic day 17.5 was comparable to wild-type controls (data not
shown). Litter size and the weight of the newborn pups produced from Pxmp2−/−
mothers also showed no differences from the wild-type mice [(litter size (an
average number of pups): wt 5.8 ± 1.2, n = 6 litters; Pxmp2−/− 6.1 ± 1.5, n = 31
litters; weights of the newborn pups: wt ♂1.32 ± 0.1g, n = 26 pups (12 litters), ♀
1.25 ± 0.1g, n = 30 (12 litters), Pxmp2−/− ♂1.32 ± 0.1g, n = 36 (12 litters), ♀1.28
± 0.1g, n = 31 (12litters)]. However, after breeding, Pxmp2−/− dams were unable
to maintain their newborn pups alive since they were frequently found dead or
eaten after 24 h from birth. The genotype of the pups themselves did not influence
this lethality since the outcome from matings of wild type ♂ and Pxmp2−/− ♀
mice was not different from that of matings of Pxmp2−/− ♂ and Pxmp2−/− ♀
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animals (from 14 wt ♂ Pxmp2−/− ♀ matings in 12 cases all pups were lost and
from 9 Pxmp2−/− ♂ x Pxmp2−/− ♀ matings in 7 cases all pups were lost, first
pregnancies). In a few cases when the litter or part of the litter from the Pxmp2−/−
mother survived the pups were clearly smaller and thinner during weaning, but
seemed to gain size after switching to solid food. Newborn pups from Pxmp2−/−
mothers were transferred immediately after birth to wild-type foster mothers, in
order to test if the lethality of the pups is caused by the inability of Pxmp2−/−
mothers to nourish their offspring. Newborn litters from 10 Pxmp2−/− dams were
transferred to wild-type mice and over 60% of the pups survived and reached
adulthood. In cases were wild-type newborn pups were transferred to Pxmp2−/−
mothers, none of the pups survived after 24–48 h, indicating a dysfunction in the
nursing of the Pxmp2−/− dams.
Mammary gland morphology of female Pxmp2−/− mice was analysed by
whole-mount (Fig.27) and histological staining (Fig. 28). We found that virgin
Pxmp2−/− mice showed a complete absence of ductal morphogenesis in the
mammary gland while the mammary glands of age matched virgin wild-type mice
displayed extensive ductal elongation and branching. The dysfunction appears to
occur at puberty since no differences in the mammary gland morphology between
Pxmp2−/− and wild-type can be observed at 2 weeks of age (Fig. 27A, B),
suggesting that the embryonic development of Pxmp2−/− mammary gland is
normal. Puberty in female mice is accompanied by the appearance of terminal end
buds followed by ductal outgrowth and branching of mammary epithelia into the
underlying fat pad, eventually filling the entire fat pad area in the adult mouse
(Hinck & Silberstein 2005). Terminal end buds can be observed in the wild-type
epithelium (Fig. 27C, E) and the wild-type mammary ducts elongate until the
epithelia fills the entire stroma by the age of 12 weeks (Fig. 27G). In Pxmp2−/−
epithelium, however, no terminal end buds can be observed and the mammary
tree remains as a ductal rudiment (Fig. 27D, F, H).
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Fig. 27. Morphological analyses of mammary glands of Pxmp2− − mice during puberty
and pregnancy. (A–L) Whole-mount preparations of inguinal glands from wild-type (A,
/

