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Foreword

Peroxisomes are subcellular organelles found in almost all eukaryotic cells. They
are involved in a variety of metabolic processes, including the -oxidation of very
long chain fatty acids as well as the synthesis of ether-phospholipids and bile acids
in mammals. Peroxisomal disorders represent disease conditions caused by defects
in the biogenesis and function of the peroxisome.

This time, Prof. Shimozawa, Prof. Imanaka, and other distinguished clinicians
and researchers who lead peroxisomal research in Japan have published the text-
book Peroxisomes. This book includes current progress in basic research of peroxi-
somes and important roles of peroxisomes for genetic diseases as well as cancer and
age-related diseases. In the textbook, Prof. Shimozawa organized the clinical aspect
of peroxisomal disorders. Prof. Kaga described the neurophysiology and neuropsy-
chology in adrenoleukodystrophy (ALD), and Prof. Yokoyama described the lipido-
mics of peroxisomal disorders as new aspects of peroxisomal disorders. On the
other hand, Prof. Imanaka organized the basic science of peroxisomes.

Peroxisomal disorders including ALD are sometimes difficult to diagnose clini-
cally, as these disorders present in a variety of symptoms. To make a definitive
diagnosis of peroxisomal disorders requires various clinical tests based on biochem-
ical and molecular genetics. Prof. Shimozawa, Gifu University, has screened many
patients with peroxisomal disorders for more than 30 years. There are few laborato-
ries in the world that can diagnose peroxisomal disorders. Prof. Shimozawa and his
coworkers have a lot of experiences in this area and made many achievements.

The Ministry of Health, Labor and Welfare of Japan has conducted national
research projects for intractable diseases. I have been worked extensively a project
related to lysosomal and peroxisomal diseases as Principle Investigator for more
than 10 years. Prof. Shimozawa’s group including above-mentioned professors has
achieved many successful works in the field of peroxisomal research. I sincerely
express my thanks for their great contribution to this research project.



vi Foreword

I hope that many clinicians and researchers including postgraduate students in
the world would read the wonderful textbook published by Springer-Nature to
understand the basics of peroxisomes and its clinical importance for the diagnosis
and treatment of peroxisomal disorders.

Lysosomal and Peroxisomal Research Team Yoshikatsu Eto
supported by a Ministry of Health

Labor and Welfare Refractory Disease Policy Project in Japan

Tokyo, Japan

The Jikei University School of Medicine
Tokyo, Japan
October 2, 2019



Preface

Peroxisomes are organelles that are present in almost all eukaryotic cells. The
organelles were first described as “microbodies” by Rhodin in 1954. Subsequently,
de Duve et al. found that they contained various H,O,-producing oxidases along
with H,0,-degrading catalase and named them peroxisomes in 1965. At present, it
is well known that peroxisomes are essential organelle to maintain cellular function
in lipid metabolism, redox homeostasis, and intracellular signaling. Recently, it has
been shown that physical contact between peroxisomes and other organelles plays
an important role in the transporting or shuttling of metabolites for regulation of
cellular functions.

With regard to the biogenesis of the peroxisome, several models have been pro-
posed. It is now considered most likely that peroxisomes are endoplasmic reticulum-
derived organelles. The biosynthesis of peroxisomes in mammals involves three
different processes: the formation of the pre-peroxisome from the ER, the import of
the peroxisomal membrane and matrix proteins to the pre-peroxisome, and the
growth and division of the peroxisome. It has been revealed that many proteins
called “peroxins” encoded by PEX genes are involved in peroxisome biogenesis.

Mutation of the genes encoding peroxisomal proteins and/or proteins involved in
peroxisome biogenesis causes congenital metabolic disorders. Brown first described
Zellweger’s cerebro-hepato-renal syndrome (Zellweger syndrome) in 1964. Then,
Goldfisher discovered that peroxisomes were absent from tissues in patients with
Zellweger syndrome. This syndrome contributed to our understanding of peroxi-
somal assembly and the metabolic importance of peroxisomes. In 1992, Shimozawa
discovered the first gene responsible for Zellweger syndrome, which led to the elu-
cidation of many pathogenic PEX genes.

Our understanding of peroxisome functions, biogenesis, and diseases is deep-
ened through continuous progress of peroxisome research. Recently, many excel-
lent reviews have been published about peroxisome and related diseases. These
reviews are targeted at experts who are interested in research on peroxisomes. On
the other hand, we provide here the whole picture of peroxisome, based on present
knowledge, for postgraduate students, young scientists, and clinicians in the field of
internal medicine, pediatrics, and neurology who want to understand peroxisomes.

vii
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Fig. 1 Prof. Takashi
Hashimoto in the 54th
Annual Meeting of the
Japanese Society for
Inherited Metabolic
Diseases at Gifu, Japan, in
November 2012. Prof.
Hashimoto makes a speech
at the welcome party

This book includes the history of peroxisome research, biogenesis, and function
of peroxisomes, and peroxisomal disorders. In addition, the book covers specific
subjects such as isolation of peroxisomes, structural biology of peroxisomal pro-
teins involved in peroxisome biogenesis, lipidomics of peroxisomal disorders, and
neurophysiology and psychology for adrenoleukodystrophy. The book also shows
the future direction of peroxisome research and therapeutic development for peroxi-
somal disorders. We hope the book is helpful for young people to understand
peroxisomes.

