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Chapterr  1 

Generall  introduction 

1.11.1 The peroxisome: Discovery, definition, and relationship to other microbodies 

Inn 1954 Rhodin observed small structure in 
thee cytoplasm of mouse proximal kidney 
tubules.. These structures consisted of a 
singlee membrane enclosing a granular 
matrix,, which he named microbodies. 
Systematicc differential and density gradient 
centrifugationn experiments by De Duve et 
al,al, (1966) led to the identification of a new 
organellee containing D-amino acid oxidase, 
glycolatee oxidase and catalase activity, 
whichh led to the name peroxisome. Studies 
off  Baudhuin et al, 1965 revealed that these 
organelless were the biochemical equivalents 
off  the microbodies observed by Rhodin 
(1954).. Peroxisomes, glycosomes and gly-
oxysomess are considered to belong to a 
singlee family of related organelles called the 
microbodyy family. Glyoxysomes were first 
describedd by Breidenbach and Beevers in 
19677 in germinating castor bean seedlings 
andd shown to harbour two key enzymes of 
thee glyoxylate cycle, malate syntiiase and 
isocitratee lyase respectively. The glyoxylate 
cyclee enables plants to convert stored fat 
intoo carbohydrates (Beevers, 1969). 
Glyoxysomess were also found to contain 
certainn H202-producing oxidases and 
catalasee as well as a complete (3-oxidation 
systemm thereby marking them as peroxi-
somess (Cooper and Beevers, 1969). 
Glycosomess were discovered by Opperdoes 
andd Borst (1977a) in Trypanosomes and 
shownn to contain seven glycolytic enzymes 
inn addition to enzymes involved in diverse 
pathwayss such as glycerol metabolism, 
pyrimidinee biosynthesis, carbon dioxide 
fixationn and purine salvage (Opperdoes, 
1987).. In general glycosomes in Trypano-
somessomes lack the peroxisomal marker enzyme 

catalase,, but catalase has been found in 
glycosomess from related organisms like 
LeptomonasLeptomonas samueli, belonging to the same 
familyy of Trypanosomatidae (Opperdoes et 
al,al, 1977b). Similar to peroxisomes in other 
organisms,, glycosomes harbour enzymes of 
thee ether-phospholipid biosynthetic pathway 
(Opperdoes,, 1984) like alkyl DHAP 
synthasee (Zomer et al, 1995). Moreover the 
enzymess acyl-CoA synthase and 3-
hydroxybutyryl-CoAA dehydrogenase (Wie-
merr et al, 1996) involved in the ^-oxidation 
off  fatty acids were found to be associated 
withh glycosomes. 
AA common evolutionary origin for the 
microbodyy family of organelles finds 
supportt in the fact that the biogenesis of 
peroxisomes,, glycosomes and glyoxysomes 
followss a common principle involving 
closelyy related targeting signals directing 
proteinss to their destination (Gould et al, 
1990;; Keller et al, 1991). A human cell 
containss anywhere from under a hundred to 
moree man thousand peroxisomes. Their 
abundancee and size (0.1-1.5 urn in diameter) 
cann vary in response to environmental 
conditions.. The biochemical functions they 
performm vary between cell type and species. 
Peroxisomess are normally spherical, al-
thoughh they may also appear as elongated, 
tubularr and reticular structures. 
AA generally accepted definition of a 
peroxisomee is: An organelle bounded by a 
singlee membrane and housing the enzymes 
involvedd in fatty acid oxidation and catalase. 
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Figur ee 1 A model for PTS1 and PTS2 import showing Pex5p and Pex7p shuttling between the cytosol 
andd peroxisomes. The PTS1 and PTS2 receptor, Pex5p and Pex7p, binds to the PTS1 and PTS2 
proteinn in the cytoplasm. The receptor-protein complex then docks on a membrane-bound peroxin 
complex,, comprising at least Pex13p, Pex14p, and Pex17p. The receptor-protein complexes 
translocatess across the peroxisomal membrane. Through an entirely uncharacterized transport 
apparatus.. One possibility is shown: translocation may occure through a channel formed by some or 
allall of the zinc-binding proteins, Pex2p, Pex10p, and Pex12p. Inside the matrix, but close to the 
membrane,, the PTS2 protein-targeting signal is cleaved off. Pex5p and Pex7p are recycled out of the 
peroxisome,, perhaps through the zinc-binding proteins or another unidentified export complex, for 
subsequentt rounds of matrix protein binding and import (Johnson and Olsen, 2001). 
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1.21.2 Peroxisomal biogenesis 

Inn recent years much has been learned about 
thee mechanisms of peroxisome biogenesis: A 
processs that involves at least 23 proteins, 
alternativelyy called peroxines (Table 1). 
Earlyy studies suggested that peroxisomes are 
formedd by budding off from the endoplasmic 
reticulumm (Novikoff et al, 1964). This concept 
wass later abandoned leading to the generally 
acceptedd "growth and division' model of 
Lazaroww and Fujiki (1985). According to this 
model,, new peroxisomes arise exclusively by 
buddingg and fission of pre-existing ones. This 
modell  predicted the existence of peroxisomal 
targetingg signals and of a molecular machinery 
thatt recognised these sorting signals to direct 
appropriatee proteins to the peroxisomal 
membranee followed by their transport across 
thee peroxisomal membrane (fig 1). 

1.2.11.2.1 Matrix protein import 

TwoTwo distinct peroxisomal targeting signals 
havee been identified. The first signal 
designatedd PTS1 (Gould et al, 1989; Elgersma 
etet al, 1996) is an evolutionarily conserved C-
terminall  tripeptide of the sequence serine-
lysine-leucinee or a conserved variant thereof 
whichh still maintains the ability to target 
proteinss to the peroxisomal matrix. These 
includee Ala, Cys, Pro, His, or Lys replacing Ser 
att the -3 position; Arg, His, Asn, or Gin 
replacingg the Lys at the -2 position; and Met, 
Phe,, or lie replacing the Leu at the -1 position. 
However,, the efficiency of these substitutions 
mayy vary greatly among species (Lamet-
schwandtnerr et al, 1998). In addition there 
mayy be additional elements within the protein 
thatt allow some of these substitutions to act as 
functionall  peroxisomal targeting signals. 
AA few matrix proteins do not carry a PTS1, but 
insteadd utilize the type 2 peroxisomal targeting 
signal,, or PTS2 (Osumi et al, 1991). The PTS2 
iss a nonapeptide sequence located near the N-
terminuss (R/K)(L/V/I)X5(H/QXL/A) . 