C, E, G, I, K) and Pxmp2− − (B, D, F, H, J, L) females were prepared from the following
developmental stages: day 14 (A and B), 5 weeks (C and D), 8 weeks (E and F), 12
weeks (G and H), 12.5 days of pregnancy (I and J) and 15.5 days of pregnancy (K and
L). Scale bar: A–L 1 mm.
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Another type of mammary gland branching arises through recurrent estrous cycles
and during pregnancy by the formation of alveolar buds (Brisken 2002). During
lactogenesis, towards the end of pregnancy, the lumen of the alveoli increase
dramatically leading to the initiation of full lactation (Neville et al. 2002). The
ductal rudiments of mammary glands in pregnant Pxmp2−/− mice seem to follow
the lobuloalveolar development (Fig. 27J, L), but the density of alveoli is smaller
than in the wild-type as can be seen from the whole-mount (Fig. 28A, B) and
hematoxylin-eosin staining (Fig. 28C, D) of mammary gland sections from
lactation day 1. However, hematoxylin-eosin staining and immunohistochemical
staining for whey acidic protein (protein component of milk) show the presence
of milk in the lumen of lactating Pxmp2−/− mammary glands (Fig. 28E–H). A
delay in the movement of lipid droplets into the alveolar lumina was observed in
some parts of the lactating mammary glands of Pxmp2-deficient mice (Fig. 28F).
Taken together, these observations suggest that the mammary phenotype is mainly
caused by impaired pubertal growth of mammary epithelia, even though secretion
of lipids into the milk might also be affected in Pxmp2−/− mice.
The female reproductive hormones estrogen and progesterone that are known
to be required for the pubertal development of the mammary gland (Sternlicht et
al. 2006) were measured from the serum of Pxmp2−/− and wild-type mice (Table
1). A slight decrease in the level of estradiol was observed in Pxmp2-deficient
mice (3.3 ± 0.3 nmol/l) compared to the wild-type (4.1± 0.8 nmol/l) at the age of
5 weeks. No differences were observed at 19 days, 8 weeks and at pregnancy day
15. The levels of progesterone in Pxmp2−/− mice were comparable to the wildtype animals at 19 days, 5 weeks and at pregnancy day 15.
The presence of Pxmp2 in the mouse mammary gland was investigated by
western blot. The signal for Pxmp2 in the homogenates of intact mammary glands
was detected at several developmental time points (Fig. 29A) which indicates that
Pxmp2 is expressed in the mammary glands of both virgin and pregnant mice.
Furthermore, Pxmp2 was present in the homogenate of the cleared fat pad in 3
week old mice (Fig. 29A, right panel), suggesting that Pxmp2 is expressed in the
adipocytes of the mammary fat pad.
PoleI protein was determined by western blot analysis from mammary gland
homogenates of Pxmp2−/− and wild-type mice to confirm that the synthesis of
DNA-polymerase ε has not been affected by the disruption of Pxmp2 (Fig. 29B).
Levels of PoleI showed no difference when the wild-type and Pxmp2-deficient
mice in both virgin and pregnant animals were compared (Fig. 29B left and right
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panel, respectively), indicating that the disruption of Pxmp2 has no influence on
the protein level of PoleI in the mammary glands of Pxmp2-deficient mice.

Fig. 28. Morphological and histological analyses of mammary glands of Pxmp2

−/−

mice

on lactation day 1. (A–B) Whole-mount preparations of inguinal glands from wild-type
−/−

(A) and Pxmp2

(B) females, scale bar: 1 mm. (C–H) Histological sections from wild-

type (C, E, G) and Pxmp2

−/−

(D, F, H) mammary glands stained with hematoxylin and

eosin (C–F) or immunostained with whey acidic protein (G, H) to highlight milk protein
production. Scale bars: C, D: 500 µm, E, F: 50 µm, G, H: 100 µm.
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Wild-type
E17.5
-/Pxmp2
E17.5
-/Pxmp2
12 wk
Control

Wild-type
E12.5

Wild-type
8 wk

A

Wild-type

Pxmp2

-/-

Control

21.5 kDa

B
5 wk
-/Wt

8 wk
-/Wt

E15.5
Wt -/-

E18.5
Wt -/-

PoleI
β-tubulin
Fig. 29. Western blot analysis of Pxmp2 and PoleI proteins in the mammary glands of
wild-type and Pxmp2-deficient mice. A, Detection of Pxmp2 in intact mammary gland
at several developmental ages (left panel) and in cleared fat pads from 3 weeks old
/

Pxmp2− − and wild-type mice (right panel). Control – sample from liver homogenate
from wild-type mouse. B, detection of protein level of PoleI in the mammary gland of
/

Pxmp2− − (−/−) and wild-type (wt) mice from 5 and 8 weeks old virgin (left panel) or from
15.5 and 18.5 days pregnant animals (right panel). β-Tubulin was used as a loading
marker in PoleI detection.
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6

Discussion

The data presented here lead to the conclusion that the mammalian peroxisomal
membrane contains channel (pore)-forming proteins that may be responsible for
the traffic of solutes across the membrane. One of these proteins, Pxmp2, was
isolated and its channel-forming properties were analysed. Moreover, a Pxmp2deficient mouse model was generated and the phenotype of Pxmp2−/− animals was
characterised. The results show that deficiency of the peroxisomal membrane
channel Pxmp2 leads to abnormal development of epithelia in mammary glands
of female mice.
6.1

