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Abstract. Peroxisomes are single-membrane-bound or-
ganelles present in virtually all eukaryotic cells. They are
involved in numerous metabolic processes, both cata-
bolic and anabolic, including B-oxidation of very long
chain fatty acids, metabolism of hydrogen peroxide, plas-
malogen biosynthesis and bile acid synthesis. In several
genetic diseases, there is either isolated deficiency of a
specific peroxisomal protein (single-protein deficien-
cies) or a defect in the formation of the organelle with
loss of multiple peroxisomal functions (peroxisome bio-

genesis disorders). X-linked adrenoleukodystrophy is an
example of the former, and the Zellweger spectrum of the
latter. Peroxisome biogenesis disorders are inherited in an
autosomal recessive manner and result from mutations in
any of at least 12 PEX genes that encode peroxins. This
article reviews the peroxisomal system, the clinical, bio-
chemical and molecular aspects of peroxisomal disor-
ders, and discusses recent scientific advances in the un-
derstanding of peroxisome biogenesis.
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Peroxisomal system: components and metabolic
functions

Peroxisomes are multifunctional organelles present in
nearly all eukaryotic cells. They are delimited by a single
membrane which is impermeable to protons and small
metabolites, creating an enzymatically and chemically
unique microenvironment within the cell [1]. Together
with glyoxysomes of plants and glycosomes of try-
panosomes, they constitute the microbody family. Perox-
isomes contain at least one hydrogen-peroxide-producing
oxidase and catalase to decompose the hydrogen peroxide
[2]. Their morphology is usually spherical in transmis-
sion electron micrographs (fig. 1), and they range in di-
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Figure 1. Electron micrograph of normal peroxisomes in human
infant liver visualized by diaminobenzidine staining for catalase.
The staining intensity is typically heterogeneous (from M. Espeel
and F. Roels, University of Gent, Belgium).
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Figure 2. Scheme of the peroxisomal system. Peroxisomes can
vary in diameter from 0.1 to 1.5 pm and are usually round in shape.
The organelle membrane contains organelle-specific membrane
proteins. The peroxisome interior is a protein-rich environment
containing more than 50 enzymes for numerous metabolic
processes.

ameter from 0.1 to 1.5 pm [3, 4]. Human cells contain
several hundred peroxisomes but the number per cell
varies depending on the type of cell and its metabolic
state [5]. The organelle membrane includes a fine granu-
lar matrix and occasionally a paracrystalline core. All
peroxisomal matrix and membrane proteins are encoded
by nuclear genes, synthesized on free cytosolic
polysomes, and posttranslationally imported into peroxi-
somes [2, 6—8]. The peroxisomal membrane contains
more than ten organelle-specific integral membrane pro-
teins of different sizes (fig. 2). The peroxisomal matrix

Table 1. Metabolic functions of peroxisomes in different organisms.
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contains more than 50 different proteins, mainly enzymes
essential for various metabolic processes (table 1) [9].
Examples are metabolism of hydrogen peroxide, f-oxi-
dation of very long chain fatty acids, plasmalogen
biosynthesis and bile acid synthesis.

Peroxisome biogenesis

Biogenesis of peroxisomes requires the formation of a
lipid bilayer, the import of peroxisomal membrane pro-
teins into that bilayer, and the transport of proteins and
other peroxisomal matrix components across the or-
ganelle membrane. Among different organisms in which
this process has been studied so far, 24 proteins have been
identified to play a role in peroxisome biogenesis. These
proteins are called peroxins and PEX genes encode them
[10].

Different views of organelle assembly

In general, organelle biosynthesis follows either of three
distinct models: (i) de novo synthesis, (ii) growth and di-
vision of pre-existing organelles or (iii) assembly by par-
ticipation of other organelle systems [11, 12]. Mitochon-
drial biogenesis involves repeated rounds of mitochond-
rial growth and division and seems to be relatively
independent of other cell compartments [12]. In contrast,
the Golgi apparatus is a complex system of vesicle fusion
and depends upon the continuous supply of proteins and
lipids by vesicular transport from the endoplasmic reti-
culum [11, 13, 14]. For peroxisomes, there is little agree-
ment on which of the three models for organelle assem-
bly best explains their biogenesis mechanisms [15—19].