Althoughh there are two distinct peroxisomal 
matrixx protein targeting signals, most cell lines 
deficientt in matrix protein import are deficient 
inn both PTS1- and PTS2-mediated import. This 
indicatess that the two pathways merge at a very 
earlyy stage of the import process. 
Usingg different yeast species as model system 
thee import receptors Pex5p and Pex7p have 
beenn identified. The Pex5p gene has been 
clonedd from the yeasts S. cerevisiae, P. 
pastoris,pastoris, H. polymorpha and Y. lipolytica by 
complementationn of the corresponding pex5 
mutantss (McCollum et al, 1993; Van der Leij 
etet al, 1993; Szilard et al, 1995; Van der Klei 
etet al, 1997). 
Studiess of Pex5p in a patient with a mutation in 
thee PexlO gene, were the first to show that the 
PTS11 receptor is a predominantly cytoplasmic, 
partlyy peroxisomal protein (review Hettema 
andd Tabak, 1999). A partly peroxisomal 
localisationn of Pex5p has also been reported in 
H.H. polymorpha Apex4 mutant cells. Recent data 
off  Dammai and Subramani, 2001 show that 
Pex5pp is translocated into the peroxisomal 
matrixx and reclycled to the cytosol. Studies on 
S.S. cerevisiae Pex7p (Marzioch et al, 1994; 
Zhangg and Lazarow, 1995) have provided 
evidencee that the PTS2-receptor is also 
predominantlyy cytoplasmic and, in part 
peroxisomall  (fig 1). The receptor-cargo 
complexess then dock at the peroxisomal 
membrane.. Pexl3p, Pexl4p and Pexl7p play a 
majorr role in this docking process (review 
Erdmann,, 1997; Subramani, 1998). Recent 
experimentss in H. polymorpha show that 
Pexl4pp is partially phosphorylated on Ser/Thr 
residuess (Komori et al, 1997). These results 
suggestt that certain interactions between 
peroxinss may be regulated by protein 
modification.. After docking on the Pexl3p 
/Pexl4p/Pexl7pp complex, the receptor/cargo 
complexx will dissociate facing the peroxisomal 
lumen.. The receptor-PTSl/PTS2-protein com-
plexess will be translocated across the peroxi-
somall  membrane, together with there cycling 
off  the receptor to the cytosol (Fig. 1). 
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Changg et al, 1997 found that Pexl2p interacts 
withh Pex5p and PexlOp via its COOH-terminal 
zinc-bindingg domain, that these interactions are 
biologicallyy significant, and that Pexl2p and 
PexlOpp participate in an aspect of peroxisomal 
matrixx import that occurs downstream of 
receptorr docking. The other member of this 
PTSS import cascade is Pex4p, located at the 
peroxisomall  periphery and anchored by 
Pex22p.. Pex4p-Pex22p interaction can function 
ass a complex that regulates the proper 
assemblyy and/or correct stoichiometry of 
proteinn import complexes at the peroxisomal 
membranee (Roller et al, 1999). However, the 
mostt unexpected observation from studies 
(Gouldd et al, 2000) on cells from patients with 
aa defect in peroxisomal biogenesis (PBD; 
Tablee 2) was that Pexlp and Pex6p parcipitate 
inn peroxisomal matrix protein import. Pexlp 
andd Pex6p encode a pair of interacting AAA-
ATPases.. Mutations in these genes account for 
diseasee in approximately 80% of PBD patients 
(Gouldd et al, 2000). Some studies in yeast 
havee suggested that Pexlp and Pex6p are 
requiredd for peroxisomal membrane 
biogenesis,, possibly in some membrane fusion 
eventt involving vesicles derived from the ER 
(Subramanii  et al, 2000). In human fibroblasts 
thee diameter of peroxisomes is 100-250 nm 
whereass peroxisomes of Pexlp-deficient and 
Pex6p-deficientt human fibroblasts have a 
diameterr two to four times larger than those of 
wild-typee cells. Furthermore absence of Pexlp 
orr Pex6p results in a dramatic instability of 
Pex5p,, the PTS1 receptor (Collins et al, 2000). 
Studiess on H. polymorpha Pexlp and Pex6p 
alsoo suggest a role for these peroxins in matrix 
proteinn import (Kiel et al, 1999). Finally, 
althoughh it is true that several of the initially 
identifiedd AAA-proteins were involved in 
membrane-fusionn events (Erdmann et al, 
1991),, more recent studies suggest that the 
generall  role of AAA-proteins is to facilitate the 
assembly,, organisation and disassembly of 

proteinn complexes rather than the fusion of 
membranouss vesicles (Neuwald et al, 1999). 
Otherr PMPs involved in peroxisomal matrix 
proteinn import, are Pex2p (also a zinc-binding 
ring-fingerr protein) (Subramani, 1998), Pexl5p 
(Elgersmaa et al, 1997), Pex22p (Crane et al, 
1994)) and Pex23p (Brown et al, 2000). For the 
PTS22 receptor, this cascade might also involve 
Pexl8p/Pex21pp in addition to the Pexl3p/ 
Pexl4p/pexl7pp complex (Subramani et al, 
2000). . 

1.2.21.2.2 Involvement of the ER in 
peroxisomeperoxisome biogenesis 

Recentt studies have cast doubt on the model 
proposedd by Lazarow and Fujiki (1985), in 
whichh there is no role for the endoplasmic 
reticulum.. Indeed, recent observations from 
differentt groups have shown that the ER 
probablyy does play a role in peroxisome 
biogenesis.. The evidence for this postulate 
includes:: the glycosylation and ER association 
off  Pexl5p and Pexl5p-invertase hybrid 
proteinss (Elgersma et al, 1997), the 
accumulationn of peroxisomal membrane 
proteinss in the ER in defined yeast pex mutants 
(Titerenkoo et al, 1998), and the apparent 
coatomerr involvement in peroxisome 
biogenesiss (Pexll) (Passreiter et al, 1998). 
Otherr experimental evidence by Titorenko and 
Rachubinski,, 1998 showed that at least two 
peroxinss of the yeast Yarrowa lipolytica, Pex2p 
andd Pexlóp, are first targeted to the ER, where 
theyy obtained ER-specific modifications, and 
aree subsequently sorted to peroxisomes. 
Signalss that mediate ER targeting and 
subsequentt sorting to peroxisomes have not yet 
beenn identified. 
Furthermore,, Titerenko et al, 2000 have 
providedd evidence in favor of the existence of 
subsetss of peroxisomes, which are taken to 
representt precursors in peroxisomal formation. 
Moree evidence was provided by Mullen and 
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Tablee 1 PEX genes and peroxins 
PFA' ' 
Gene e 
PEXl l 
PEX2 2 

PEX3 3 

PEX4 4 

PEX5 5 

PEX6 6 

PEX7 7 

PEX8 8 

PEX9 9 

PEXX 10 

PEX11 1 

PEXX 12 

PEXX 13 

PEXX 14 

PEXX 15 

PEXX 16 

PEXX 17 

PEXX 18 

PEXX 19 
PEX20 0 
PEX21 1 

PEX22 2 

PEX23 3 
Djplp p 

Per» » 

117-1277 kDa AAA ATPase; subcellular distribution is unknown. 
C3HC44 zinc-binding integral peroxisomal membrane protein; 
35-522 kDa. 
51-522 kDa integral peroxisomal membrane protein lacking 
similarityy to other proteins. 
Pex4p,, a peripheral peroxisomal membrane protein, is an ubiquitin-
conjugatingg enzyme, and interacts with Pex22p. 
PTS11 receptor; 64-69 kDa protein containing 8-9 tetratricopeptide 
repeats,, localized to the cytoplasm and peroxisome. 

Belongss to the AAA family of ATPases; 112-127 kDa; localized to 
cytoplasmm and peroxisome. 
PTS22 receptor; 42 kDa protein containing six WD40 repeats; 
localizedd to the cytosol and peroxisome. 

71-811 kDa peroxisome-associated protein containing a PTS 1 signal. 

422 kDa integral peroxisomal membrane protein lacking similarity to 
otherr proteins. 
C3HC4zinc-bindingg integral peroxisomal membrane protein; 
34-488 kDa. 
27-322 kDa peroxisome-associated protein involved in MCFA p-
oxidationn and peroxisome proliferation. 
488 kDa C3HC4 zinc-binding integral peroxisomal membrane 
protein. . 
SH3-containing,, 40-43 kDa integral peroxisomalmembrane protein; 
bindss the PTS1 receptor. 
388 kDa peroxisome associated protein, binds both PTS1 and PTS2 
receptorr and Pexl3p-SH3. 

444 kDa phosphorylated integral peroxisomal membrane protein, no 
homologg in other organism. 
444 kDa peripheral protein located at the matrix face of the 
peroxisomall  membrane, no homolog in other organism. 
233 kDa peroxisome associated protein, binds Pexl4p. 

666 kDa protein containing a PTS2, homology to kinases implicated 
inn thiamine biosynthesis, disruption results in abbarent peroxisome 
morphology. . 
400 kDa farnesylated protein associated with peroxisomes. 
PTS2-specificc cytosolic import factor in Y. Lipolvlica (59). 
Relatedd to Pexl8p. PTS2-specific import factor, interacts with 
Pex7pp (60). 
Essentiall  for peroxisomal matrix import in P. Pastoris, and is 
requiredd for the peroxisomal localisation of Pex4p. 
involvedd in peroxisomal matrix protein import (63). 
Involvedd in peroxisomal import; DnaJ-like protein. 