Pore forming properties of the peroxisomal membrane proteins

Using an electrophysiological approach (reconstitution of peroxisomal membrane
proteins into an artificial lipid membrane followed by current measurements) we
show, that the mouse peroxisomal membrane contains channel-forming activities
with conductances of 1.3 nS and 2.5 nS in 1M KCl, respectively. The properties
of these peroxisomal channels are different from those of other cellular channels
such as, for example VDAC of the outer mitochondrial membrane. Multiplechannel recordings with isolated mitochondrial fractions revealed channelforming activities with conductances of 4.0 nS and 2.0 nS which are characteristic
for VDAC in an open and closed configuration, respectively (Benz 1994). It has
been shown that mitochondrial VDAC forms a large diffusion pore with an
estimated diameter of 2.5–3.0 nm that allows the passage of not only small
metabolites but also ATP and cofactors such as NAD/H, NADP/H and CoA
through the mitochondrial outer membrane (Benz 1994).
Many indirect observations have suggested the presence of channels in
mammalian peroxisomes. Several peroxisomal oxidases such as urate oxidase,
D-amino acid oxidase, and L-α-hydroxyacid oxidase, show no structure linked
latency (Leighton et al. 1968, Baudhuin 1969, Antonenkov et al. 2004b). Rapid,
temperature-independent incorporation of radioactive compounds such as
carnitine, sucrose, NAD+, ATP, and others into isolated peroxisomes and leakage
of radioactive sucrose from liposomes reconstituted with peroxisomal membrane
proteins have been observed (Van Veldhoven et al. 1987). However, some
experimental results, such as an apparent existence of a pH gradient across the
peroxisomal membrane (see section 2.5.2), can be interpreted as inconsistent with
the presence of porin-like channels in peroxisomes from mammals and yeasts.
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A two channel hypothesis has been suggested recently to explain the unusual
permeability properties of the peroxisomal membrane (Antonenkov et al. 2004b).
According to this concept the mammalian peroxisomal membrane contains two
types of channels in addition to membrane transporters which are specific for
bulky solutes (NADH, NADPH, CoA, ATP and others) or lipid-soluble
metabolites (fatty acids, bile acids and others). The transfer of bulky solutes by
means of channels is restricted while small metabolites with a size up to 300 Da
can diffuse freely through peroxisomal channels. In this way peroxisomes may be
able to maintain in vivo their own, functionally independent pool of cofactors and,
at the same time, share a common pool of small metabolites with the surrounding
cytoplasm.
Currently, two peroxisomal membrane transporters have been identified. One
of these transporters was described as an ATP-dependent ATP/AMP antiporter
(Palmieri et al. 2001, Visser et al. 2002). Other transporters are believed to be
represented by the proteins related to the superfamily of ABC transporters
(Theodoulou et al. 2006). The substrate specificity of the peroxisomal ABC
transporters is not clear, but it is believed to be the translocation across the
peroxisomal membrane of lipid compounds poorly soluble in water, e.g., very
long chain fatty acids (see chapter 2.6.5). Therefore, the ATP/AMP antiporter and
ABC transporters may execute functions that are not carried out by the
peroxisomal membrane channels.
Some reports suggest the presence of transporters specific for small solutes in
the peroxisomal membrane. A carrier for acylcarnitines (Fraser et al. 1999) and a
monocarboxylate transporter (McClelland et al. 2003) were detected in rat liver
peroxisomal fractions by using antibodies generated against the corresponding
mitochondrial proteins. However, the purity of the peroxisomal fraction was not
characterised and no additional analysis of the transporters was reported. In
addition, phosphate transport activity has been detected in peroxisomes isolated
from bovine kidney (Visser et al. 2005). However, the molecular nature of the
protein responsible for this activity has not been established yet.
Recent reports have described that peroxisomes harbour Ca2+ which may
regulate peroxisomal metabolism by currently unknown mechanisms (Drago et al.
2008, Lasorsa et al. 2008). The results describing the intraperoxisomal Ca2+
concentration compared to the cytoplasm and the possible mechanisms of influx
and efflux of Ca2+ are, however, contradicting. According to Lasorsa et al. (2008)
mammalian peroxisomes sustain a Ca2+ gradient based on the observations of 20fold higher Ca2+ concentration in the peroxisomal lumen compared to the
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cytoplasm in the resting state of the cell. Also, a large transient Ca2+ uptake is
observed in peroxisomes after stimulation of cells with agonists that induce Ca2+
release from intracellular stores. In addition, experimental data in this study
suggests the existence of H+ and Na+ gradients for the peroxisomal Ca2+ transport.
On the other hand, Drago and co-workers (2008) have shown that the Ca2+
concentration in living cells at resting state is similar to that of the cytoplasm,
increase in the cytosolic Ca2+ concentration is followed by a slow increase in the
intraperoxisomal Ca2+ level, and that the Ca2+ influx is driven neither by an ATPdependent pump nor by membrane potential nor by a H+(Na+) gradient.
Conclusions from this study were drawn that the peroxisomal membrane forms a
permeability barrier for Ca2+ diffusion as a low pass filter preventing the organelle
from taking up short lasting cytosolic Ca2+ transients but allowing equilibration of
peroxisomal Ca2+ levels with that of the cytoplasm during prolonged Ca2+
increases (Drago et al. 2008).
These conflicting results may be explained by the presence of channels for
small charged solutes in the peroxisomal membrane which are required for
generating a Donnan equilibrium. As discussed in chapter 2.5.2, the explanation
for the spectacular differences in the results from measurements of peroxisomal
pH may be the existence of channels through which protons and hydroxyl ions
may pass more or less freely following the overall charge difference of molecules
(such as proteins) between peroxisomal lumen and the cytoplasm. The same
mechanism of Donnan equilibrium may also explain the contradicting results
about apparent Ca2+ gradient across peroxisomal membrane.
6.2