We would like to express our admiration for the contribution of Professor
Emeritus Takashi Hashimoto at Shinshu University in peroxisomal functions and
disorders (Fig. 1). He was one of the great pioneers in the field. He has successfully
characterized peroxisomal B-oxidation system. He purified the enzymes involved in
the p-oxidation and cloned the genes encoding the enzymes. He also prepared anti-
bodies against the enzymes and distributed them to many researchers around the
world. The antibodies were of help to demonstrate several peroxisomal disorders
caused by deficiency of peroxisomal B-oxidation enzymes. He passed away on April
18, 2019, at the age of 86, and we dedicate this book to him and are deeply grateful
to him for his great contribution to the field of peroxisome and peroxisomal
disorders.

In addition, we appreciate Ms. Kripa Guruprasad and Drs. Sue Lee and Emmy
Lee of Springer Nature for the continuous encouragement and support in preparing
this book.

Hiroshima, Japan; Toyama, Japan Tsuneo Imanaka
Gifu, Japan Nobuyuki Shimozawa
September 2019
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Chapter 1
The History of Peroxisomal Research

Tsuneo Imanaka

Abstract Peroxisomes are subcellular organelles bounded by a single membrane.
They are involved in a variety of metabolic processes, including the B-oxidation of
very long chain fatty acids, as well as the synthesis of ether-phospholipids and bile
acid in mammals. These organelles were first described in 1954 in the cytoplasm of
the proximal tubule cells of the mouse kidney by Rhodin and were first known as
“microbodies”. Subsequently, in 1965 de Duve et al. isolated microbodies from the
rat liver and defined them as membrane-bound organelles containing various H,O,-
producing oxidases along with H,0,-degrading catalase, and named them peroxi-
somes. The fatty acid f-oxidation system was identified in rat liver peroxisomes in
1976. Goldfischer discovered that peroxisomes were absent from the tissues of
patients with Zellweger syndrome in 1973, and the metabolic defects that character-
ize this disease contributed to the elucidation of the metabolic roles of peroxisomes
in humans. With regard to the biogenesis of the peroxisome in mammals, several
models have been proposed and the following process is generally accepted. Pre-
peroxisomes bud from the endoplasmic reticulum, and peroxisomal membrane and
matrix proteins are then imported into these pre-peroxisomes. The mature peroxi-
somes grow by division. Here, I look back the history of peroxisomal research
based on the investigation of the biogenesis and function of peroxisomes, along
with peroxisomal diseases.

Keywords Peroxisome - Biogenesis - Function - Lipid metabolism - Peroxisomal
diseases

Abbreviations
ER Endoplasmic reticulum
PBD Peroxisome biogenesis disorder
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Faculty of Pharmaceutical Sciences, Hiroshima International University,
Kure, Hiroshima, Japan

University of Toyama, Toyama, Japan
e-mail: imanaka@hirokoku-u.ac.jp

© Springer Nature Singapore Pte Ltd. 2019 3
T. Imanaka, N. Shimozawa (eds.), Peroxisomes: Biogenesis, Function, and Role
in Human Disease, https://doi.org/10.1007/978-981-15-1169-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1169-1_1&domain=pdf
mailto:imanaka@hirokoku-u.ac.jp

4 T. Imanaka

PMP Peroxisomal membrane protein

RCDP  Rhizomelic chondrodysplasia punctata
VLCFA  Very long chain fatty acid

X-ALD  X-linked adrenoleukodystrophy

1.1 Introduction

Peroxisomes are single membrane-bound organelles existing in almost all eukary-
otes and are ubiquitous in mammalian cells. Most cells contain spherical or sphe-
roidal peroxisomes with a diameter between 0.1 and 1 pm (Fig. 1.1), although the
peroxisomes vary considerably in shape and size in different tissues. Peroxisomes
are small organelles comprising only a few percent of the volume of the human
liver and kidney cells, where peroxisomes are most abundant. Nonetheless, despite
such low abundance, the function of peroxisomes is indispensable in mammals,
including humans.

These organelles were first described in 1954 by Rhodin while he was a post-
graduate student at the Karolinska Institute working in the laboratory of Sjostrand,
one of the pioneers of electron microscopy. Rhodin closely examined the proximal
tubule cells of the mouse kidney and observed a small organelle that had not been
previously described. It was surrounded by a single membrane and filled with a fine
granular matrix. He must have been excited about the appearance of an unknown
cell compartment. He called these compartments “microbodies” (Rhodin 1954; de
Duve 1983). Subsequently Rouiller and Bermhard reported similar structures in rat
hepatic cells (Bernhard and Rouiller 1956). However, cell biologists did not express
much interest in these microbodies since their function was unknown.

The microbodies were first characterized biochemically by de Duve and his col-
leagues (Baudhuin et al. 1965; de Duve and Baudhuin 1966). de Duve had always
maintained that all members of a given organelle family have the same enzymatic
composition (Fig. 1.2). He and his colleagues undertook efforts to separate the
microbodies from other organelles, especially lysosomes. Initially, the distribution
of the microbodies and lysosomes were found to be in tight proximity when normal
rat liver cells were fractionated. In contrast, when rats were injected with the deter-
gent Triton WR-13309, the lysosome density was selectively lowered by the accumu-
lation of lipids derived from plasma lipoproteins, and the microbodies were then
clearly separated from the lysosomes (Leighton et al. 1968). They also found that
microbodies contained various H,O,-producing oxidases and the H,0,-degrading
enzyme catalase (de Duve and Baudhuin 1966; Baudhuin 1969). They named these
organelles “peroxisomes”, but the physiological function was still poorly understood.