Pex6p p 
PexlOp p 

PexlOp,, pexl4p, 
pexl7p.. PexI9p 
Pex22p p 

Pex5p,, Pex7p, 
Pcx8p,, PcxlOp, 
Pexl2p,, Pexl3p, 
Pexl4p;andPTSl l 
Pexlp,, Pexl5p 

Pex5p,, Pexl3p, 
Pexl4p,, Pexl8p, 
Pex21pandPTS2 2 

Pex5p,, Pexl4p 

--
Pex2p,, Pex5p, 
Pexl2p,, Pexl9p 
Pexl lp,, Pexl9p 

Pex5p,, PexlOp, 
Pexl9p p 
Pex5p,, Pex7p, 
Pexl4p,, Pexl9p 
Pex3p,, Pex5p, 
Pex7p,, Pex8p, 
PexBp,, Pexl4p, 
Pexl7p,, Pexl9p 
Pex6p p 

Pexl9p p 

Pex3p,, Pexl4p, 
Pexl9p p 
Pex7p p 

Integrall  PMPs 
Thiolase e 
Pex7p p 

Pex4p,, Pexl9p 

--
--

ScPASll  (12); PpPASl (16);HsPEXl (51, 52) 
RnPAFll  (33); HsPAFl (29)PaCARl(2); 
PpPER66 (39); ScPAS5 
ScPAS33 (17); HpPER9 (1); ScPex3 (64) 

ScPAS2(41);PpPAS4(3) ) 

PpPAS88 (24); ScPAS10(36); HsPXRl 
(5,13,42);HpPER33 (35); HpPAH2 (27); 
Y1PAY32(31) ) 

PpPASSS (30); ScPAS8 (38); 
Y1PAY44 (25); RnPAF2(34); HsPXAAAl (43) 
ScPAS77 (23); ScPEBl (44) HsPEX7; (53, 54, 
55);;  PpPex7 (65) 

HpPERll  (40); PpPER3(20); 
ScPAS6 6 
Y1PAY22 (6) 

HpPER8(32);PpPAS7(19); ; 
ScPAS4 4 
ScPMP277 (9,22); CbPMP30 (28) 

PpPASlOO (18); ScPASl 1; 
HsPEX12(56) ) 
ScPAS200 (7); PpPAS6 (14); HsPEX13 (14) 

HpPEX14(47);ScPEX14(48) ) 

ScPAS211 (57) 

Y1PEX166 (49) 

ScPAS99 (48,58) 

HpPER66 (60) 

ScPASl22 (50) 

ScYap5p(61) ) 

ScPas22-ll  (62) 

I.. Bacrcndse.u/.. 1996. J. Biol. Chem. 271:8887-8894. 2. Berteaux-Lecellier<?ial, 1995. Cell. 81:1043-1051. 3. Crane etal, 1994. J. Biol. Chem. 269:21835-21844.4. Cregge/u/1990.Yeast. 6:87-
97.5.. Dodt era/.. 1995. Nature Genelics. 9:115-124. 6. Eitzen et al, 1995. J, Biol. Chem. 270:1429-1436. 7. Elgersma e/a/., 1996, J. Ceil Biol. 135:97-109. 8. Elgcrsma etal 1993. Genetics. 135:731-
740.. 9. Erdmannc/u/.. 1995. J. Cell Biol. 128:509-523. 10. Erdmann, R., and G. Blobel. 1996. J, Cell Biol. 135:111-121. II . Erdmann *><u/., 1989. Proc. Natl. Acad. Sci. USA. 86:5419-5423. 12. 
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Liu,, etal. 1995. J. Biol Chem. 270:10940-10951. 21. Liu et al 1992. J. Bact. 174:4943-4951, 22. Marshall et al 1995. J. Cell Biol. 129:345-355. 23. Marzioch*?/ al 1994, EMBO J. 13:4908-4918.24. 
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Treleasee (2000) by localisation and membrane 
insertionn studies of peroxisomal ascorbate 
peroxidasee (APX) in tabacco cells. Their 
resultss suggest that in plants peroxisomal APX 
iss inserted into a specialised region of the ER 
membrane,, a possible pre-peroxisomal com-
partment. . 

1.2.31.2.3 Peroxisomal Biogenesis 
Disorders Disorders 

Thee importance of peroxisomes in man is 
stressedd by the existence of a group of inherited 
diseases,, the peroxisomal disorders, in which 
theree is an impairment in one or more peroxiso-
mall  functions (Moser et al, 1991; Wanders et 
al,al, 1995a). This group of inherited diseases 
cann be subdivided into two different groups: 
thee peroxisomal biogenesis disorders (PBDs) 
andd the single peroxisomal deficiencies 
(Wanders,, 1999) (Table 2). 
Thee group of PBDs includes the cerebro-
hepatorenall  syndrome or Zellweger syndrome 
(ZS),, neonatal adrenoleukodystrophy (nALD), 
infantilee Refsum disease (IRD) and hyper-
pipecolicc acidaemia (HPA). In this group of 
patientss no morphologically identifiable 
peroxisomess are detectable, resulting from a 

defectt in peroxisomal biogenesis. Patients of 
groupp 1 show a general loss of peroxisomal 
functionss as reflected in an impaired 
peroxisomall  (3-oxidation of VLCFA, DHCA/ 
THCAA and pristanic acid, impaired phytanic 
acidd oc-oxidation, deficient ether phospholipid 
synthesis.. Clinical classification of peroxi-
somall  disorders is complicated by a broad 
spectrumm of severities. 

Groupp 2 is characterized by a deficiency of one 
orr more peroxisomal functions, but still 
morphologicallyy peroxisomes are detectable. In 
classicc Rhizomelic chondrodysplasia punctata 
(RCDP)) patients, deficiencies are found in 
plasmalogenn synthesis and phytanic acid 
degradation.. The primary defect resides in the 
importt of a small subset of peroxisomal matrix 
proteins,, all containing a type 2 peroxisomal 
targetingg signal. Classical RCDP and the 
milderr atypical RCDP patients are mutated in 
thee same gene (Heikoop et al., 1992; Motley, 
1997).. The RCDP gene, HsPEX7, was iden-
tifiedd by 3 groups of investigators at the same 
timee (Braverman et al, 1997; Motley et al, 
1996;; Purdue et al, 1997). 

Group p 

CGI I 
CG2 2 
CG3 3 
CG4 4 
CG7 7 
CG8 8 
CG9 9 
CG10 0 
CG11 1 
CG12 2 
CG13 3 
CG14 4 

PBDD patients 

ZS;NALD;IRD D 
ZS;; NALD 
ZS;NALD;IRD D 
ZS;NALD D 
ZS;NALD D 
ZS;NALD;IRD D 
ZS S 
ZS S 
RCDP P 
ZS S 
NALD D 
ZS S 

Mutated d 
gene e 
PEX1 1 
PEX5 5 
PEX12 2 
PEX6 6 
PEX10 0 
? ? 
PEX16 6 
PEX2 2 
PEX7 7 
PEX3 3 
PEX13 3 
PEX19 9 

Genee product 

143kDaAAAATPase e 

688 kDa cytosolic/peroxisomal TPR protein, PTS1 receptor 

411 kDa PMP with C-terrainal zinc-binding RING domain 

104kDaAAAATPase e 

377 kDa PMP with C-terminal zinc-binding RING domain 
? ? 