The function of Pxmp2 as a peroxisomal membrane channel

Our results demonstrate that the peroxisomal membrane protein Pxmp2 is
responsible for channel-forming activity with a conductance of 1.3 nS in 1M KCl
that was registered in the total peroxisomal fraction (see section 5.2). The
evidence for the channel function of Pxmp2 are the following: 1) The inactivation
of Pxmp2 in mice leads to partial restriction in the traffic of small metabolites
through the peroxisomal membrane in vitro and in vivo; 2) Peroxisomal
membrane preparations isolated from Pxmp2-deficient mice do not display the
characteristic channel-forming activity with a conductance of 1.3 nS in 1M KCl,
described for wild-type mice; 3) The activity with a conductance of 1.3 nS in 1M
KCl is inhibited after treatment of solubilised peroxisomal membrane proteins
from wild-type mice with antibodies against Pxmp2; 4) The activity with a
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conductance of 1.3 nS in 1M KCl can be detected in insect cells expressing
recombinant Pxmp2 and this activity is inhibited with an antibody against Pxmp2;
5) Native Pxmp2 isolated from mouse liver shows channel-forming activities with
three conductance levels, the highest one being 1.3–1.4 nS in 1M KCl.
There are two possibilities to explain the nature of the sub-conductance levels
of the isolated Pxmp2 channel. The sub-conductance states may be a result of
channel-gating, described, for instance, for the mitochondrial VDAC (Benz 1994).
Another possibility is that the large channel represents a cluster of small channels.
Examples of such clusters are: some antibiotics forming membrane pores (Kaulin
et al. 1998) or bacterial porins (Trias & Benz 1994). We observed spontaneous
transition of the 1.3 nS conductance level (in 1.0 M KCl) to lower conductance
levels (0.9 nS and 0.45 nS in 1 M KCl, respectively) in lipid bilayer experiments
with isolated Pxmp2 (Fig. 19F). If the 0.45 nS conductance reflected the closure
of the 1.3 nS channel, the pore radii of the large and small channels should be
different and the closure event would affect the cation-anion selectivity of the
channel, as has been shown for VDAC (Benz 1994). On the other hand, if the
large conductance channel (1.3 nS in 1.0 M KCl) represents a cluster of smaller
ones, then the 1.3 nS and 0.45 nS conductance channels should demonstrate very
similar pore diameter and ion selectivity. Our data favour the cluster organisation
model for the Pxmp2 channel since a high similarity in ion selectivity and
predicted pore diameter between the 1.3 nS and 0.45 nS channels have been
observed. One can assume that the discrete conductivity levels of 0.45 nS, 0.9 nS
and 1.3–1.4 nS in 1.0 M KCl observed for the Pxmp2 channel indicates the
presence of three pores per one cluster. In this model the channel-forming
activities with conductances of 0.45 nS and 0.9 nS in 1.0 M KCl would indicate
the insertion of Pxmp2 channel clusters in which only one or two pores,
respectively, are in an open configuration. A dependence of the single-channel
conductance of 1.3 nS and 0.45 nS channels on the KCl concentration was
observed (Fig. 19E) and at all KCl concentrations tested, the conductance of the
0.45 nS channel was always about one third that of the 1.3 nS channel, which
further confirms the `cluster` model.
Our results indicate that Pxmp2 has an oligomeric composition forming a
trimer. Such trimeric structures have been described for bacterial porins (Benz &
Bauer 1988) and the preprotein translocation channel of the outer membrane of
mitochondria (TOM-complex) (Kunkele et al. 1998). Physical treatments in the
isolation steps have been shown to inactivate one of the pores in the TOM
complex and similar findings have been made with the isolated Pxmp2 channel.
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We can assume that in the purification process, the Pxmp2 channel is subjected to