Metabolic function Organisms

Anabolic

Biosynthesis ether phospholipids mammals
cholesterol mammals
bile acids mammals
polyunsaturated fatty acids mammals
penicillin fungi
lysine yeasts

Catabolic

Degradation hydrogen peroxide

fatty acids (p-oxidation)
fatty acids (a-oxidation)
amino acids

purines

polyamines

methanol

Photorespiration conversion of serine to glycerate
conversion of glycolate to glycine

Glyoxylate cycle

yeasts, fungi, plants, mammals
yeasts, fungi, plants, mammals
mammals

yeasts, mammals

plants, mammals

mammals

yeasts

plants

plants

yeasts, fungi, plants
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The current main model for peroxisome biogenesis pro-
poses that the organelle arises by growth and fission of
pre-existing peroxisomes [2]. Peroxisomal membrane
and matrix proteins are posttranslationally delivered to
the growing organelle, followed by division once a criti-
cal size is reached. In contrast, there are other models that
propose a de novo biogenesis of peroxisomes [20] and
several recent studies have shown that peroxisomes can
be synthesized in the absence of pre-existing peroxi-
somes [21—24]. In addition, earlier studies favored a third
model involving the endoplasmic reticulum. These stud-
ies found peroxisome membranes spatially associated
with the endoplasmic reticulum [25]. Furthermore, stud-
ies in yeast demonstrated that mutants defective in pro-
tein secretion are also defective in peroxisome biogenesis
and that under these conditions, two peroxisomal mem-
brane proteins, Pex2p and Pex16p, accumulated in the en-
doplasmic reticulum [26]. Although these three models
seem to be contradictory, they can be incorporated into
one hypothesis [8]: peroxisomes arise either by growth
and division of existing peroxisomes or de novo. The
growth of existing peroxisomes and the reappearance of
peroxisomes in cells lacking the organelle require the
posttranslational uptake of membrane and matrix pro-
teins as well as the uptake of peroxisomal proteins and
lipid vesicles originating from the endoplasmic reticulum
or other endomembranes.

Membrane synthesis

The process of peroxisome membrane synthesis is poorly
understood. It includes the formation of lipid bilayers and
the integration of peroxisomal membrane proteins. Three
peroxins, namely Pex3p, Pex16p and Pex19p, have been
identified to play a role in the synthesis of peroxisome
membranes de novo [21-24]. However, whether they
function in lipid bilayer assembly or in peroxisomal
membrane protein targeting and integration is unclear.
The peroxisomal targeting signals for membrane proteins
(mPTS) are distinct from those described for matrix pro-
teins. Single targeting signals have been described either
in the amino-terminal part, as for Pex3p, Pex14p, Pex22p,
PMP22 and PMP70 [24, 27-31], or in the middle part, as
for PMP47 and PMP34 [32, 33], or in the carboxyl-ter-
minal part, as for Pex11fp and Pex15p [24, 34]. Recent
studies contradict these results of a single set of peroxi-
somal targeting information and suggest the presence of
multiple targeting signals per membrane protein. They
describe two distinct non-overlapping targeting regions in
PMPA47 of Candida boidinii, its human ortholog PMP34,
in human Pex13p and in human PMP22 [35-37]. All
mPTS sequences identified so far have two elements that
are crucial for function. The first element is a basic clus-
ter of about five amino acids [27, 32, 33, 36, 37]. Substi-
tuting two or more basic amino acids by alanines or
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glycines strongly decreases peroxisomal targeting effi-
ciency [28, 32, 33, 36, 37]. The second element is the
existence of one or more transmembrane domains within
or close to the basic clusters [27, 30, 32, 36—40]. In
Pex3p, Pex11pp, Pex14p and Pex22p, one single trans-
membrane domain is directly integrated in the targeting
signal [24, 28, 30]. Two transmembrane domains are re-
quired for targeting of rat and human PMP22 [31, 37] and
three for PMP34 [36].