399 kDa required for PMP import 

355 kDa PMP with C-terminal zinc-binding RING domain 

366 kDa WD-40 protein: PTS2 receptor 

422 kDa PMP required for PMP import 

444 kDa PMP with C-terminal SH3 domain 

333 kDa cytosolic/peroxisomal protein required for PMP 
import;; "putative PMP receptor" 

Tablee 2. PBD patients, complementation groups, genetic defects and affected gene products 
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Despitee the wide range of biochemical 
abnormalities,, a similar clinical phenotype has 
beenn observed in patients with an isolated 
deficiencyy in plasmalogen synthesis due to 
eitherr a dihydroxyacetonephosphate acyl-trans-
ferasee or alkyldihydroxyacetone phosphate 
synthasee deficiency (Wanders et al, 2001b). 
Geneidentificationn strategies for the 
Peroxisomee Biogenesis Disorders (PBDs) have 
determinedd the molecular basis of disease in all 
knownn PBD complementation groups (CGs) 
otherr than CG8. A summary of the patients 
studiedd by Moser et al, 2000 reveals a non 
uniformm distribution of patients among the 
knownn CGs (Table 2). These include PEX1 
(Portsteffenn et al, 1997; Reuber et al, 1997); 
PEX22 (Shimozawa et al, 1992); PEX3 
(Muntauu et al, 2000); PEX5 (Dodt et al, 
1995);; PEX6 (Fukuda et al, 1996); PEX10 
(Okumotoo et al, 1998); PEX12 (Chang et al, 
1997);; PEX13(Liu et al, 1999); PEX14 (Ko-
morii  et al, 1997); PEX16 (Honsho et al 
1998);; and PEX19 (Matsuzono et al, 1999). In 
contrastt to the Zellweger spectrum of diseases, 
rhizomelicc chondrodysplasia punctata is caused 
byy mutations in PEX7, which encodes the 
PTS22 receptor (Motley et al, 1997). 

1.31.3 Metabolic functions of peroxisomes 

Itt was initially drought that the only function of 
peroxisomess was the detoxification of H2O2 
producedd by the resident oxidases (De Duve 
andd Baudhuin (1966)). In this view the 
peroxisomee was considered to be a rudimentary 
organelle,, which once had a respiratory 
functionn before a far more efficient respiratory 
organelle,, the mitochondrion, evolved (Borst, 
1983).. However it has become clear now that 
peroxisomess are involved in specific metabolic 
pathwayss and play an indispensable role in 
cellularr metabolism. The biochemistry of 
peroxisomess has been reviewed by Tolbert et 
al,al, 1981; Osmundsen et al, 1991; Schultz, 
1991;; Van den Bosch et al, 1992; Mannaerts 
andd Van Veldhoven, 1993; Reddy and 
Mannaertss 1994; Wanders et al, 1995a; Eaton 
etet al, 1995; Van der Klei and Veenhuis, 1997; 
Tabakk et al, 1999. Mammalian cells contain a 
peroxisomall  P-oxidation sytem that handles a 

broadd range of substrates including saturated 
andd unsaturated fatty acids, dicarboxylic acids, 
branched-chainn fatty acids, trihydroxy-
coprostanicc acid, prostaglandins, leukotrienes, 
andd several xenobiotics with acyl side chains. 
Inn plants and yeasts p-oxidation is restricted to 
peroxisomess whereas in mammalian cells a 
secondd p-oxidation system is present in 
mitochondriaa as discussed before. Furthermore 
peroxisomess in mammals are involved in the 
catabolismm of polyamines, purines, amino 
acids,, phytanic acid, L-pipecolic acid and 
glyoxylate.. Besides a role in catabolic 
processes,, peroxisomes play a role in anabolic 
processess such as plasmalogen synthesis, 
cholesteroll  and dolichol biosynthesis and bile 
acidd synthesis. 
Inn plants, peroxisomes participate in 
photorespirationn (Tolbert, 1981) and in Peni-
cilliumcillium chrysogenum peroxisomes play a role 
inn penicillin synthesis (Muller et al, 1991). 
Thee characteristics of the mammalian 
peroxisomall  p-oxidation and a-oxidation 
systemm will be described in the next paragraph. 

22 Fatty acid ̂ -oxidation in humans 

Inn 1904 Knoop et al observed that rabbits fed 
ann even-numbered carbon atom fatty acid 
labeledd with a phenyl group at the omegaend 
excretedd urinary phenylacetic acid, regardless 
off  the length of the carbon chain of the acid. 
Onn the other hand, when phenyl-derivatives of 
odd-carbonn fatty acids were fed, benzoic acid 
wass excreted. These results suggested that 
phenyl-fattyy acids are degraded by die removal 
off  successive two-carbon fragments starting 
fromfrom the carboxyl end. In 1948 Kennedy and 
Lehningerr showed that the oxidation of fatty 
acidss occurs in the mitochondria. During the 
lastt decades it became clear that next to 
mitochondriaa peroxisomes also play an 
importantt role in the p-oxidation of fatty acids. 
Althoughh Cooper and Beevers described the 
presencee of a fatty acid oxidizing system in 
glyoxysomess already in 1969, it took until 
19766 when Lazarow and De Duve reported the 
existencee of a fatty acid P-oxidation machinery 
inn rat peroxisomes. At that time it was unclear 
whatt the physiological relevance of this 
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peroxisomall  pathway was in addition to the 
fattyy acid P-oxidation system in mitochondria. 
Long-chainn fatty acids represent a main energy 
sourcee for many organs, especially for muscle 
andd liver. Since most tissues contain only small 
amountss of stored lipids, energy production 
dependss on a continuous supply of fatty acids, 
mostlyy from adipose tissue. Fatty acids are 
producedd by lipolysis, transported bound to 
albuminn in blood and taken up by tissues in a 
processs mediated by transport proteins in the 
plasmaa membrane. Once within the cell, free 
fattyy acids are bound to fatty acid binding 
proteins,, which are present in the cytosol in 
highh amounts (Bernlohr et al, 1997). 
Dependingg on the tissue and its metabolic 
demand,, fatty acids are either converted to 
triglyceridess or membrane phospholipids or 
oxidizedd for energy production. Before being 
directedd into storage or membranes or 
oxidation,, fatty acids are first activated to acyl-
CoAss (see paragraph 2.8). 
Fattyy acids can be P-oxidized in both 
peroxisomess and mitochondria. There are 
severall  differences between die peroxisomal fi-
oxidationn and mitochondrial p-oxidation 
systems.. The first difference between 
peroxisomall  and mitochondrial P-oxidation is 
thee fact that peroxisomes lack a Krebs cycle. 
Consequently,, acetyl-CoA produced during 
peroxisomall  p-oxidation cannot be oxidised to 
CO22 and H2O, a process that is restricted to 
mitochondria.. This requires transport of acetyl-
CoAA to the mitochondria. The second 
differencee concerns the first step in p-
oxidation.. In peroxisomes the first dehydro-
genationn step is catalysed by an acyl-CoA 
oxidasee instead of a dehydrogenase. The acyl-
CoAA oxidase bound FADH2, which is formed 
duringg this first dehydrogenasestep, transfers 
itss reducing equivalents directly to molecular 
oxygenn to produce H2O2, This is followed by 
thee decomposition of H2O2 by catalase, which 
indicatess that the energy produced is released 
inn the form of heat (Lazarov and De Duve, 
1976;; Mannaerts et aL, 1979). 
Thee third difference is that peroxisomal P~ 
oxidationn does not go to completion in 
mammaliann cells (Lazarow, 1976; Thomas et 
al,al, 1980). The chain shortened products and 

acetyl-CoAA need to be transported to the 
mitochondriaa for further oxidation, which 
makess the peroxisomal p-oxidation system a 
chain-shorteningg system. 
Finally,, die two systems have different sub-
stratee specificities. Mitochondria are able to P~ 
oxidizee short- and medium-chain fatty acids 
andd are responsible for the p-oxidation of die 
bulkk of long chain fatty acids. Indeed, whereas 
thee bulk of dietary LCFAs are oxidized in 
mitochondriaa rather than in peroxisomes, some 
fattyy acids cannot be handled by mitochondria 
andd are completely dependent on peroxisomes 
forr p-oxidation. 