conditions, such as high salt and detergent concentrations, change in pH, and
others, which may lead to partial deformation of the structure of the protein and to
closure of one or two pores in the cluster. Our experiments with protein stabilisers
(Fig. 20) confirm this hypothesis since the treatment of Pxmp2 protein with 1.0 M
Tris-Cl buffer, pH 8.0 led to a significant increase in the number of insertion
events with a conductance of 1.3–1.5 nS in 1.0 M KCl at the expense of ‘small’
channels with a conductance of 0.3–0.4 nS in 1.0 M KCl.
Based on the amino acid sequence, the secondary structure of Pxmp2 consists
of α-helices, but not β-sheets which are apparent structural elements for porins of
the outer mitochondrial membrane and the plastid envelope (Saier 2000). Also,
porins from the outer membrane of Gram-negative bacteria are β-barrel proteins.
Instead, Pxmp2 might be related to α-type channels, which are described as
channel-forming proteins in which the pore is surrounded by α-helices (Saier
2000). However, it seems that Pxmp2 forms a general diffusion pore, which
makes it clearly different from members of the α-type channel superfamily. The
α-type channels form a narrow pore for inorganic ions (H+, K+, Ca2+ or Cl−)
although some channels such as aquaporins allow transmembrane diffusion of
water and small neutral molecules like urea or glycerol (King et al. 2004).
The lipid reconstitution experiments with purified Pxmp2 using cations and
non-electrolytes of different size (see section 5.2.5) suggested that the diameter of
the channel pore is 1.4 nm. These dimensions of the pore may allow free passage
of metabolites with sizes up to 200 Da across the membrane. Diffusion of solutes
with sizes of 200–400 Da would be restricted and the access of metabolites over
400 Da such as cofactors and ATP would be prevented. Our experiments with
organic anions confirm this supposition since several small peroxisomal
metabolites such as glycolate, pyruvate and 2-oxoglutarate were shown to pass
through the Pxmp2 channel (see section 5.2.6). These results are in accordance
with the suggestion that the peroxisomal membrane contains channels accessible
for small metabolites side by side with transporters for bulky solutes.
Given that the Pxmp2 channel does not restrict permeation of small solutes, it
is possible that peroxisomes share a common pool of small solutes with the
surrounding cytoplasm. In contrast, the bulky solutes are unable penetrate the
membrane through channels and require specific transporters, which may
generate gradients of these solutes between the peroxisomal lumen and the
cytoplasm.
101

How the peroxisomal metabolic machinery may exploit the Pxmp2 channel to
carry out some specific functions is easy to predict. It is generally accepted that
the metabolic conversion of peroxisomal cofactors proceeds via shuttle
mechanisms resembling such systems in the inner mitochondrial membrane (van
Roermund et al. 1995). However, in contrast to those in mitochondria, the shuttle
molecules in peroxisomes do not need specific transmembrane transporters owing
to the presence of pore-forming proteins in the membrane.
Several members of the family of Nudix hydrolases are located in
peroxisomes and active towards cofactors (CoA, NAD/P), cleaving them into two
parts of near equal size (Gasmi & McLennan 2001, Abdelraheim et al. 2003). The
reaction leads to the formation of molecules that are able to cross the membrane
using peroxisomal channels and provides a route for the removal of cofactors
from peroxisomes. Thus, cleavage of NAD+ (663 Da) by the corresponding
peroxisomal Nudix hydrolase NUDT12 produces NMNH (334 Da) and AMP
(347 Da)(Abdelraheim et al. 2003). Permeation of NAD+ through the Pxmp2
channel is negligible (see Fig. 23). However, the channel is permeable to AMP
and apparently also to NMNH based on the similar size of these molecules
(NMNH has no net charge, preventing use of this compound for multiple-channel
recording).
6.3