A current model for the targeting and import of peroxiso-
mal membrane proteins is summarized in figure 3. After
synthesis in the cytosol, specific docking proteins pick up
peroxisomal membrane proteins. Pex19p is a good candi-
date protein for such a chaperone-like docking or recep-
tor protein [23, 41, 42] and positively charged basic clus-
ters might mediate the binding. The membrane proteins
complexed to their cytosolic docking protein are trans-
ported to the peroxisome membrane by specific targeting
information. The complex associates with the peroxi-
some membrane either directly or by binding to a com-
ponent of the peroxisomal membrane insertion machin-
ery. The proteins are then integrated into the organelle
membrane. The docking proteins shuttle back to the cy-
tosol and the docking and insertion machinery can re-
ceive new substrates. This translocation apparatus might
be even more complex and involve further cytosolic fac-
tors.

Targeting and import of matrix proteins

In contrast to peroxisome membrane formation, over the
past years a clear picture has emerged as to how matrix
proteins are targeted to peroxisomes. More than 95% of
all known peroxisomal matrix proteins have a carboxyl-
terminal peroxisomal targeting signal (PTS1) with the
consensus sequence -S-K-L-COOH or a conservative
variant [43—45]. A few matrix proteins have their perox-
isomal targeting signal at the amino terminus (PTS2)
with the consensus sequence (R/K)(L/I/V)X(H/Q)(L/A)
[46]. The subsequent transport and import processes in-
volve receptor and translocation complexes in the cyto-
plasm, on the peroxisome surface and in the peroxisome
membrane. The current model for matrix protein import
is illustrated in figure 4 [8, 47]. PTS1 and PTS2 contain-
ing peroxisomal matrix proteins are recognized by spe-
cific receptors in the cytosol. The PTSI1 signal binds to
the tetratricopeptide repeat (TPR) domains of the recep-
tor protein Pex5p [48, 49] while the PTS2 signal interacts
with the receptor protein Pex7p. After binding the corre-
sponding ligands in the cytosol, the receptors and their
cargo attach to components of the docking machinery
in the peroxisomal membrane [19, 50, 51]. Transport
through the cytosol is facilitated by several other perox-
ins. Pex1p and Pex6p are members of the AAA family of
ATPases (ATPases associated with various cellular activ-
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Figure 3. Hypothetical model for peroxisome membrane synthesis. After synthesis in the cytosol, peroxisomal membrane proteins are rec-
ognized and bound to a receptor. The receptor-ligand complex is transported to the surface of the peroxisome membrane. The peroxisomal
membrane protein can be inserted directly, or the insertion requires additional receptor proteins in the peroxisome membrane.
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Figure 4. A hypothetical model for peroxisomal matrix protein im-
port. Peroxisomal matrix proteins are synthesized in the cytosol.
The import involves binding of newly synthesized proteins by cy-
tosolic receptor proteins, transport of the receptor-ligand complex
to the peroxisomal membrane, docking, matrix protein import, and
receptor recycling.

Matrix

ities) [52, 53]. They are required for the import of both
PTSI1 and PTS2 matrix proteins and seem to have a direct
effect on receptor-ligand complex stability. At the perox-
isomal membrane, the Pex5p and Pex7p-ligand com-
plexes interact with Pex13p and Pex14p of the docking
machinery. Pex13p is most likely responsible for anchor-
ing Pex14p and binding Pex5 via its Src homology 3
(SH3) domain [54—56]. Pex14p, an integral peroxisomal
membrane protein in Hansenula polymorpha [57] and
humans [58] and a peroxisomal-membrane-associated
protein in Saccharomyces cerevisiae [59], interacts with
Pex5p, Pex7p and Pex13p [58—60]. In the following
translocation step, receptor-ligand complexes are deliv-
ered to components of the translocation machinery and
are translocated across the membrane. Components of the
translocation machinery are Pex12p, Pex2p and Pex10p
containing a C;CHC, zinc-binding motif that binds two
zinc atoms and is thought to mediate protein-protein in-
teractions. After delivering their cargo, the Pex5p and
Pex7p receptor proteins shuttle back to the cytosol and
are able to receive new substrates for another cycle of
protein import.
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In humans, at least 12 peroxins are required for the tar-
geting and import of peroxisomal matrix proteins. De-
fects in any of these peroxins will disrupt the protein im-
port cycle and cause a peroxisomal biogenesis disorder.