2.12.1 Substrates for the peroxisomal fi-
oxidationoxidation system 

VeryVery long chain fatty acids 
Whereass long chain fatty acids are 
predominantlyy P-oxidized in mitochondria, 
veryy long chain fatty acids (VLCFA) are 
exclusivelyy P-oxidized in peroxisomes (Singh 
etet al, 1986; Wanders et al, 1987). VLCFA are 
shortenedd to medium/long chain fatty acids, 
whichh are exported to the mitochondria where 
theyy are further P-oxidized. Available evidence 
indicatess that the transfer of these metabolites 
occurss in the form of the corresponding 
carnitinee esters. It remains to be established 
howw many cycles of P-oxidation occur in 
peroxisomes. . 

PristanicPristanic acid 
Peroxisomess play a very dominant role in the 
p-oxidationn of pristanic acid (2,6,10,14-
tetramethylpentadecanoicc acid) and other 2-
methyl-branchedd chain fatty acids (Singh et al, 
1994).. Pristanic acid is the a-oxidation product 
off  phytanic acid but is also directly derived 
fromm dietary sources. Pristanic acid undergoes 
threee cycles of P-oxidation after which the 
productt 4,8-dimethylnonanoyl-CoA is exported 
too die mitochondrion as a carnitine ester where 
itt is further oxidized (Verhoeven et al, 1998). 
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DihydroxycholestanoicDihydroxycholestanoic acid and trihydroxy-
cholestanoiccholestanoic acid 
Thesee two choleslanoic acids are formed in the 
liverr from cholesterol via a complicated set of 
reactionss and are the immediate precursors of 
chenodeoxycholatee and cholate respectively. 
Afterr activation at the endoplasmic reticulum 
membranee via a distinct synthetase, dihydroxy-
cholestanoyll  (DHC)-CoA and trihydroxy-
cholestanoyll  (THC)-CoA are transported 
acrosss the peroxisomal membrane and undergo 
onee cycle of p-oxidation in peroxisomes to 
producee chenodeoxycholoyl-CoA and choloyl-
CoAA respectively, plus propionyl-CoA. The 
CoA-esterss are then transformed into the 
correspondingg taurine or glycine conjugates via 
aa specific transferase localized in peroxisomes 
followedd by export of the conjugates from the 
peroxisomee and finally extrusion into bile after 
transportt across the canalicular membrane 
(Kaseetal.,(Kaseetal., 1989). 

PolyunsaturatedPolyunsaturated fatty acids 
Peroxisomess also play a major role in the 
oxidationn of unsaturated fatty acids including 
tetracosahexanoicc acid (C24:6(u3). Recent 
studiess (Ferdinandusse et al, 2001; Watkins et 
al,al, 2001 in press) have shown that C24:6ü)3 is 
thee direct precursor of docosahexanoic acid 
(C22:6co3),, which is not directly formed from 
C22:5ÜO33 as long believed but is produced from 
C24:6oo33 via one cycle of (3-oxidation in the 
peroxisomess (Fig 3). 

Eicosanoids Eicosanoids 
Enzymicc oxygenation of polyunsaturated C20 
fattyy acids leads to the formation of a broad 
rangee of compounds collectively called 
eicosanoids.. (5-oxidation is a major mechanism 
forr the inactivation of most of the eicosanoids 
includingg prostaglandins of the D, E and F 
families,, prostacyclin, and certain throm-
boxanes,, leukotrienes and hydroxyeico-
satetraenoicc acids (Diczfalusy et al, 1994). In 
manyy cases, peroxisomes are the main site of 
p-oxidation. . 
Apartt from the substrates listed above, many 
additionall  compounds undergo ^-oxidation in 
peroxisomess including long-chain dicarboxylic 

acids,, certain xenobiotics a.o. (reviewed in 
Wanderss and Tager, 1998). 

2.22.2 ^-oxidation of unsaturated fatty acids 

Polyunsaturatedd fatty acids are P-oxidized in 
bothh peroxisomes and mitochondria; however 
thiss can only occur if the double bonds of 
unsaturatedd fatty acids are either directly 
removedd via reduction of the double bond (2,4-
dienoyl-CoAA reductase) or processed to 
generatee a fraH.s-2-enoyl-CoA intermediate via 
onee of the isomerases (Hiltunen et al., 1996). 
Thee removal of preexisting double bonds 
requiress accessory proteins. Two enzymes 
includingg 2,4-dienoyl-CoA reductase and A -
cis,A2-/ra«s-enoyl-CoAA isomerase, process a 
doublee bond in a fatty acid at an even-
numberedd position (Liang et al, 1999). Three 
enzymess including A -cis,A -trans-enoyl-CoA 
isomerase,, A3'5-A2'4-di-enoyl-CoA isomerase, 
andd 2,4 -dienoyl-CoA reductase, process fatty 
acidss with double bonds at odd numbered 
positions.. The peroxisomal 2,4-dienoyl-CoA 
reductasee has a PTS1 signal, and A3-cw,A2-
trans-enoyl~CoAtrans-enoyl~CoA isomerase is a function of the 
bifunctionall  protein (L-BP). Human and rat 
peroxisomall  A3,5-A2'4-dienoyl-CoA isomerase 
proteinss are 36 kDa and contain a PTS1 signal 
(Liangg et al., 1999). Dietary y-linolenic acid-
andd fish oil-containing diets rich in omega-3 
polyunsaturatedd fatty acids, such as 
docosahexaenoicc acid (DHA) and eicosa-
pentaenoicc acid (EPA), are known to increase 
peroxisomall  ^-oxidation in liver and to lower 
serumm triglycerides (Asayama et al., 1999; 
Kxmmetal.,Kxmmetal., 1995). 

Synthesiss of DHA requires (1) the enzymes in 
bomm peroxisomes and smooth endoplasmic 
reticulumm and (2) regulated movement of fatty 
acidss between these two compartments. 
Formationn of C24:6 from CI8:3 occurs in 
microsomess via steps of elongation and 
desaturation.. Subsequently, the C24:6 
producedd is then oxidized in peroxisomes to 
C22:66 (DHA). DHA is essential for normal 
growthh and functional development of brain, 
andd it prefers to bind brain fatty acid binding 
proteinn (B-FATP), a member of the fatty acid 
bindingg protein family. 
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2.32.3 Enzymology of the peroxisomal p-
oxidationoxidation system 

Studiess in recent years have clearly shown that 
thee peroxisomal p-oxidation machinery is 
muchh more complicated than originally 
envisaged.. Indeed, it was initially thought that 
aa single set of p-oxidation enzymes including 
(1)) acyl-CoA oxidase (2) bifunctional protein 
withh enoyl-CoA hydratase and 3-hydroxyacyl-
CoAA dehydrogenase activities and (3) 
peroxisomall  thiolase catalysed the P-oxidation 
off  fatty acids. Pioneering work by Hashimoto 
andd co-workers led to the characterization, 
purificationn and molecular cloning of these 
proteinss (Hashimoto, 1996). The substrate 
specificitiess of these enzymes were studied in 
detaill  by Hashimoto and coworkers but 
includedd only straight-chain fatty acyl-CoAs 
andd not pristanoyl-CoA and THC-CoA, which 
weree only discovered as true peroxisomal 
substratess much later. Inclusion of these 
substratess in subsequent work on the 
peroxisomall  P-oxidation enzymes rapidly led 
too the identification of additional enzymes as 
describedd below (Table 3). 