In 1967 Beevers and his colleagues discovered particles that were character-
ized by a high equilibrium density in a sucrose gradient, which is a typical
property of peroxisomes. These particles from castor been endosperm had gly-
oxylate cycle enzymes, so he named them “glyoxysomes” (Breidenbach and
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Fig. 1.1 Electron micrograph of rat liver peroxisomes. P peroxisome, M mitochondrion. The bar,
1 pm. [Courtesy of Sadaki Yokota (Professor emeritus at Yamanashi University)]

Fig. 1.2 Prof. de Duve in his laboratory of Biochemical Cytology at Rockefeller University in
1987. Prof. de Duve is standing close to the centrifuge that he developed. (Figure from Imanaka
2018 with the permission of the Pharmaceutical Society of Japan)

Beevers 1967). Soon after they reported that glyoxysomes contain catalase, gly-
col oxidase and urate oxidase (Breidenbach et al. 1968). This finding supports
the hypothesis that there is a phylogenetic relationship between peroxisomes
and glyoxysomes in the plant and animal kingdoms.
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1.2 Peroxisome Function

In 1969 Beevers’s group found glyoxysomes have all the enzymes necessary for the
B-oxidation of fatty acids (Cooper and Beevers 1969). The p-oxidation enzymes
allow efficient conversion of fatty acid to carbohydrate via the glyoxylate cycle.
Interestingly, the first step of fatty acid f-oxidation was found to be a hydrogen-
producing oxidation that is different from that of the mitochondrial fatty acid
B-oxidation system. Surprisingly in hindsight, the significance of this observation
failed to be recognized for almost a decade.

On the other hand, it was shown in mammals at that time that ethyl-p-
chlorophenoxybutyrate (CPIB or clofibrate) decreased the concentration of serum
neutral lipids in patients with hyperlipidemia (Thorp and Waring 1962). Then rodent
studies showed that clofibrate increased liver size and induced a remarkable prolif-
eration of peroxisomes (Hess et al. 1965; Svoboda and Azarnoff 1966). However,
the metabolic implications of these findings did not immediately receive attention.
In the 1970s, based on the evidence that clofibrate and other hypolipidemic drugs
induced the proliferation of hepatic peroxisomes, peroxisomes came to be under-
stood to play an important role in lipid metabolism (Reddy and Krishnakantha
1975). Nonetheless, there was still no direct corroboration.

In 1976, Lazarow and de Duve found that rat liver peroxisomes were capable of
palmitoyl-CoA oxidation, with reduction of O, to H,0O, in a cyan-insensitive man-
ner, and that this oxidation was enhanced in rats given clofibrate (Lazarow and de
Duve 1976). This was the first report on the physiological function of peroxisomes
in mammals. They also suggested that the hepatic fatty acid p-oxidation system
plays a role in reducing lipid serum levels with hypolipidemic drugs. It was subse-
quently shown that treating rodents with these drugs also induced certain peroxi-
somal enzymes involved in fatty acid f-oxidation (Osumi and Hashimoto 1978).

With regard to peroxisome function, several different metabolic pathways after
the p-oxidation system had been reported in mammalian peroxisomes. These
include very long chain fatty acid (VLCFA) p-oxidation, as well as the synthesis of
ether-phospholipids and bile acid. Elucidation of these metabolic roles of peroxi-
somes in humans was coupled to the research on Zellweger syndrome, in which no
functional peroxisomes exist (Goldfischer et al. 1973). In the middle years of the
1980s, Moser and his colleagues demonstrated that VLCFAs were increased in the
plasma and cultured skin fibroblasts from these patients, and VLCFA oxidation was
impaired in the homogenates of cultured skin fibroblasts (Moser et al. 1984). The
activity of dihydroxyacetone phosphate acyltransferase, a peroxisomal enzyme with
a major role in ether-phospholipid synthesis, was found to be deficient in the skin
fibroblasts of patients with Zellweger syndrome (Datta et al. 1984). Defective per-
oxisomal cleavage of the C27-steroid side chain in bile acid synthesis was also
found in Zellweger syndrome (Kase et al. 1985). Later, antibodies against peroxi-
somal enzymes prepared by Hashimoto’s group at Shinshu University helped to
confirm a relationship to a deficiency in peroxisomal p-oxidation enzymes in sev-
eral different peroxisomal diseases. In addition to lipid metabolism, peroxisomes
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play a role in several non-lipid metabolic pathways, including purine, polyamine,
glyoxylate and D-amino acid metabolism as wells as reactive oxygen metabolism.
Recently, it is suggested that peroxisomes are multifunctional organelles that inter-
act with other organelles in various metabolic and signaling pathways.

Concerning proliferation of peroxisomes and their function, it must be pointed
out that the peroxisome proliferator-activated receptor (PPAR) was discovered in
1990 (Issemann and Green 1990). PPAR is a general transcriptional regulator of
lipid homeostasis, and several hypolipidemic and antidiabetic agents have been
shown to be effective ligands. PPAR« is known to be able to control not only per-
oxisomal metabolism, but also lipid homeostasis (Vamecq et al. 2014).