Peroxisomal disorders

The importance of peroxisomes in humans is underlined
by the existence of an expanding group of inborn errors
of metabolism in which there is impairment of peroxiso-
mal functions. The estimated incidence is 1:20,000—
1:100,000 births [8]. They are subdivided into two major
categories (table 2) [8, 15, 47, 61]. The first category is
the single-protein defects in which a single metabolic
function is deficient and peroxisome assembly is unaf-
fected. Examples are X-linked adrenoleukodystrophy
and autosomal recessive disorders like hyperoxaluria
type I, Refsum disease and single S-oxidation enzyme de-
fects. The second category is the peroxisome biogenesis
disorders with deficiency of multiple peroxisome func-
tion. They form a genetically heterogeneous group of au-
tosomal recessive disorders.

Peroxisome biogenesis disorders

Clinical phenotypes

The clinical prototype of peroxisome biogenesis disor-
ders is Zellweger syndrome, also referred to as cerebro-
hepatorenal syndrome. Diseases displaying similar but

Peroxisome biogenesis and human disease

Table 2. Classification of peroxisomal disorders.

Single-protein defects
X-linked adrenoleukodystrophy
Acyl-CoA oxidase deficiency
Bifunctional protein deficiency
Thiolase deficiency
Acatalasemia
Refsum disease
Glutaryl-CoA oxidase deficiency (glutaric
aciduria type 3)
Mevalonate kinase deficiency
Alanine glyoxylate aminotransferase deficiency (hyperox-
aluria type I)

Peroxisome biogenesis disorders
Zellweger syndrome
Neonatal adrenoleukodystrophy
Infantile Refsum disease
Rhizomelic chondrodysplasia punctata
Hyperpipecolic acidemia

milder phenotypes than those of Zellweger syndrome pa-
tients are pseudo-Zellweger syndrome, neonatal
adrenoleukodystrophy and infantile Refsum disease.
Molecular studies have shown that these overlapping
clinical entities have a common molecular background
and are referred to as the Zellweger spectrum. A further
but distinct phenotype of the group of peroxisome bio-
genesis disorders is rhizomelic chondrodysplasia punc-
tata. The main clinical symptoms of peroxisome biogen-
esis disorders are summarized in table 3.

Zellweger syndrome is at the severe end of the Zellweger
spectrum, while the others represent milder variants. Pa-

Table 3. Clinical symptoms of patients with peroxisome biogenesis disorders.

Abnormal features Zellweger spectrum

Rhizomelic chondrodys-

severe form
Zellweger syndrome

plasia punctata

milder forms: pseudo-Zellweger
syndrome, neonatal adrenoleukody-

strophy, infantile Refsum disease

Age of survival <1 year > 1 year <2 year
Dysmorphic features

Typical face -+ ++ T
Cerebral

Hypotonia -+ ++ T

Epileptic seizures ++ ++ Tt

Psychomotor retardation +++ +++ St

Gavage feeding -+ ++ T
Ocular

Cataract ++ + S
Hepatorenal

Liver fibrosis or cirrhosis +++ ++ .

Renal cysts ++ _ B
Skeletal system

Calcific stippling ++ ++ T

Rhizomelia - _ S

+ mild; ++ moderate; +++ severe; — not present.
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Figure 5. Typical facial appearance of patients with peroxisome
biogenesis disorders. (4) Patient with Zellweger syndrome. (B)
Zellweger spectrum patient with a milder clinical phenotype. (C)
Patient with rhizomelic chondrodysplasia punctata; note also the
shortening of proximal limbs.
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tients with Zellweger syndrome have multiple congenital
anomalies and rarely survive their first year of life. Af-
fected infants have an abnormal facial appearance (fig.
5A) including a high forehead, a flat occiput (the bone
forming the rear and rear base of the skull), a large
fontanelle (the child’s ‘soft spot’), a broad nasal bridge,
shallow orbital ridges (the ridge beneath the eyebrow)
and a high arched palate [8]. They show severe hypotonia
(poor muscle tone, or ‘floppiness’), global developmental
delay, feeding difficulty and seizures. Other typical fea-
tures of the Zellweger spectrum are eye abnormalities,
liver disease and renal cysts. Radiologic examination
reveals abnormal calcifications (‘calcific stippling’) of
patella and long bone epiphyses. Patients with milder
variants of the Zellweger spectrum show similar though
less pronounced clinical phenotypes and many patients
survive several decades (fig. 5B). The typical clinical
features for patients with rhizomelic chondrodysplasia
punctata include abnormal facies, profound developmen-
tal delay, cataracts, abnormal calcifications of epiphyses
and striking shortening of the proximal limbs (‘rhi-
zomelia’) (fig. 5C). The majority of patients die in the
first 2 years of life, but several are known to have sur-
vived longer.