2.42.4 The first step of the peroxisomal $-
oxidationoxidation system: Acyl-CoA oxidase 

Thee first enzyme of the peroxisomal P-
oxidationn system is a FAD-containing oxidase, 
acyl-CoAA oxidase, which transfers electrons 
directlyy to molecular oxygen and thereby leads 
too the production of H2O2. In higher eukaryotes 
severall  oxidases with different substrate 
specificitiess have been identified (Mannaerts 
andd Van Veldhoven, 1996). 
Inn rat three acyl-CoA oxidases are known. The 
firstt is palmitoyl-CoA oxidase (Osumi et al, 
1987),, which oxidizes the CoA-esters of 
medium-,, long-, and very-long-chain fatty 
acids,, medium- and long-chain dicarboxylic 
acidss and prostaglandins (Van Veldhoven et 
ai,ai, 1992; Wanders et al, 1993). 
Thee enzyme is present in liver and extrahepatic 
tissuess and is induced by clofibrate (Mannaerts 
andd Van Veldhoven, 1996). Two different 
palmitoyl-CoAA oxidase mRNA species (1 and 
2)) have been identified, which are produced by 

alternativee splicing of the palmitoyl-CoA 
oxidasee gene (Miyazawa et al, 1987). The 
functionn of these two variants is still not 
known.. The third enzyme is THC-CoA oxidase 
(Scheperss et al., 1989, Van Veldhoven et al., 
19911 and 1992), which oxidizes the CoA esters 
off  the bile acid intermediates di- and 
trihydroxycholestanoicc acid (Schepers et al., 
1990)) and is not induced by clofibrate. 
Inn humans only two oxidases have been 
identified,, both present in liver and 
extrahepaticc tissues. The human palmitoyl-
CoAA oxidase (Osumi et al, 1980) shows 
markedd homology (85%) with the rat 
palmitoyl-CoAA oxidase, and contains a C-
terminall  PTS-1 signal (Ser-Lys-Leu). It 
oxidizess the CoA esters of straight chain fatty 
acids,, dicarboxylic acids, and prostaglandins 
(Vanhovee et al, 1993). The second enzyme is 
branchedd chain acyl-CoA oxidase, which reacts 
withh a range of branched-chain acyl-CoA esters 
includingg pristanoyl-CoA as well as di- and 
trihydroxycholestanoyl-CoAA (Casteels et al, 
1990,, Vanhove et al, 1993). The enzyme 
combiness the functions of rat pristanoyl-CoA 
oxidasee and THC-CoA oxidase. The molecular 
characterizationn of this enzyme revealed that 
thee protein has a C-terminal PTS1 signal (Ser-
Lys-Leu)) and that the protein has 71% 
aminoacidd identity with rat THC-CoA oxidase 
(Baumgartefa/.,, 1996). 

2.55 The second and third step of the 
peroxisomalperoxisomal p-oxidation system: 
BifunctionalBifunctional protein 

Thee second step of the peroxisomal P-oxidation 
systemm is the hydratation of the enoyl-CoAs to 
3-hydroxyacyl-CoAs,, which are then 
dehydrogenatedd to generate 3-ketoacyl-CoAs 
inn the third step (Hashimoto 1999; Reddy 
1994).. A single protein, with both enoyl-CoA 
hydratase/3-hydroxyacyl-CoAA dehydrogenase 
activities,, hence called peroxisomal bifunc-
tionall  protein (BP), catalyzes these two steps. 
Becausee this protein also exhibits enoyl-CoA 
isomerasee activity, it is also referred to as 
trifunctionall  or multifunctional protein. Peroxi-
somess contain two bifunctional proteins: The 
firstfirst is the L-hydroxy-specific enoyl-CoA 
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hydratase/Z.-33 -hydroxyacyl-CoA dehydroge-
nasee (L-BP) of the classical, peroxisome 
proliferatorr inducible p-oxidation system 
(Osumii  and Hashimoto, 1979), and the second 
iss the enoyl-CoA hydratase/.D-3-hydroxyacyl-
CoAA dehydrogenase (D-BP) of the branched-
chainn noninducible p-oxidation system as 
identifiedd by several groups at about the same 
timee (Malila et al, 1993; Novikov et al, 1994; 
Dieuaide-Noubhanii  et al, 1996; Jiang et al, 
1996;; Leenders et al, 1998). The substrate 
specificitiess of L-BP and D-BP are different. 
Theyy both accept straight chain enoyl-CoAs as 
substratee but differ with respect to the enoyl-
CoAA of branched chain fatty acids and the 
enoyl-CoAss of DHCA and THCA. This has led 
too the concept that L-BP is involved in the P-
oxidationn of straight chain acyl-CoAs and D-
BPP is involved in the (3-oxidation of enoyl-CoA 
esterss of branched-chain fatty acids and bile 
acidd intermediates. However, patients with D-
BPP deficiency have elevated levels of VLCFA 
inn plasma, which strongly suggests that D-BP 
iss also the main enzyme involved in the (3-
oxidationn of VLCFA (Van Grunsven et al, 
1998,, 1999a&b). Recent studies by Baes et al, 
20000 in D-BP deficient mice are in line with 
thiss proposal. 

2.66 The final step of the Peroxisomal p\-
oxidationoxidation system: 3-ketoacyl-CoA 
thiolase thiolase 

Thee final reaction of the peroxisomal p-
oxidationn system is catalysed by the enzyme 3-
ketoacyl-CoAA thiolase, which thiolytically 
cleavess 3-ketoacyl-CoA into a chain shortened 
acyl-CoAA and acetyl-CoA or propionyl-CoA. 
Forr a long time only a single peroxisomal 3-
ketoacyl-CoAA thiolase was known (Miyazawa 
etet al, 1981). More recently, a second 3-
ketoacyl-CoAA thiolase, Sterol Carrier Protein 
(SCPx)) was identified (Seedorf et al, 1994). 
SCPxx is a 58kDa protein with an N-terminal 3-
ketoacyl-CoAA thiolase domain and a C-
terminall  Sterol Carrier Protein 2 domain, 
whichh is almost identical to the C-terminal 
SCP22 domain of D-BP. Untill now it is not 
knownn what the function of the SCP-domains 
inn SCPx and D-BP is. 3-ketoacyl-CoA thiolase 

AA and SCPx have distinct substrate 
specificities.. Thiolase A is able to catalyse the 
cleavagee of straight chain 3-ketoacyl-CoAs, 
whilee SCPx converts the 3-ketoacyl-CoA esters 
off  straight chain fatty acids as well as branched 
chainn fatty acids into a chain shortened acyl-
CoAA and acetyl-CoA or propionyl-CoA, 
respectively. . 

2.72.7 Fatty acid a-oxidation 
Fattyy acids with a methyl group at the P-
positionn cannot undergo direct p-oxidation. 
Thiss also applies to 3,7,11,15-tetramethyl-
hexadecanoicc acid (phytanic acid), a fatty acid 
well-knownn because of its accumulation in 
patientss suffering from Refsum disease as first 
establishedd by Klenk and Kahlke in 1963. 
Studiess by Steinberg and co-workers in the 
1960ss established that phytanic acid undergoes 
oxidativee decarboxylation to form pristanic 
acidd (2,6,10,14-tetramethylpentadecanoic acid) 
andd CO2. Like any 2-methyl branched-chain 
fattyy acid, pristanic acid can undergo p-
oxidation.. As described above P-oxidation 
startss in peroxisomes to produce 4,8-dimethyl-
nonanoyl-CoA, , 