1.3 Biogenesis of the Peroxisome

In the early days of this research when microbodies were first found in the rat liver,
they were thought to be precursors of mitochondria based on morphological obser-
vations in the course of liver regeneration and under various pathological conditions
(Bernhard and Rouiller 1956). In the 1960-1970s, peroxisomes were thought to be
formed from the endoplasmic reticulum (ER), since peroxisomes often appeared in
clusters surrounded by a smooth ER and seemed to be continuous in a number of
places with the ER (Novikoff and Novikoff 1972). A pulse-chase study of catalase
in the rat liver showed that labeled-catalase appeared first in the ER fraction and
then was transported to the mitochondrial fraction (Higashi and Peters Jr. 1963),
although peroxisomes had not yet been identified in tissues.

In the 1980s, it was demonstrated that many peroxisomal proteins, including
membrane proteins, are synthesized on free polysomes. In vitro import studies
were developed and showed that newly synthesized peroxisomal matrix proteins
were directly transported into peroxisomes. We demonstrated that acyl-CoA oxi-
dase, a peroxisomal matrix protein, was imported into purified rat liver peroxi-
somes and that the import required ATP hydrolysis, but not a change in the
membrane potential (Imanaka et al. 1987). In addition, in 1987 Gould, a postgradu-
ate student in the Subramani laboratory at the University of California (San Diego),
showed a peroxisome targeting signal in the COOH-terminal 12 amino acids of
firefly luciferase by the transfection of the cDNA in CV-1 monkey cells (the lucif-
erase is present in peroxisome-like organelles in the cells of the firefly lantern
organ) (Gould et al. 1987). He subsequently showed that the COOH-terminal
amino acids Ser-Lys-Leu (SKL) were sufficient for the targeting of the protein to
peroxisomes (Gould et al. 1988). At the time, it had become generally accepted that
peroxisomes could form by growth and division from pre-existing organelles, like
mitochondria (Lazarow and Fujiki 1985).

By the end of the 1980s, a search for the genes involved in peroxisome biogenesis
had been initiated. Erdman in Prof. Kunau’s laboratory at Ruhr-University in
Germany isolated mutants of the yeast Saccharomyces cerevisiae that affected per-
oxisomal assembly (pas mutations) (Erdmann et al. 1989). The mutants were isolated
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based on the characteristics of the cells that were not able to grow on oleic acid as the
sole carbon source. Subsequently, he isolated the PAS/ gene required for peroxisome
biogenesis. Interestingly, Pas1p is a member of the ATPases associated with diverse
cellular activities (AAA) -ATPase (Erdmann et al. 1991). On the other hand, Fujiki
and his colleagues in Meiji Institute of Life Science at that time isolated mutant CHO
cells defective in peroxisome assembly by screening cells with dihydroxyacetone
phosphate acyltransferase deficiency (Tsukamoto et al. 1990). They isolated a per-
oxisome assembly factor (PAF) gene encoding a peroxisomal membrane protein
(PMP) that restored peroxisome biogenesis (Tsukamoto et al. 1991). Subsequently,
many genes involved in the biogenesis of peroxisomes have been identified in differ-
ent yeast strains and given names such as PER, PAY, and PEM. As the names became
confusing in the course of multiple descriptions of the same gene in different species,
the names were unified in 1996 as the gene “PEX” and the protein peroxin, ‘“Pexp”
for short (Distel et al. 1996). The genes are numbered according to the order in which
they were identified.

During this time, it was shown that peroxisomes were not detected in cells with
a mutation in either the PEX3 or PEX19 gene, and peroxisomes reappeared upon
transfection with a normal cDNA of PEX3 or PEX19, respectively. Furthermore,
the newly synthesized Pex3p was shown to be inserted into ER membranes. Based
on these observations, it is considered most likely at present that peroxisomes are
ER-derived organelles in mammals (Agrawal and Subramani 2016), although there
is a suggestion that pre-peroxisomes are formed by the fusion of vesicles derived
from the ER and mitochondrial outer membranes (Sugiura et al. 2017). The bio-
synthesis of peroxisomes in mammals is proposed to involve three different pro-
cesses, i.e. budding of pre-peroxisomes from the ER and the import of PMPs and
matrix proteins into the pre-peroxisomes and peroxisomes, growth into mature
peroxisomes and ultimately, division/proliferation (Fig. 1.3). However, it should be
note that when peroxisomes already exist, newly synthesized PMPs are directly
transported to peroxisomes.

In retrospect, a peroxisome biogenesis model was proposed based on the experi-
mental results obtained by the latest technology of that time, and then the model was
reevaluated and revised based on new evidence obtained by subsequently emerging
technology. Tracing the evolving history of the developing conceptualization of the
biogenesis of the peroxisome is considerable interest. The idea of where the peroxi-
some originates goes back to the ER hypothesis from over half a century ago. It is
known that many of the so-called peroxins encoded by the PEX genes are involved
in peroxisome biogenesis. To date, 36 peroxins have been identified. Currently, it is
important to analyze the sites that newly synthesized endogenous Pex3p or Pex16p,
which initiate de novo peroxisome biogenesis, target in cells completely lacking
peroxisome remnants.
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Free polysome

Pex19p . o
PMP Matrix protein import
Pex3p / \
budding fusion
—_— —
Pex16p
f:% Peroxisome
ER Pre-peroxisome