Biochemical phenotypes
The biochemical phenotypes of peroxisome biogenesis
disorders reflect the defect in organelle assembly. Cells

Peroxisome biogenesis and human disease

from most Zellweger spectrum patients show numerous
peroxisome-like structures that contain peroxisomal
membrane proteins but are defective in the import of
PTS1 and PTS2 matrix enzymes. These peroxisomal en-
zymes are mislocalized in the cytosol. They are unable to
function properly and some of these enzymes degrade.
Cells from a number of Zellweger spectrum patients lack
peroxisomal membranes indicating a defect in the
synthesis of the peroxisome membrane and concomitant
mislocalization of PTS1 and PTS2 matrix enzymes. In
contrast, cells from patients with rhizomelic chondrodys-
plasia punctata mislocalize only a small subset of per-
oxisomal matrix enzymes, namely PTS2 enzymes. In hu-
mans, these PTS2 enzymes are thiolase, phytanoyl-CoA
hydroxylase and alkyl-dihydroxyacetonephosphate syn-
thetase. The biochemical abnormalities of peroxisome
biogenesis patients are summarized in table 4. In patients
with Zellweger syndrome, the levels of very long chain
fatty acids (>C,,), phytanic acid, pipecolic acid, pristanic
acid and bile acid intermediates are increased; plasma-
logen levels are reduced. Patients with rhizomelic chon-
drodysplasia punctata have normal levels of very long
chain fatty acids but marked accumulation of phytanic
acid due to a defect in the a-oxidation of this branched-
chain fatty acid. They also have a profound defect in
plasmalogen synthesis. Cells from Zellweger spectrum
patients and those from patients with rhizomelic chon-
drodysplasia punctata can be distinguished by catalase
immunofluorescence staining due to their differences in

Table 4. Biochemical abnormalities in patients with peroxisome biogenesis disorders.

Abnormal metabolite or function Analysis material Zellweger spectrum Rhizomelic
chondrodysplasia
severe form: milder forms: punctata
Zellweger syndrome pseudo-Zellweger syndrome,
neonatal adrenoleukodystrophy,
infantile Refsum disease
Very long chain fatty acids plasma, fibroblasts, chorion ™ T -
cells, amniocytes
Phytanic acid plasma, fibroblasts, chorion ) ) ™
cells, amniocytes
Pipecolic acid plasma, fibroblasts, chorion ™ T -
cells, amniocytes
Bile acid intermediates plasma, urine ™ T -
Plasmalogen erythrocytes d 2 A
Plasmalogen biosynthesis fibroblasts, chorion cells, d l )
amniocytes
Catalase import (PTS1 enzyme) fibroblasts, chorion cells, A L -
amniocytes
Thiolase processing fibroblasts, chorion cells, N lor - 1
amniocytes
Thiolase import (PTS2 enzyme) fibroblasts, chorion cells, Lor - dor - l

amniocytes

| decreased, {{ strongly decreased, T increased, TT strongly increased, — not affected. PTS, peroxisomal targeting signal.
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Figure 6. Subcellular localization of catalase by immunofluores-
cence staining (original magnification x 850). (4) Skin fibroblasts
from a patient with Zellweger syndrome. The cells are unable to im-
port catalase into peroxisome-like structures. The enzyme is dis-
tributed in the cytoplasm resulting in a diffuse staining pattern. (B)
Skin fibroblasts from a patient with rhizomelic chondrodysplasia
punctata. The enzyme is imported into the peroxisome resulting in
a punctuate staining pattern. (C) Skin fibroblasts from an unaf-
fected individual. The enzyme is localized in the peroxisomal ma-
trix resulting in a typical punctuate staining pattern.

importing PTS1 and PTS2 enzymes. Zellweger spec-
trum cells show a homogeneous distribution of catalase
in the cytoplasm (fig. 6 A). In contrast, normal cells and
rhizomelic chondrodysplasia punctata cells reveal a
punctuate staining pattern reflecting conserved PTSI
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protein import and the accumulation of catalase in the
peroxisomal matrix (fig. 6B, C).