Tablee 3 
Enzymess of the peroxisomal 
fattyy acid P-oxidation system in humans 
Very-long-chainn acyl-CoA synthetase 
(VLCS/VLACS) ) 
Long-chainn acyl-CoA synthetase 
(LACS/LCS) ) 
Carnitinee octanoyltransferase (COT) 
Carnitinee acetyltransferase (CAT) 
Straight-chainn acyl-CoA oxidase (ACOX1) 
Branched-chainn acyl-CoA oxidase 
(ACOX2) ) 
L-Bifunctionall  protein (L-BP) 
D-Bifunctionall  protein (D-BP) 
3-ketoacyl-CoAA thiolase (pTHl) 
Sterolcarrierr 2/3-ketoacyl-CoA thiolase 
(SCPx/pTH2) ) 
2,44 Dienoyl-CoA reductase (Spsl9p) 
"3—? ? AA ,A -Enoyl-CoA isomerase (Ecilp) 
AA ' ,A ' -Dienoyl-CoA isomerase (Dcilp) 
qq Methylacyl-CoA racemase (AMACR) 
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whichh then moves to the mitochondria as 
carnitinee ester to be fully oxidised to CO2 and 
H2O.. The mechanism by which phytanic acid is 
oxidativelyy decarboxylated to pristanic acid, 
calledd a-oxidation, has long remained an 
enigmaa despite intense efforts especially by 
Steinbergg and co-workers. The structure of the 
phytanicc acid a-oxidation pathway has recently 
beenn fully elucidated, however. A major 
breakthroughh was the finding by Mihalik et al 
inn 1995 who discovered a peculiar enzyme, 
phytanoyl-CoAA hydroxylase, localised in rat 
liverr peroxisomes and able to convert 
phytanoyl-CoAA into 2-hydroxyphytanoyl-CoA 
inn a reaction involving 2-oxoglutarate, Fê  and 
ascorbate.. The existence of this enzyme was 
subsequentlyy confirmed in both rat liver and in 
humann liver. The key role of this newly 
identifiedd enzyme in phytanic acid a-oxidation 
soonn became clear when phytanoyl-CoA 
hydroxylasee was discovered to be fully 
deficientt in Refsum disease (Jansen et al, 
1997a).. The enzyme was subsequently purified 
fromm rat liver peroxisomes, sequenced and used 
too clone the rat, mouse and human hydroxylase 
cDNAss (Jansen et ai, 1997a; 1999). This 
allowedd resolution of the molecular basis of 
Refsumm disease in detail (Jansen et al, 2000). 
Thee phytanoyl-CoA hydroxylase (PhyH) as 
purifiedd from rat liver, had a molecular weight 
off  35kDa which is considerably shorter than 
thee cDNA deduced molecular weight of 
38.6kDa.. Comparison of the amino acid 
sequencess revealed that purified PhyH lacked 
thee first 30 amino acids, which are probably 
removedd by proteolytic processing inside 
peroxisomes.. Inspection of the cDNA deduced 
aminoo sequences for mouse, rat and human 
PhyHH shows the presence of a typical PTS2-
signall  in all three sequences. This explains the 
primaryy localisation of this enzyme in 
peroxisomess (Jansen et al, 1996) plus its 
deficiencyy in Zellweger syndrome and 
rhizomelicc chondrodysplasia punctata Type 1 
(RCDPP Type 1) (Jansen et al, 1997b) in which 
thee PTS2-receptor is functionally defective 
(Gouldd etal, 2000). 

Studiess by Verhoeven et al, (1997) and Croes 
etet al, (1997) have subsequently resolved the 
structuree of the pathway in which 2-

hydroxyphytanoyl-CoAA first undergoes 
cleavagee to pristanal and formyl-CoA after 
whichh pristanal is oxidised to pristanic acid via 
an,, as yet, undefined aldehyde dehydrogenase. 
Recentt studies (Jansen et al, 2001) suggest 
thatt the a-oxidation of 2-hydroxy phytanoyl-
CoAA to pristanic acid is fully peroxisomal. 

2.82.8 Fatty acid activation and entry into the 
peroxisome peroxisome 

Untill  now direct measurement of fatty acid 
transportt across the peroxisomal membrane has 
remainedd impossible. This is mainly caused by 
thee notorious leakiness of isolated peroxisomes 
andd secondly by the tendency of fatty acids to 
associatee with membranes and their subsequent 
flip-flopp from one leaflet to the other leaflet of 
thee membrane. 
Beforee a fatty acid can be |3-oxidized by 
peroxisomess or mitochondria, it must be 
activatedd to its CoA-derivate. The peroxisomal 
membranee contains long-chain and very-long-
chainn acyl-CoA synthetases (Watkins et al, 
1997;; Hettema et al, 1996). Long-chain acyl-
CoAA synthetase is also localized in the 
mitochondriall  outer membrane and in the 
endoplasmicc reticulum. The enzymes in these 
threee organelles are indistinguishable from 
eachh other at the protein level, which has led to 
thee speculation that they are encoded by the 
samee gene (Subramani et al, 1998), although 
recentt data suggest otherwise (Lewin et al, 
2001).. The catalytic site of peroxisomal long-
chainn acyl-CoA synthetase (LCS) is exposed to 
thee cytosol (Mannaerts et al, 1982). Medium 
straight-chainn fatty acids can also be activated 
byy the long-chain acyl-CoA synthetases present 
inn the mitochondrial outer membranes and the 
peroxisomall  and endoplasmic reticulum 
membraness (Eaton et al, 1996). Very-long-
chainn acyl-CoA synthetase is present in 
peroxisomess and in the endoplasmic reticulum 
butt is absent from mitochondria (Singh et al, 
1988).. The absence of very-long-chain fatty 
acyl-CoAA synthetase in mitochondria may 
explainn why VLCFAs are (i-oxidized ex-
clusivelyy in peroxisomes (Lazo et al, 1990). 

24 4 



GeneralGeneral introduction 

( 3 ) << ^ > ( 7 ) 
H202 2 

NAD D Lactate,,,, \ 4 

NADH^S)) Pyruvatein * 

Lactateout t 

CoASHH < 
carnitine e 

CoASH H 

Acyl/Acetyl-CoAA -0F> Acyl/Acetyl-carnitine 
(6) ) 

\ \ 1' ' (9)) (8) 

Pyruvateout t 

.. carnitine 

(9) ) 
Acyl/Acetyl-carnitine e 

Peroxisome Peroxisome 

Enzymee families involved in the 
peroxisomall  fatty acid [J-oxidation in 
humans. . 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

ATPP binding Cassette (ABC) protein 
Acyl-CoAA synthetase 
Acyl-CoAA oxidase 
L-Bifiinctionall  protein 
3-ketoacyl-CoAA thiolase 
Carnitinee acetyltransferase 
Catalase e 
Lactatee dehydrogenase 
Mitochondriall  Carrier Family (MCF) 

Figur ee 2 Peroxisomal (^-oxidation in man 

Ass described above the a-oxidation of phytanic 
acidd is fully peroxisomal, which implies the 
intraperoxisomall  formation of pristanic acid. 
Ourr earlier studies had shown that the long-
chainn acyl-CoA synthetase (LCS) known to be 
presentt in mitochondria, peroxisomes and 
endoplasmicc reticulum also activates pristanic 
acidd (Wanders et ai, 1992b). The catalytic site 
off  peroxisomal LCS has been found to face the 
cytosoll  (Mannaerts et ai, 1982), which would 
implyy that the pristanic acid would have to be 