Fig. 1.3 Biogenesis of the peroxisome. A pre-peroxisome containing Pex3p and Pex16p buds
from the ER. Newly synthesized PMP and matrix proteins are post-translationally imported into
the pre-peroxisome. After fusion of the pre-peroxisomes, a mature peroxisome is formed. The
number of peroxisomes increases by division. (Figure from Imanaka 2018 with the permission of
the Pharmaceutical Society of Japan)

1.4 Peroxisomal Diseases

The peroxisomal diseases comprise a congenital metabolic disorder and muta-
tion of the genes encoding peroxisomal proteins and/or proteins involved in per-
oxisome biogenesis results in a variety of human diseases. These diseases are
generally classified into two groups: peroxisome biogenesis disorders (PBDs)
and single peroxisomal enzyme deficiency disorders (Wanders et al. 2017).

Concerning the PBDs, Bowen first described Zellweger syndrome as
Zellweger’s cerebro-hepato-renal syndrome in 1964 (Bowen et al. 1964). As
mentioned above, Goldfischer discovered that peroxisomes were absent from tis-
sues in Zellweger’s patients (Goldfischer et al. 1973). Initially, the importance of
this finding was not well recognized. However, the syndrome came into the spot-
light as a specific inheritable metabolic disease with a defect in organelle assem-
bly through the emerging understanding of the metabolic importance of
peroxisomes. In addition, as clinically similar but less severe phenotypes, neona-
tal adrenoleukodystrophy (Scotto et al. 1982) and infantile Refsum disease were
reported (Ulrich et al. 1978). As another phenotype, rhizomelic chondrodysplasia
punctata (RCDP) was reported by Spranger et al. in 1971 (Spranger et al. 1971).
PCDP is clinically characterized by proximal shortening of the limbs and multi-
ple punctuate epiphyseal calcifications.

These diseases were first described in the past, before the biochemical and
molecular bases of this disease spectrum were fully determined. During discovery
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of the PEX genes, intensive investigation to identify the genes responsible for PBDs
was undertaken. Shimozawa in 1992 first identified a point mutation in the PAF]
(PEX2) gene in a patient that resulted in the premature termination of Pex2p
(Shimozawa et al. 1992). Then many mutated genes were identified in Zellweger
syndrome and surprisingly, in the case of RCDP, mutations of PEX7 gene was inde-
pendently reported by three different laboratories in the same issue of Nature
Genetics (Braverman et al. 1997; Motley et al. 1997; Purdue et al. 1997).

The diseases due to single peroxisomal enzyme deficiency include defects in
peroxisomal matrix enzymes as well as PMPs. Based on the discovery of metabolic
pathways in peroxisomes, such as B-oxidation of VLCFA and branched chain of
fatty acids, as well as the biosynthesis of ether-phospholipids and bile acids, many
peroxisome diseases with a single enzyme deficiency have been discovered. Some
of these diseases were described in the past and later the responsible proteins or
genes were identified. The clinical phenotypes of single peroxisomal enzyme defi-
ciency depend upon the specific function of a given protein in peroxisomal metabo-
lism. These include mutation of the ABC transporters, ABCD1 and ABCD3, the
enzymes involved in B or a-oxidation, ether-phospholipid synthesis, glyoxylate
detoxification, and catalase (Wanders et al. 2017).

Among the cases of peroxisomal enzyme deficiency, X-linked adrenoleukodys-
trophy (X-ALD) is the most common peroxisomal disease caused by mutations in
the ABCDI gene. The affected patients display progressive demyelination of the
central nervous system (CNS), adrenal insufficiency, and testicular dysfunction as
pathological characteristics. According to the literature (Engelen et al. 2012;
Trompier and Savary 2013), in 1897 Heubner first described a young boy with rap-
idly progressive neurologic deterioration consistent with X-ALD who had “diffuse
sclerosis” on autopsy. In 1970, the name adrenoleukodystrophy was proposed and
the condition ultimately came to be known as X-ALD (Blaw 1970). In 1976,
Igarashi established the biochemical basis for X-ALD by showing VLCFA accumu-
lation in the brain and adrenal glands of patients (Igarashi et al. 1976). In 1993,
Aubourg and his colleagues identified the ALD (ABCD1) gene by positional cloning
as the gene in which mutations are responsible for X-ALD (Mosser et al. 1993). As
the VLCFA-CoA synthetase gene had been suspected to be associated with X-ALD
at that time, it was surprising that the responsible protein was this transporter.

The indispensable role of peroxisomes in human health and development is
evidenced by the existence of a large number of inborn errors of peroxisome
assembly and peroxisomal metabolism. At present, 23 genetic diseases caused by
the mutation of 32 genes are classified as peroxisomal diseases. With regard to
these peroxisomal diseases, many genes have been identified and an understanding
of their pathogenesis is as yet still a work in progress. However, many of these
diseases are severe, so progress is urgently required. At present, therapeutic
approaches to X-ALD are under investigation. I hope in the near future therapeutic
protocols for X-ALD will become established and serve as a model approach to
other peroxisomal diseases.