The phenotype of Pxmp2-deficient mice

Pxmp2-deficient mice have been generated in this study and the disruption of
Pxmp2 has been shown at the DNA, mRNA and protein level. Due to the close
proximity of PoleI, the catalytic subunit of DNA polymerase ε, to the translation
initiation codon of Pxmp2 (Otte et al. 2003), the expression level for PoleI was
investigated and confirmed to be unaltered in Pxmp2−/− mice. In addition, the
protein level of PoleI was identical to the wild-type in the mammary gland tissue
of Pxmp2-deficient mice. Based on these results we can assume that the
disruption of Pxmp2 by a lacZneo insertion has not interfered with the expression
of PoleI.
The absence of the Pxmp2-channel from the peroxisomal membrane leads to
near symptomless mice since Pxmp2−/− animals are healthy and live a normal life
span. The histological examination revealed no abnormalities in the tissues in
which Pxmp2 is mainly expressed such as heart, liver and kidney, although some
differences were observed in the appearance of kidney podocytes in electron
microscopic analyses (flattening of podocyte foot processes). Pxmp2-deficient
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mice did not show any phenotypic differences from the wild-type animals under
altered dietary conditions, such as the addition of phytol and clofibrate in the diet
(see section 5.3). The expression levels of selected peroxisomal genes were
unaffected in the liver and kidney of Pxmp2−/− mice. Because of the flattening of
podocyte foot processes, kidney functions were analysed in more details (see
section 5.3), but no major differences were found between the wild-type and
mutant mouse strains.
Among the biochemical parameters analysed, a clear consequence of the
absence of the Pxmp2-channel may be the increased levels of uric acid in serum
and urine of Pxmp2−/− mice relative to wild-type animals. Although the increase is
significant, (in the serum: 103 ± 30 µmol/l in Pxmp2-deficient mice compared to
68 ± 33 µmol/l in the wild-type animals and in the urine the ratio of uric acid
concentration to creatinine was 0.85 ± 0.4 in Pxmp2-deficient mice compared to
0.18 ± 0.04 in the wild-type controls) the content of uric acid in Pxmp2−/− mice
did not seem to reach a level that would precipitate and cause damage to tissues
such as described for urate oxidase-deficient mice (Wu et al. 1994) or patients
with an acute gout attack. The observed differences in uric acid serum
concentrations in urate oxidase and Pxmp2-deficient mouse strains indicate that
inspite of the absence of Pxmp2, a significant amount of uric acid is still degraded
in peroxisomes (as also indicated by excretion of allantoin into urine) and suggest
the existence of a second peroxisomal transmembrane route for this metabolite.
This suggestion is also in line with the notion that the mammalian peroxisomal
membrane contains at least two channels showing different properties
(Antonenkov et al. 2004b). The mild phenotype of Pxmp2−/− mice could be
explained by the overlapping functions of peroxisomal channels. A candidate for
another channel could be M-LP, which is also a member of the same protein
family.
Although Pxmp2-deficient mice are fertile, Pxmp2−/− females are not able to
nurse their pups; the pups die during the first day after birth. By studying the
mammary glands of Pxmp2−/− mice, the surprising discovery was made, that the
deficiency of Pxmp2 leads to the impairment of ductal outgrowth of mammary
glands at puberty. Similar pubertal mammary phenotypes that display an absence
or impairment of ductal outgrowth have been described for several knock-out
mouse model (Howlin et al. 2006). The targeted genes include the estrogen
receptor α (Couse & Korach 1999), epidermal growth factor receptor (EGFR)
(Wiesen et al. 1999), amphiregulin – a ligand for EGFR (Ciarloni et al. 2007),
actin cytoskeleton regulating protein gelsolin (Crowley et al. 2000) and the
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transmembrane metalloproteinase ADAM17 (Sternlicht et al. 2005). Most of the
deleted genes mentioned above are involved in the endocrine and paracrine
pathways of steroid hormone action and epithelial-stromal crosstalk regulating
mammary branching morphogenesis (Sternlicht et al. 2006).
Our preliminary data on tissue transplantation studies showed that the
primary defect in the mammary dysfunction of the Pxmp2-deficent mice might be
located in the stromal compartment since the Pxmp2−/− epithelia grows in the
wild-type fat pad in both a wild-type and also in a Pxmp2−/− host (Vapola, Rokka,
Antonenkov, Soininen and Hiltunen unpublished results). This suggests that the
systemic environment in the Pxmp2-deficient mice is normal. In addition, the
concentrations of estradiol and progesterone in the blood of Pxmp2-deficient and
wild-type mice were the same except for a slight decrease in the level of blood
estradiol (Table 1), suggesting that the observed phenotype of Pxmp2-deficient
mice is not a consequence of an inadequate amount of reproductive hormones.
The mammary gland epithelium has an inherent requirement for adipose
tissue in order to form ductal branches. In addition, besides providing a matrix for
the growth and development of epithelia the mammary fat pad functions as an
active store for lipids in the development of the mammary gland (Hovey et al.
1999). Several studies have indicated that the mammary fat pad is a significant
site for systemic hormone action and growth factor synthesis and thus provides
signals for ductal morphogenesis and alveolar differentiation (Neville et al. 1998,
Hovey et al. 1999, Sternlicht et al. 2006). We have shown by western blot that
Pxmp2 is present in both the intact mammary gland and the cleared fat pad devoid
of epithelial cells. These results suggest that Pxmp2 is expressed in the mammary
adipocytes. Further studies are required to provide more insight into the possible
role of Pxmp2 in the mammary fat pad and to reveal the link between the
peroxisomal channel protein and the observed mammary gland phenotype in
Pxmp2−/− mice.
6.4