Molecular aspects

Peroxisome biogenesis disorders are inherited in an auto-
somal recessive manner. They are caused by mutations in
PEX genes that encode peroxins, proteins involved in per-
oxisome assembly and proliferation. So far, somatic cell
fusion studies have found 12 complementation groups in-
dicating that at least 12 different genes contribute to hu-
man peroxisome biogenesis [8, 15]. Different experimen-
tal approaches including functional complementation,
functional cloning and homology probing have been suc-
cessful in identifying the primary genetic defect in 11 of
the 12 known complementation groups other than com-
plementation group 8 (table 5). Functional complementa-
tion of mutant Chinese hamster ovary cell lines with rat
and human cDNA expression libraries led to the first
identification of a gene related to human peroxisome bio-
genesis disorder, PEX2, which is defective in CG10
[62—64]. This technique was also used to identify the
genes defective in complementation group 1, PEX1 [65],
complementation group 3, PEX12 [66, 67], complemen-
tation group 4, PEX6 [68], and complementation group
14, PEX19 [23]. This gene identification strategy used
homology probing of mammalian databases with known
yeast sequences. Numerous peroxisome biogenesis fac-
tors had been characterized in lower eukaryotes including
S. cerevisiae [18, 19, 69], P pastoris [70, 71], Y. lipolyt-
ica [72] and H. polymorpha [39, 73]. The yeast peroxin
sequences were used for a computer-based screen of hu-
man expressed-sequence tag databases. This second ap-
proach identified the PEX1, PEX3, PEXS5, PEX6, PEX7,
PEXI10, PEX12, PEX13 and PEXI6 genes that are defec-
tive in complementation group 1 [74], 12 [22, 38], 2 [49],
4[75], 11 [76-78], 7 [79], 3 [80], 13 [81] and 9 [82], re-
spectively. Zellweger spectrum patients are distributed
among 11 complementation groups and their defects re-
sult from mutations in different PEX genes. In contrast,
patients with rhizomelic chondrodysplasia punctata are
restricted to a single group, complementation group 11,
and their defects result from mutations in the PEX7 gene.
Most complementation groups include only a few pa-
tients. An exception to this general rule is complementa-
tion group 1, by far the largest complementation group,
including more than half of all peroxisome biogenesis de-
fect patients [83—86]. The group results from mutations
in the PEXI gene, which encodes an AAA protein of the
family of ATPases associated with various cellular activ-
ities [53, 74]. A variety of PEX] mutant alleles have been
described [74, 83—87]. Of these, the insertion ¢.2097-
2098insT and a single missense mutation ¢.2528 G > A,
resulting in G843D, account for more than half of all
PEX]I mutations. The mutant proteins encoded by various
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Table 5. Human PEX genes and peroxisome biogenesis disorders.

Peroxisome biogenesis and human disease

Gene Complemen- Clinical Peroxin motifs and functions References

tation group phenotype

[83]
PEXI CGl1 ZS, NALD, IRD AAA ATPase, matrix protein import 74, 84,93
PEX2 CG10 ZS, IRD zinc RING, matrix protein import 63, 94,95, 96
PEX3 CGI12 ZS no known motif, peroxisome membrane synthesis 68,97
PEX5 CG2 ZS, NALD, IRD TPR domain, matrix protein import, PTS1 receptor 49, 98
PEX6 CG4 ZS,NALD AAA ATPase, matrix protein import 8,93
PEX7 CGl11 RCDP WD-40, matrix protein import, PTS2 receptor 76,77, 78, 99
PEXI0 CG7 ZS,NALD zinc RING, matrix protein import 79, 100, 101
PEXI11 ? - no known motif, peroxisome proliferation 102, 103
PEX]I2 CG3 ZS, NALD, IRD zinc RING, matrix protein import 80, 101
PEXI3 CG13 ZS, NALD SH3 domain, matrix protein import, receptor docking 54
PEX14 ? - no known motif, matrix protein import, receptor docking 59
PEXI16 CG9 ZS no known motif, peroxisome membrane synthesis 82
PEX19 CGl4 ZS farnesylation, peroxisome membrane synthesis, putative 24