Additionally, glyoxysomes, glycosomes and Woronin bodies are known to be
organelles related to the peroxisomes. They are formed by the same mechanism as
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peroxisomes and carry out specific functions in different species. Glyoxysomes, as
mentioned above, include fatty acid f-oxidation and glyoxylate cycle enzymes, and
are involved in plant germination (Graham 2008). The glycosomes, a protozoan
microbody-like organelle, were discovered in Trypanosome brucei by Opperdoes
and Borst in 1977 (Opperdoes and Borst 1977). Glycosomes possess glycolytic
enzymes but no catalase, and play an important role in survival of protozoans in the
host animal blood stream, including humans (Haanstra et al. 2016). The Woronin
bodies in ascomycete fungi contain the structural protein, hexagonal peroxisome
protein (Hex1). The hyphal cells are separated by perforated septa and by Woronin
bodies. They seal the pore to protect the remaining cells when extensive wound-
induced damage occurs (Steinberg et al. 2017). This chapter was written based on
the review article (Imanaka 2019).
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Chapter 2 )
Peroxisome Biogenesis b

Kosuke Kawaguchi and Tsuneo Imanaka

Abstract It is considered most likely at present that peroxisomes are endoplasmic
reticulum (ER)-derived organelles. The biosynthesis of peroxisomes in mammals
involves three different processes, the formation of the pre-peroxisome from the
ER, the import of the peroxisomal membrane and matrix proteins to the pre-
peroxisome, and the growth and division of the peroxisome. Very recently a new
process was reported, i.e. that pre-peroxisomes are formed by the fusion of vesicles
derived from the ER and outer mitochondrial membranes. Based on recent findings,
we discuss where the pre-peroxisomes are formed and become organized into
mature peroxisomes. It is known that many proteins, called “peroxins”, are encoded
by PEX genes and involved in peroxisome biogenesis, including the targeting of
peroxisomal matrix and membrane proteins. To date, 36 peroxins have been identi-
fied. Here, recent progress in the mechanisms by which peroxisomal matrix and
membrane proteins are targeted to the peroxisome are discussed. In addition, the
selective targeting of ATP-binding cassette (ABC) transporter subfamily D to per-
oxisomes as well as lysosomes is also covered.
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PPV Pre-peroxisomal vesicle
PTS Peroxisomal targeting signal
TA Tail-anchored

VLCFA  Very long chain fatty acid

2.1 Introduction

Peroxisomes are single-membrane bound organelles that are ubiquitous in almost
all eukaryotic cells. These organelles are involved in a variety of metabolic pro-
cesses, including the p-oxidation of fatty acids, especially very long chain fatty
acids (VLCFA), and, in mammals, the synthesis of ether-phospholipids and bile
acids (Waterham et al. 2016; Honsho and Fujiki 2017; Walker et al. 2018). Early
studies suggested that peroxisomes, like mitochondria and chloroplasts, are autono-
mous organelles exclusively derived from the growth and division of pre-existing
peroxisomes, because peroxisomal matrix and membrane proteins had been shown
to be synthesized on cytosolic free polysomes and imported to pre-existing peroxi-
somes (de Duve 1982; Lazarow and Fujiki 1985). However, it was subsequently
found that there are no peroxisomes in certain mutant cells lacking the proteins
required for peroxisome biogenesis, and peroxisomes appear in these cells upon the
introduction of the genes responsible for peroxisome biogenesis (Hohfeld et al.
1991; Wiemer et al. 1996). These findings indicate that peroxisome biogenesis
occurs de novo. Furthermore, it has been shown that endoplasmic reticulum (ER) is
involved in de novo peroxisome biogenesis in Saccharomyces cerevisiae as well as
mammals (Tabak et al. 2003; Hoepfner et al. 2005).

It is currently thought that peroxisomes arise de novo from the ER as pre-
peroxisome vesicles. During the fusion of these vesicles as well as the post-
translational transport of peroxisomal membrane and matrix proteins,
pre-peroxisomes grow into mature peroxisomes and divide in two. However, it
should be note that when peroxisomes already exist, newly synthesized peroxisomal
membrane proteins (PMPs) are directly transported to peroxisomes, as in a “growth
and division” model.

The proteins involved in peroxisome biogenesis are known as peroxins, referred
to as PEX or Pex proteins in mammals and yeast, respectively (Fujiki 2016; Farre
et al. 2019), and 36 peroxins are presently identified across a variety of species
(Table 2.1). Most of these peroxins are essential for the import of peroxisomal
matrix proteins, and the rest are involved in the sorting of PMPs and peroxisome
proliferation.

Among the PMPs, ATP-binding cassette (ABC) transporter subfamily D exists
on peroxisomal membranes. ABCDI1-4 belong to subfamily D in mammals and
ABCD3 is one of the major components of the mammalian peroxisome (Imanaka
etal. 1999). ABCD1-3 are involved in the transport of the various fatty acids includ-
ing VLCFA, branched chain fatty acids and bile acid intermediates, and di- and tri-
hydroxycholestanoyl-CoA (DHCA and THCA) for p-oxidation (see Chap. 4). The
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Table 2.1 List of peroxins
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Peroxin

Property

Identified in

Mammal

Yeast
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Pex1p

AAA-ATPase complex

Pex2p

Ubiquitin ligase (E3), RING-subcomplex

Pex3p

Membrane anchor of Pex19p

Pex4p

Ubiquitin conjugating enzyme (E2)