exportedd out of the peroxisome, followed by 
activationn to the CoA ester via LCS and uptake 
off  pristanoyl-CoA into the peroxisome. 
Recentlyy Steinberg et al. 1999 cloned the 
humann orthologue (HsVLCS) of the gene 
codingg for rat liver very-long-chain acyl-CoA 
synthetase.. The enzyme was localized to both 
thee peroxisomal and the endoplasmic reticulum 
(Reddyy and Hashimoto, 2001), and showed 
highh activity with straight-chain and branched-
chainn fatty acids including pristanic acid. The 
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authorss concluded that the catalytic site of 
HsVLCSS faces the peroxisomal matrix and not 
thee cytoplasm, which suggests that HsVLCS 
catalysess the intraperoxisomal activation of 
pristanicc acid to pristanoyl-CoA during the 
peroxisomall  a-oxidation of phytanic acid. It 
couldd well be that this newly identified 
synthetasee (HsVLCS) and the peroxisomal 
LCSS are both involved in pristanic acid 
oxidationn but have different roles because 
pristanicc acid is generated in two distinct 
subcellularr compartments: the intraperoxisomal 
andd extra peroxisomal space. 
Inn vitro studies have shown that in contrast to 
oleate,, oleyl-CoA does not flip-flop from one 
leaflett to the other leaflet of phospha-
tidylcholinee vesicles (Boylan and Hamilton, 
1992).. This implies that free fatty acids can 
enterr the peroxisome by a flip-flop mechanism 
andd a specialised import system is required for 
importt of activated fatty acids across the 
peroxisomall  membrane. 
Inn recent years a number of different candidate 
transportt proteins have been identified in 
mammaliann peroxisomes. The first one was 
identifiedd by Kamijo et al, 1990, who 
identifiedd a 70kDa peroxisomal membrane 
protein,, a member of the superfamily of ATP-
Binding-Cassettee (ABC) proteins. Studies by 
Aubourgg (Mosser et al, 1993) led to the 
identificationn of a second peroxisomal 
membranee protein belonging to the ABC 
superfamily,, the ALD protein (ALDp). 
Althoughh it is not definitively established, we 
favourr the possibility that ALDp transports the 
CoAA esters of VLCFAs from the cytosol into 
thee peroxisomal matrix (Hettema et al.., 1996; 
Verleurr et al.., 1997b). In human cells, two 
additionall  half-size transporters with high 
homologyy to ALDp and PMP70 have recently 
beenn identified (Mosser et al, 1993; Aubourg 
etet al, 1999): ALD related protein (ALDRp), 
andd 69-kDa protein (PMP69p) respectively. 
Thee functions of the peroxisomal ABC half 
transporterss and their interaction with VLCFA 
synthetasee is unknown, but their considerable 
sequencee similarity indicates that they might 
havee related and/or overlapping functions in 
peroxisomall  fatty acid metabolism. It has been 
suggestedd that functional transporters 

heterodimerizee from different sets of half-size 
transporterss to provide distinct functions in 
differentt tissues (Liu et al, 1999). 

33 Peroxisomal ̂ -oxidation and human disease 

Too date, five defined disorders of peroxisomal 
fattyy acid pVoxidation have been identified: X-
linkedd adrenoleukodystrophy (XALD) ; 2. acyl-
CoAA oxidase 1 (ACOX1) deficiency; 3. D-
bifunctionall  protein (D-BP) deficiency; 4. 
peroxisomall  thiolase (pTHl) deficiency; 5. 2-
methylacyl-CoAA racemase (AMACR) deficien-
cy. . 
1.1. X-linked adrenoleukodystrophy (XALD) is a 
devastatingg disease showing marked clinical 
variabilityy even within families. At least six 
phenotypicc variants can be distinguished 
(Moserr et al, 1995). The classification of the 
differentt phenotypes is somewhat arbitrary and 
iss based on the age of onset of the diseaes and 
thee organs principally involved. The two most 
frequentfrequent phenotypes accounting for approxi-
matelyy 80% of all cases are childhood cerebral 
ALDD (CCALD) and adrenomyeloneuropathy 
(AMN).. CCALD is characterized by rapidly 
progressivee cerebral demyelination. The age of 
onsett ranges from three to ten years of age. 
Frequentt early neurologic symptoms are 
behaviorall  disturbances, a decline in school 
performances,, deterioration of vision and 
impairedd auditory discrimination. The course is 
relentlesslyy progressive, and seizures, spastic 
paraplegiaa and dementia develop within 
months.. Most patients die within two to three 
yearss after the onset of the neurological 
symptoms.. Adrenomyeloneuropathy (AMN) 
presentss itself later in life, with neurologic 
symptomss usually starting in the third or fourth 
decadee of life. 
Thee biochemical hallmark of all forms of 
XAL DD is the accumulation of VLCFAs, 
notablyy C26:0 in plasma due to a defect in the 
peroxisomall  p-oxidation of VLCFAs. The 
defectivee gene was discovered in 1993 by 
Mosserr et al, and codes for a peroxisomal 
membranee protein which belongs to the ATP-
bindingg cassette (ABC) family of transporters. 
Thee protein involved, called ALDp, is a half 
ABC-transporterr and forms either homo- or 
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heterodimerss (Liu et al, 1999). Although not 
resolvedd definitively, ALDp is supposed to 
catalysee the transport of VLCFAs across the 
peroxisomall  membrane (Wanders et al, 
2001a). . 
2.2. Acyl-CoA oxidase I (ACOX1) deficiency has 
beenn reported in a few patients only. All 
patientss reported showed neurological 
abnormalitiess including early-onset seizures, 
hypotonia,, hearing impairment and visual 
failuree resulting from retinopathy. Most 
patientss die early in life. 
3.3. D-Bifunctional protein deficiency is the 
secondd most frequent disorder of peroxisomal 
P-oxidationn after XALD. The clinical 
presentationn of D-BP patients is usually severe 
andd resembles Zellweger syndrome in many 
respectss with hypotonia, craniofacial dys-
morphia,, neonatal seizures, hepatomegaly, 
developmentall  delay and usually early death. A 
remarkablee observation is that patients with D-
BPP deficiency often show disordered neuronal 
migration.. The central role of D-BP in the 
peroxisomall  P-oxidation of both straight-chain 
andd 2-methyl branched-chain fatty acids 
explainss why there is accumulation of 
VLCFAs,, pristanic acid and di- and trihydroxy-
cholestanoicc acid in most but not all patients 
(Vann Grunsven et al., 1998; 1999a&b and 
Wanderss e*al., 2001b). 
4.4. Peroxisomal thiolase 1 (pTHl) deficiency 
hass so far been described in a single patient 
only,, with a Zellweger-like phenotype (Schram 
etet al, 1987). 
5.5. 2-Methylacyl-CoA racemose (AMACR) 
deficiencydeficiency is a newly identified disorder of 
peroxisomall  p-oxidation in which only the 
peroxisomall  oxidation of the 2-methyl 
branchedd chain fatty acids pristanic acid and 
di-- and trihydroxycholestanoic acid is 
impaired.. Following the description of three 
patientss by Ferdinandusse et al. 2000, only a 
feww additional patients have been identified 
sincee then, which all show a lateonset neuro-
pathy. . 
Thee development of treatment and diagnostics 
toolss can only be improved by a better 
understandingg of the molecular defect of all the 
peroxisomall  disorders. Mouse models are also 

helpfull  for the understanding of these disorders 
(Kobaya-shii  et al, 1997; Baes et al, 1997). 
Stilll  the molecular defects underlying a large 
numberr of peroxisomal disorders are unknown. 
Identificationn of these defects will probably 
alsoo uncover more details about new peroxi-
somall  functions. 

44 Scope of this thesis 

Althoughh much has been learned about fatty 
acidd p-oxidation in peroxisomes in higher 
eukaryotess including humans, much remains to 
bee learned, however. Since we know of many 
patientss with a defect in peroxisomal P-
oxidationn of unknown etiology, we decided to 
usee the yeast Saccharomyces cerevisiae as 
modell  system in order to learn more about all 
aspectss of peroxisomal P-oxidation including 
thee transport of metabolites across the 
peroxisomall  membrane, the mechanisms 
involvedd in NAD+-regeneration and the 
provisionn of NADPH during the peroxisomal 
fattyy acid p-oxidation, with the ultimate goal to 
usee this increased knowledge to shed more 
lightt on patients with an undefined defect in the 
peroxisomall  P-oxidation. 
Forr a number of reasons S. cerevisiae is a good 
modell  system to study peroxisomal P-oxidation 
sincee (1) peroxisomes are dispensable during 
growthh on glucose but are indispensable for 
growthh on oleate. This makes the isolation of 
P-oxidationn mutants straightforward (2) the 
completee genome has been sequenced and 
analysed,, and techniques to generate targeted 
deletionss and to express transgenes at various 
levelss are well established (3) fatty acid P-
oxidationn is restricted to peroxisomes in yeast 
(4)) Peroxisomal proliferation can be induced 
byy growing yeast on oleate. In this thesis 
variouss aspects of peroxisomal fatty acid P-
oxidationn in S. cerevisiae were studied as 
describedd in chapter 2-7. In chapter 8 an over-
vieww is given of peroxisomal P-oxidation in 
yeast. . 
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