PMP receptor

? CG8 ZS, NALD, IRD ?, matrix protein import 8

CG, complementation group; ZS, Zellweger syndrome; NALD, neonatal adrenoleukodystrophy; IRD, infantile Refsum disease; RCDP,
rhizomelic chondrodysplasia punctata; AAA ATPase, ATPases associated with various cellular activities; PMP, peroxisomal membrane
protein; PTS1, peroxisomal targeting signal 1; PTS2, peroxisomal targeting signal 2; SH3, Src homology 3; TPR, tetratricopeptide repeat;
WD-40, repeat containing approximately 40 amino acids with a central Trp-Asp motif.

PEXI alleles explain, in part, the heterogeneous clinical
phenotypes of Zellweger spectrum patients. A complete
lack of Pex1 protein was found to be associated with se-
vere phenotypes, while residual amounts of Pex1 protein
lead to milder forms of disease. The ¢.2097-2098insT
leads to a premature termination codon within the AAA
domain and a total loss of Pex1 protein activity [88]. In
contrast, the mutation ¢.2528 G > A encodes a Pex1 mu-
tant protein with residual import activity for peroxisomal
matrix proteins [74, 84, 89]. The mutation seems to result
in a misfolded protein, which is more stable at lower than
at higher temperatures. The G843D mutation most likely
disrupts the protein-protein interaction between Pexlp
and Pex6p. PEX6 encodes another peroxin of the AAA
ATPase family and is the gene defective in complementa-
tion group 4 [52, 90].

Although the pathogenesis of peroxisome biogenesis dis-
orders is poorly understood, there seems to be a general
correlation between disease severity and peroxin func-
tions. Similarly to complementation group 1, Zellweger
spectrum patients in complementation group 3 with a
residually active Pex12 protein have a less severe clinical
phenotype than those with undetectable protein [91]. An-
other example in patients with rhizomelic chondrodys-
plasia punctata is L292ter, which accounts for more than
half of all PEX7 mutations and produces a mutant Pex7
protein with no residual activity [76, 78]. Patients ho-
mozygous for L292ter have severe biochemical defects
and exhibit a severe clinical phenotype. In contrast, mu-
tant PEX7 alleles encoding a protein with residual activ-
ity are found in patients with milder forms of disease
[92].

Eight of the 11 PEX genes known to be defective in pa-
tients with peroxisome biogenesis disorders affect perox-
isomal matrix protein import. Although the gene for com-
plementation group 8 is not known, biochemical studies
in patient cell lines suggest a role in peroxisomal matrix
protein import. In yeast, PEX14 also participates in per-
oxisomal matrix protein import and its human homolog
might have a similar role. Defects in peroxisome mem-
brane synthesis have been found in only three comple-
mentation groups of Zellweger spectrum patients with
mutations in any of three genes, PEX3, PEXI6 and
PEX19. There are other anticipated PEX genes defective
in additional and as yet unknown complementation
groups of peroxisome biogenesis disorders. In yeast and
Chinese hamster ovary cell lines, more than 12 peroxins
are required for peroxisomal membrane synthesis or ma-
trix protein import. The human homologs of these addi-
tional PEX genes represent excellent candidates for iden-
tifying additional genes defective in peroxisome biogen-
esis disorders in the future.

Conclusions and further directions

The interactive application of biochemistry, cell biology,
clinical analysis, pathology and genetics in recent years
have advanced our understanding of the role of PEX
genes in peroxisome assembly and the pathogenesis of
peroxisome biogenesis disorders. Eleven human PEX
genes defective in these disorders have been identified
and numerous mutations described. Functional analyses
of the encoded peroxins have elucidated a phenotype-
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genotype correlation. Rudimentary hypothetical models
for most complicated biological processes, the synthesis
of peroxisome membranes and the import of peroxisomal
matrix proteins have been developed. The increasing ac-
tivity in the peroxisome research field promises a com-
prehensive understanding of the molecular mechanisms
of peroxisome biogenesis in the near future. These ad-
vances will hopefully promote attempts at devising effec-
tive therapies, especially for those patients with milder
phenotypes.
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