Pex5p

PTS1-receptor, PTS2-co-receptor

Pex6p

AAA-ATPase complex

Pex7p

PTS2-receptor

O 00| 0O

Pex8p

might be involved in cargo release

Pex9p

PTS1-receptor under a strictly defined growth condition

®

Pex10p

Ubiquitin ligase (E3), RING-subcomplex

Pex11p

Membrane elongation, recruits the fission machinery

Pex12p

Ubiquitin ligase (E3), RING-subcomplex

Pex13p

PTS-receptor docking complex at the peroxisomal membrane

Pex14p

PTS-receptor docking complex at the peroxisomal membrane

Pex15p

Membrane anchor of AAA-ATPase complex

®

Pex16p

RecruitsPMPs into ER

O 0000

O] OO0 ool

Pex17p

PTS-receptor docking complex at the peroxisomal membrane

Pex18p

PTS2-co-receptor

Pex19p

Chaperon and receptor of PMPs

Pex20p

PTS2-co-receptor

Pex21p

PTS2-co-receptor

Pex22p

Subcomplex of ubiquitin conjugating enzyme (E2)

Pex23p

Comprise a family of dysferlin domain-containing peroxin

Pex24p

Required for peroxisome assembly

Pex25p

Membrane elongation, recruits the fission machinery

Pex26p

Membrane anchor of AAA-ATPase complex

O] Ol0o] ©O

Pex27p

Negatively affects fission

Pex28p

Controlsperoxisome size and proliferation

Pex29p

Forms ER subdomain for PPV exit site

Pex30p

Forms ER subdomain for PPV exit site

Pex31p

Forms ER subdomain for PPV exit site

QQoQQQoooooQRroQLoQoQoooooQoooooooo

a

Pex32p

Controls peroxisome size and number

Q

Pex33p

PTS-receptor docking complex at the peroxisomal membrane

Pex34p

Functional ortholog of mammalian Pex16p

Pex35p

Regulates peroxisome size and abundance

Pex36p

Functional ortholog of mammalian Pex16p

Identified in 3Saccharomyces cerevisiae, *Yarrowia lipolytica or *°Komagataella phaffii

ABCD1-3 are targeted to peroxisomes in a Pex19p-dependent manner. In contrast,
ABCD4 is targeted to lysosomes via the ER since ABCD4 lacks a domain for the
interaction of Pex19p, and is co-translationally inserted into the ER membrane. We
discuss the organelle selective translocation of ABCD1-4.
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This chapter will focus on the formation of the pre-peroxisome from the ER, the
targeting of peroxisomal matrix and membrane proteins, and the detailed mecha-
nisms underlying the targeting of ABCD proteins to peroxisomes.

2.2 The Location Where the Pre-peroxisomes Are Formed
and How They Mature into Peroxisomes

Since the discovery of peroxisomes, their biogenesis has been much debated. An ER
origin of the peroxisome was initially proposed based on electron microscopy stud-
ies in mammalian cells (Novikoff and Novikoff 1972), as well as subcellular frac-
tionation studies in plants (Gonzalez and Beevers 1976). Subsequently, it was
revealed that PMPs are synthesized on free polysomes in the cytosol and post-
translationally inserted into the peroxisomal membrane (Fujiki et al. 1984; Suzuki
et al. 1987; Imanaka et al. 1996). Therefore, peroxisomes came to be considered as
autonomous organelles that arise exclusively by the growth and division of pre-
existing peroxisomes (Lazarow and Fujiki 1985).

In the process of a characterization of mammalian cells having a PEX gene muta-
tion, it was revealed that peroxisomes were not detected in cells with a mutation in
either the PEX3 or PEXI9 gene, later the PEXI6 gene, and that peroxisomes
appeared upon transfection with a normal cDNA of these genes. It is difficult to
explain this observation from the growth and division model. Furthermore, the
newly synthesized Pex3p was shown to be inserted into the ER membranes in mam-
mals and S. cerevisiae. It is considered most likely at present that peroxisomes are
ER-derived organelles. Three peroxins, Pex3p, Pex19p, and Pex16p, play a critical
role in peroxisome membrane biogenesis in mammals. The functional orthologs of
Pex16p are Pex34p and Pex36p in S. cerevisiae and Komagataella phaffii (formerly
called Pichia pastoris), respectively. The steps for de novo peroxisome formation
are described below (Fig. 2.1).

2.2.1 |Insertion of PMPs into the ER Membrane and Their
Sorting to the Specific Domain

Not only Pex3p and Pex16p, but also several PMPs, transit to peroxisomes via the
ER, and the pathway is conserved across species from yeast to mammals (Elgersma
et al. 1997; Titorenko and Rachubinski 1998; Lisenbee et al. 2003; Karnik and
Trelease 2005; Kragt et al. 2005; Kim et al. 2006; van der Zand et al. 2010; Schrul
and Kopito 2016). For protein targeting to and insertion into the ER, two pathways
are highly conserved. One is the classical co-translational pathway, utilized by most
membrane proteins, involving targeting by the signal recognition particle (SRP) fol-
lowed by insertion via the Sec61 translocon (Rapoport 2007). The other is post-
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Fig. 2.1 Schematic representation of de novo peroxisome biogenesis in mammalian cells. The
targeting of mammalian Pex16p to the ER was co-translational but not in a Pex3p- and Pex19p-
dependent manner. In contrast, Pex3p requires Pex16p for ER sorting. After the insertion of PMPs
into the ER, the PMPs must to be sorted to specific sites in the ER where pre-peroxisomal vesicles
(PPVs) exit. Then the ER-derived PPVs might be fused with the mitochondria-derived PPVs. Pre-
peroxisomes are post-translationally received PMPs and matrix proteins that become mature per-
oxisomes. The peroxisomes are then divided into two peroxisomes through elongation, constriction,
and scission

translational insertion of tail-anchored (TA) proteins mediated by cytosolic receptor
proteins, Get3 in yeast and ASNA-1/TRC40 in mammals (Borgese and Fasana
2011; Hegde and Keenan 2011).