Future prospects

The work in this thesis describes the characterisation of channel-forming
properties of mammalian peroxisomal membrane proteins. In addition, this work
describes the function for Pxmp2, a 22 kDa abundant membrane protein in
mammalian peroxisomes. Our data suggests that Pxmp2 is a channel-forming
protein that is partially responsible for the peroxisomal membrane permeability to
solutes. The concept of peroxisomal membrane as a permeability barrier has been
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a matter of debate for several decades and our results provide new insight to this
topic.
Our data led to suggestion that peroxisomal membrane in mammals contains
other channels besides Pxmp2 which would explain the poor phenotype of
Pxmp2-deficient mice in this study. The aim in the future research is to identify
what is the molecular nature of these peroxisomal membrane channels which are
responsible for the rest of the membrane permeability to small solutes. Also the
possible role of the quaternary structure of Pxmp2 in maintaining and regulation
of its activity remains to be established by crystallisation and structural threedimensional analysis at atomic resolution.
The ultimate goal is to uncover mechanisms responsible for the cytosolicperoxisomal communication and to reveal the role of these mechanisms in the
pathogenesis of disorders associated with the mild malfunctioning of peroxisomal
metabolic machinery.
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7

Conclusions

These data show that the mammalian peroxisomal membrane contains large nonselective channels in addition to specific transporters. By using the Pxmp2deficient mouse model along with recombinantly produced Pxmp2 and native
Pxmp2, several lines of evidence indicate that this protein can act as a membrane
channel. Pxmp2 was shown to function as a slightly cation selective channel that
permits the free passage of solutes with a size up to 200 Da. The transfer of
metabolites with the size of 200–400 Da is partially restricted and solutes with a
molecular mass over 400 Da (such as NAD+ and ATP) are prevented from passing
through Pxmp2. Channel proteins for small metabolites in the mammalian
peroxisomal membrane have not been identified before. Identification of channel
proteins in the peroxisomal membrane will open new insights into the
peroxisome-cytosol communication and into the metabolism related to this
organelle. In addition, the shuttling of reducing equivalents across the
peroxisomal membrane can be easily explained in terms of the channel-forming
activity of Pxmp2.
The mouse model for Pxmp2 revealed that the channel function of Pxmp2
can be partially compensated by other channels that remain to be identified.
Possible candidates for these channels include other members of the Pxmp2
protein family.
An unexpected linkage to mammalian reproductive biology was revealed
from the phenotypic characterisation of Pxmp2-deficient mice. Namely,
disruption of Pxmp2 gene leads to impairment in the ductal outgrowth of
mammary epithelia. The mammary gland phenotype will lead to new areas in
peroxisomal research and follow-up research is being currently undertaken in our
laboratory.
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