The first direct evidence for involvement of the ER in peroxisome biogenesis was
shown in Yarrowia lipolytica without any overexpression of PMPs (Titorenko and
Rachubinski 1998). Two peroxins, Pex2p and Pex16p, were shown to be delivered
to peroxisomes via the ER depending on Srp54p, a subunit of SRP. In mammalian
cells, Pex16p expressed at endogenous levels is located mostly on peroxisomes.
However, when expressed in Pex16p-deficient cells lacking peroxisomes, Pex16p
localizes to the ER (Kim et al. 2006). The targeting of mammalian Pex16p to the ER
was co-translational, similar to Pex3p, and in a SRP-dependent but not Pex3p- or
Pex19p-dependent manner. Meanwhile Pex3p itself requires Pex16p for ER sorting
(Aranovich et al. 2014). In S. cerevisiae, Pex3p, Pex8p, Pex13p and Pex14p were
inserted into the ER in a Sec61 complex dependent manner (van der Zand et al.
2010; Thoms et al. 2012).

The trafficking of TA-PMPs via the ER is not consistent in yeast and mammalian
cells. In S. cerevisiae, a TA peroxin, Pex15p, interacts with Get3 and is then
inserted into the ER before it is finally translocated to the peroxisomes. Pex15p
requires the Get3 complex, since Pex15p mis-localizes to the mitochondria in its
absence (Schuldiner et al. 2008). In contrast to yeast, the TA peroxin Pex26p, the
mammalian functional ortholog of yeast Pex15p, does not require ASNA-1 for per-
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oxisomal targeting, but rather is directly transported to peroxisomes in a manner
dependent on Pex19p, a peroxin responsible for the targeting of PMPs to peroxi-
somes (see below) (Yagita et al. 2013).

After the insertion of PMPs into the ER, they must to be sorted to specific ER
sites where pre-peroxisomal vesicles (PPVs) exit. The signals required for the ER
insertion and for intra-ER sorting have been characterized in detail in yeast Pex3p
(Fakieh et al. 2013). The NH,-terminal 17-amino acid region, conserved in its
human and Drosophila homologs, has two signals that are each sufficient for sorting
to the exit site. Two other types of intra-ER sorting of PMPs to the exit site have
been revealed in K. phaffii (Agrawal et al. 2016, 2017). One is Pex3p- and Pex19p-
independent sorting with the docking subcomplex proteins (Pex13p, Pex14p and
Pex17p), and Pex3p. The other is Pex3p and Pex19p dependent sorting of RING
(really interesting new gene) domain PMPs (Pex2p, Pex10p and Pex12p), and
Pex11py. In mammalian cells, Pex16p is essential for the Pex19p-independent
recruitment of both Pex3p and Pmp34p to the ER or for their intra-ER sorting (Hua
et al. 2015). Mutational analysis of Pex16p identified the molecular targeting sig-
nals involved in its ER-to-peroxisome trafficking and the domain essential for PMP
recruitment at the ER. The specific domain (AA.66—103) and adjacent transmem-
brane region are necessary for PMP recruitment at the ER, and a separate region
(AA.71-81) serves as the ER-to-peroxisome signal.

2.2.2 Budding and Fusion of PPV

Little is known about the PPV exit site, but it seems to be a stable ER subdomain
like the ER exit site. In S. cerevisiae, Pex30p and its paralog, Pex31p, were shown
to be enriched in ER subdomains that serve as the PPV exit site (Joshi et al. 2016).
Moreover, PPVs and even lipid droplets (LDs) bud from similar ER domains
through a process requiring cooperation between Pex30p and seipin, a widely con-
served protein frequently mutated in familial forms of lipodystrophy. Simultaneous
deletion of these components significantly inhibits the budding of PPVs and LDs,
indicating their partially redundant roles in organelle biogenesis (Joshi et al. 2018).
Many other proteins, such as secretory proteins, ESCRT-III proteins, Pex19p and
Pex29p in yeast (Titorenko and Rachubinski 1998; Perry et al. 2009; Agrawal et al.
2011; Mast et al. 2016, 2018), and Sec16B in mammals (Tani et al. 2011; Yonekawa
etal. 2011), are implicated in PPV budding.

It is particularly important that peroxisomal matrix protein import should not
occur into PPV buds while PMPs reside in the ER. This requirement appears to be
met be segregating PMPs into distinct ER-derived PPVs (Agrawal et al. 2016; van
der Zand et al. 2012). In S. cerevisiae, one type of PPV contains the docking sub-
complex (Pex13p, Pex14p and Pex17p), while the other has components of the
RING-subcomplex (Pex2p, Pex10p and Pex12p) (van der Zand et al. 2012). It was
shown in K. phaffii that one PPV contains, in addition to the docking complex, the
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PMPs, Pex3p and two RING proteins, Pex10p and Pex12p, whereas the other con-
tains Pex2p, Pex3p 